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Specify Lantheus Xenon Xe-133
when ordering from your local Radiopharmacy

To order from Lantheus, contact your
Lantheus Sales Representative

or call Customer Service: 1-800-299-3431
www.lantheus.com

• Optimized vial size and delivery system1

• Calidose® Dispenser System is specifically
designed and FDA approved for use with
Lantheus Medical Imaging Xenon-1331

• Lantheus Medical Imaging is a leading
U.S. manufacturer of Xenon-1332

• We are the longest continuous supplier
of Xenon-133 since its launch in 19713

•

•

•

Lantheus Medical Imaging Xenon-1331

Lantheus Medical Imaging is a leading  

We are the longest continuous supplier  
3

Calidose® Dispenser

References: 1. Xenon Xe-133 Gas [package insert], N. Billerica, MA: Lantheus Medical Imaging, Inc. 2. ©2022 Millennium Research Group, Inc. All rights reserved. Reproduction, distribution, transmission or
publication is prohibited. Reprinted with permission. 3. Quality data on file, Lantheus Medical Imaging, Inc.

Lantheus Medical Imaging and the corporate logo are registered
trademarks of Lantheus Medical Imaging, Inc. ©2022 Lantheus Medical

Imaging, Inc. All rights reserved.PM-US-XE-0006 March 2022

INDICATIONS AND USAGE:
Inhalation of Xenon Xe 133 Gas has proved
valuable for the evaluation of pulmonary
function and for imaging the lungs. It may
also be applied to assessment of cerebral
flow.

CONTRAINDICATIONS:
None known.

Important Safety Information:
Adverse reactions related to the use of this
agent have not been reported to date.

WARNINGS:
Xenon Xe 133 Gas delivery systems,
i.e., respirators or spirometers, and

associated tubing assemblies must be
leakproof to avoid loss of radioactivity into
environs not specifically protected by
exhaust systems.

Xenon Xe 133 adheres to some plastics and
rubber and should not be allowed in tubing
or respirator containers.

The unrecognized loss of radioactivity from
the dose for administration may render the
study non-diagnostic.

The vial stopper contains dry natural rubber
latex and may cause allergic reactions in pro-
viders or patients who are sensitive to latex.

PRECAUTIONS:
General:
Xenon Xe 133, as well as other radioactive
drugs, must be handled with care and
appropriate safety measures should be
used to minimize radiation exposure to
patients and to clinical personnel.

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

Please see full Prescribing Information on following page.

Lantheus
Xenon Xe-133 Gas
PROVEN RELIABLE TRUSTED



DESCRIPTION: Xenon Xe 133 Gas is supplied in a mixture of
xenon gas (5%) in carbon dioxide (95%). It is contained within
septum sealed glass vials and is suitable for inhalation in the
diagnostic evaluation of pulmonary function and imaging, as
well as assessment of cerebral blood flow. Xenon Xe 133 Gas is
reactor-produced as a by-product of Uranium U235 fission. Each
vial contains the labeled amount of Xenon Xe 133 radioactivity
at the time of calibration. The contents of the vial are in gaseous
form, contain no preservatives, and are ready for use.

Xenon Xe 133 is chemically and physiologically related to elemen-
tal Xenon, a non-radioactive monoatomic gas which is physiologi-
cally inert except for anesthetic properties at high doses.

PHYSICAL CHARACTERISTICS
Xenon Xe 133 decays by beta and gamma emissions with a half-
life of 5.245 days.1 Significant radiations which are emitted by the
nuclide are listed in Table 1.

HOW SUPPLIED: The Xenon Xe 133 Gas is supplied as part of
the Calidose™ system, consisting of 3 mL unit dose vials and the
Calidose™ dispenser for shielded dispensing.

Normally vials containing either 370 or 740 MBq (10 or 20 mCi)/
vial, packed 1 vial or 5 vials per shield tube, are supplied.

The NDC number for: 10 mCi vial is 11994-127; 20 mCi vial is
11994-128.

Store at room temperature.

This radiopharmaceutical is approved for distribution to persons
licensed pursuant to the Code of Massachusetts Regulations 105
CMR 120.100 for the uses listed in 105 CMR 120.547 or 120.552
or under equivalent regulations of the U.S. Nuclear Regulatory
Commission, an Agreement State, or a Licensing State.

The contents of the vial are radioactive. Adequate shielding
and handling precautions must be maintained.

Lantheus Medical Imaging, Inc.
331 Treble Cove Rd., N. Billerica, MA 01862 USA

For Ordering Tel. Toll Free 800-299-3431
(For Massachusetts & International, Call 978-667-9531)

All Other Business 800-362-2668
Patent: http://www.lantheus.com/patents/index.html

Printed in U.S.A.
515083-0719

515083-0719

FOR DIAGNOSTIC USE

XENON Xe 133 GAS

1Kocher, David C., “Radioactive Decay Data Tables,” DOE/TIC-11026, p. 138,1981.

* Calibration day

Table 2. Radiation Attenuation by Lead Shielding
cm of Pb Radiation Attenuation Factor
0.0035 0.5
0.037 10-1

0.12 10-2

0.20 10-3

0.29 10-4

Table 3. Xenon Xe 133 Physical Decay Chart
(Half Life 5.245 days)

Fraction Fraction
Day Remaining Day Remaining
0* 1.000 8 .349
1 .877 9 .302
2 .768 10 .268
3 .674 11 .235
4 .591 12 .206
5 .518 13 .181
6 .452 14 .157
7 .398

* 99% of activity is in lungs.
2Method of Calculation: A Schema for Absorbed-Dose Calculation for
Biologically Distributed Radionuclides, Supplement No. 1, MIRD pamphlet
No. 1, J. Nucl. Med., p.7 (1968).

Table 4. Radiation Doses
Effective Whole
Half-Time Lungs* Brain Body

mGy/1110 MBq (rads/30 mCi)

Pulmonary 2 min. 2.5 0.014 0.027
Perfusion (0.25) (0.0014) (0.0027)

Cerebral Blood 5 min. 6.3 0.035 0.068
Flow (0.63) (0.0035) (0.0068)

Table 1. Principal Radiation Emission Data from Xenon-133
Mean Mean % per

Radiation Energy (KeV) Disintegration
Beta-2 100.6 99.3
Ce-K-2 45.0 53.3
Ce-L-2 75.3 8.1
Ce-M-2 79.8 1.7
Gamma-2 81.0 36.5
Kα2X-ray 30.6 13.6
Kα1X-ray 31.0 25.3
KbX-ray 35.0 9.1

EXTERNAL RADIATION
The specific gamma ray constant for Xenon Xe 133 is 3.6 micro-
coulombs/Kg-MBq-hr (0.51R/hr-mCi) at 1 cm. The first half value
thickness of lead is 0.0035 cm. A range of values for the rela-
tive attenuation of the radiation emitted by this radionuclide that
results from the interposition of various thicknesses of Pb is
shown in Table 2. For example, the use of 0.20 cm of Pb will
decrease the external radiation exposure by a factor of 1,000.

To correct for physical decay of this radionuclide, the fractions
that remain at selected time intervals after the time of calibration
are shown in Table 3.

CLINICAL PHARMACOLOGY: Xenon Xe 133 is a readily dif-
fusible gas which is neither utilized nor produced by the body. It
passes through cell membranes and freely exchanges between
blood and tissue. It tends to concentrate more in body fat than
in blood, plasma, water or protein solutions. In the concentra-
tions used for diagnostic purposes it is physiologically inactive.
Inhaled Xenon Xe 133 Gas will enter the alveolar wall and enter
the pulmonary venous circulation via the capillaries. Most of the
Xenon Xe 133 that enters the circulation from a single breath is
returned to the lungs and exhaled after a single pass through the
peripheral circulation.

INDICATIONS AND USAGE: Inhalation of Xenon Xe 133 Gas
has proved valuable for the evaluation of pulmonary function and
for imaging the lungs. It may also be applied to assessment of
cerebral flow.

CONTRAINDICATIONS: None known.

WARNINGS:
Xenon Xe 133 Gas delivery systems, i.e., respirators or spirom-
eters, and associated tubing assemblies must be leakproof to
avoid loss of radioactivity into the environs not specifically pro-
tected by exhaust systems.
Xenon Xe 133 adheres to some plastics and rubber and should
not be allowed to stand in tubing or respirator containers. The un-
recognized loss of radioactivity from the dose for administration
may render the study non-diagnostic.
The vial stopper contains dry natural rubber latex and may cause
allergic reactions in providers or patients who are sensitive to
latex.

PRECAUTIONS:
General

Xenon Xe 133, as well as other radioactive drugs, must be han-
dled with care and appropriate safety measures should be used
to minimize radiation exposure to clinical personnel. Also, care
should be taken to minimize radiation exposure to patients con-
sistent with proper patient management.
Exhaled Xenon Xe 133 Gas should be controlled in a manner that
is in compliance with the appropriate regulations of the govern-
ment agency authorized to license the use of radionuclides.
Radiopharmaceuticals should be used only by physicians who
are qualified by training and experience in the safe use and han-
dling of radionuclides and whose experience and training have
been approved by the appropriate government agency authorized
to license the use of radionuclides.

Carcinogenesis, Mutagenesis, Impairment of Fertility
No long term animal studies have been performed to evaluate
carcinogenic potential or whether Xenon Xe 133 affects fertility
in males or females.

Pregnancy
Animal reproductive studies have not been conducted with Xenon
Xe 133 Gas. It is also not known whether Xenon Xe 133 Gas can
cause fetal harm when administered to a pregnant woman or can
affect reproduction capacity. Xenon Xe 133 Gas should be given
to a pregnant woman only if clearly needed.
Ideally, examination using radiopharmaceuticals, especially those
elective in nature in a woman of childbearing capability, should be
performed during the first few (approximately 10) days following
the onset of menses.

Nursing Mothers
It is not known whether Xenon Xe 133 is excreted in human
milk. Many drugs are excreted in human milk, therefore formula
feedings should be substituted for breast feeding, because of the
potential for adverse reactions in nursing infants.

Pediatric Use
Safety and effectiveness in the pediatric population has not been
established.

Geriatric Use
Clinical studies of Xenon Xe 133 Gas 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 dosage range, reflecting the greater frequency of
decreased hepatic, renal, or cardiac function, and of concomitant
disease or other drug therapy.

ADVERSE REACTIONS: Adverse reactions related to the use of
this agent have not been reported to date.

DOSAGE AND ADMINISTRATION: Xenon Xe 133 Gas is
administered by inhalation from closed respirator systems or
spirometers.
The suggested activity range employed for inhalation by the
average adult patient (70 kg) is:

Pulmonary function including imaging: 74-1110 MBq (2-30 mCi)
in 3 liters of air.
Cerebral blood flow: 370-1110 MBq (10-30 mCi) in 3 liters of air.
The patient dose should be measured by a suitable radioactivity
calibration system immediately prior to administration.

RADIATION DOSIMETRY
The estimated absorbed radiation doses2 to an average patient
(70 kg) for pulmonary perfusion and cerebral blood flow studies
from a maximum dose of 1110 MBq (30 mCi) of Xenon Xe 133 in
3 liters of air are shown in Table 4.
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Redefine performance with
new standards for SPECT/CT
Automatic SPECT motion correction
and up to 64-slice CT enable
faster scanning at the highest
image quality.1

Reach your full potential
with a smart workflow
An intuitive interface fully
integrates SPECT and CT to help
you consistently achieve high-quality,
reproducible results.

Achieve optimized imaging
from dedicated clinical tools
Transform your general SPECT/CT
into a specialized camera that
optimizes imaging for cardiology,
neurology, oncology, and more.

Introducing Symbia Pro.specta SPECT/CT
with myExam Companion

Modernize to
MAXIMIZE

Take your nuclear medicine department into the future with intelligent
SPECT/CT imaging. Symbia Pro.specta™ with myExam Companion
gives you the power of more.

Learn more at siemens-healthineers.com/
symbiaprospecta

1 Based on competitive literature at time of publication. Data on file.

Symbia Pro.specta SPECT/CT is not commercially available in all countries.
Due to regulatory reasons, its future availability cannot be guaranteed.
Please contact your local Siemens Healthineers organization for further details.
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This has been an exciting quarter for the community
of Nuclear Medicine and Molecular Imaging. New
PSMA-targeting therapy and diagnostic agents have
been approved for clinical use for the treatment
and management of patients suffering from prostate
cancer. The SNMMI has been a forefront of advancing
theranostics, and we, as the community of physicians,
scientists, healthcare workers, industry, staff, and all
stakeholders, are truly excited about our new value of
patient care. Thank you so much for your support of the
SNMMI Value Initiative.

To further enhance our efforts, the SNMMI is conducting
a strategic planning effort for the next 3-5 years, one
that ties directly to the work of the Value Initiative’s five
domains. Through 21 interviews with key leaders and
stakeholders, physicians, scientists, technologists, and
industry; 18 qualitative responses to an environmental scan;
and a full membership survey, a team of SNMMI leaders
consolidated the findings to flesh out the needs, trends,
and priorities of the field moving forward.

Some key findings and observations reinforced
the core work of the Value Initiative. Throughout the
strategic planning process, themes emerged around our
continued need to improve quality of practice, research

Reflection, Renewal and Resolve
SATOSHI MINOSHIMA, MD, PhD; VALUE INITIATIVE BOARD CHAIR

and discovery, the workforce pipeline, advocacy, and
outreach. The field is thriving, and we have an abundance
of opportunity.

The VI and staff have worked hard to increase the
visibility of Nuclear Medicine with the public and have
had some excellent mainstream media coverage, and
work remains to be done. We also received a great deal
of feedback that we need to continue to find ways to
communicate to many audiences about the work we are
doing, showcasing our progress.

The SWOT analysis identified the ongoing need for
not only technical reimbursement, but also physician
reimbursement, and agility as the field grows, and more
Nuclear Medicine physicians engage in the practice.
Expansion of therapies and theranostics is a clear trend.
SNMMI has a wealth of resources in theranostics and will
continue to consolidate and make them easily accessible
on the Radiopharmaceutical Therapy Central website.
Training, education, development and expansion of the
workforce, and patient-centered care and practice for
clinicians are top needs as nuclear medicine advances.
Collaboration throughout the field with other societies,
industry, and beyond was another big theme. Our work
with other societies and outreach to referring physicians

Continued on page 12. See Reflection, Renewal, Resolve.
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Be Recognized as an SNMMI
Designated Radiopharmaceutical

Therapy Center of Excellence
SNMMI designated Centers of Excellence in Radiopharmaceutical Therapy are:
• Well-integrated into a patient’s care pathway
• Led by physicians appropriately trained in nuclear medicine
• Staffed by highly qualified therapy teams
• Designed to meet strict regulatory, training, qualification, experience, and

performance criteria

Learn more about how your site can become an SNMMI
Designated Radiopharmaceutical Therapy Center of Excellence.

www.snmmi.org/RPTCoE



Artificial Intelligence in Nuclear Medicine: A Primer for Scientists and Technologists provides a
grounding in how artificial intelligence, artificial neural networks, machine learning, and deep learning
work; how their capabilities improve outcomes; how and where they should be integrated into your
clinical and research practice; and the challenges and considerations involved in their implementation.

Grab your copy today!
www.snmmi.org/AIbook

NOW
AVAILABLE

ARTIFICIAL INTELLIGENCE

IN NUCLEAR MEDICINE:
A Primer for Scientists and Technologists

Geoffrey Currie, BPharm, MMedRadSc (NucMed), MAppMngt (Health), MBA, PhD, AM
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Nuclear Medicine Physician
Roswell Park Comprehensive Cancer Center

The Nuclear Medicine Section of the Department of Diagnostic and Interventional
Radiology of the Roswell Park Comprehensive Cancer Center is seeking a Director.
Candidates must be experienced Board-Certified, Fellowship-trained Nuclear
Medicine Physicians. Candidates should have extensive clinical and research
experience, interest in nuclear oncology, and thorough grounding in multi-probe
PET/CT and image-guided radionuclide therapy. Prior practice experience at a
tertiary oncology center preferred. Innovative approaches to the treatment of
malignancy are emphasized. Additional background and Board Certification in
Radiology, Medicine, Surgery or Pathology is a plus. Prior leadership experience
is preferred. Beyond oversight of performance of medical and technical staff and
ensuring safe and efficient service delivery, responsibilities include the teaching
of residents, fellows, and graduate students at the Jacobs School of Medicine and
Biomedical Sciences and Graduate Division of the Roswell Park Comprehensive
Cancer Center, The State University of New York at Buffalo.
Roswell Park is an NCI-Designated Comprehensive Cancer Center (one of only
two in New York State) and a State University of New York at Buffalo affiliate,
with academic appointments for staff.
Salary and rank are commensurate with experience and qualifications, and
excellent fringe benefits are offered. Interested candidates should forward CV
and names of three references to:
Ermelinda Bonaccio, MD, FACR
Chair of Diagnostics and Interventional Radiology
c/o Nicole Robinson
Faculty Recruitment Associate
Roswell Park Comprehensive Cancer Center
Elm and Carlton Streets, Buffalo, NY 14263
Nicole.robinson@roswellpark.org

RPCCC and the University of Buffalo are M/F/D/V, M/F/H/V,
Equal Opportunity/Affirmative Action Employer

The Indianapolis Richard L. Roudebush VA Medical Center is seeking a full-time board certified/eligible Radiologist, either Nuclear
Medicine fellowship or other fellowship training with significant experience and interest in Nuclear Medicine and PET-CT.

Responsibilities: The Radiologist operates independently in the Radiology Service under the supervision of the Chief of Radiology, and
primarily within the Diagnostic Radiology section. The Radiology Service is a busy department which performs a wide range of diagnostic
and procedural examinations. The selected Radiologist scope of practice includes but is not limited to:
Interpretation of general radiology examinations (plain film, CT, US, MRI) as required. There is limited sub-specialization within the
department for advanced imaging, but radiologists are expected to utilize the full breadth of their skill set.
Interpretation of general nuclear medicine studies, PET-CT, and administration of radionuclide therapies if qualified, as part of rotation in
Nuclear Medicine (up to 0.3 FTE).
Performance of basic fluoroscopic examinations (such as upper GIs).
Protocolling advanced imaging studies as well as aiding medical providers in selecting the appropriate study.
Participation in Quality Management activities such as image quality, peer review, and other activities as needed.
A tele-service provides radiology coverage after hours, on weekends, and holidays. Radiologists alternate taking pager call (average 1
week in 10-12). Call-ins are rare but include coverage of computer network downtimes and diagnostic fluoroscopy procedures (ex. lumbar
puncture and joint aspirations).

Work Schedule: 8:00 am to 4:30 pm, Monday-Friday, or a compressed option is available with four 10 - hour shifts, Monday-Friday.
Position eligible for telework 1-2 days per week.
Recruitment Incentive (Sign-on Bonus): Recruitment and/or relocation has been authorized for highly qualified candidate.
Education Debt Reduction Program (Student Loan Repayment): This position is eligible for the Education Debt Reduction Program
(EDRP), a student loan payment reimbursement program.
Competitive salary, annual performance bonus, regular salary increases
Paid Time Off: 50-55 days of annual paid time offer per year (26 days of annual leave, 13 days of sick leave, 11 paid Federal holidays per
year and possible 5 day paid absence for CME)
Retirement: Traditional federal pension (5 years vesting) and federal 401K with up to 5% in contributions by VA
Insurance: Federal health/vision/dental/term life/long-term care (many federal insurance programs can be carried into retirement)
Licensure: 1 full and unrestricted license from any US State or territory
CME: Possible $1,000 per year reimbursement
Malpractice: Free liability protection with tail coverage provided
Contract: No Physician Employment Contract and no significant restriction on moonlighting

Please contact Doug Verplank 217-474-3816 email douglkas.verplank@va.gov



The Society of Nuclear Medicine and Molecular Imaging (SNMMI) and American Society
of Nuclear Cardiology (ASNC) are excited to announce the launch of a new online course
designed to provide nuclear medicine physicians with the knowledge needed to establish a
culture of safety and quality in their practice.

The ASNC/SNMMI 80 Hour Radionuclide Authorized User Training Course
features lectures on radiation protection and safe radioisotope handling, physics and
instrumentation, radiochemistry and radiopharmaceuticals, radiation biology, and nuclear
medicine mathematics and statistics, and will fulfill the 80 hours of classroom training that
the U.S. Nuclear Regulatory Commission (NRC) and Agreement States require for physicians
to become authorized users of radioisotopes for imaging and localization studies.

LEARN MORE: www.snmmi.org/80HourCourse

NOW AVAILABLE



Iagaru Receives First Sam Gambhir Trailblazer Award

A
ndrei Iagaru, MD, a professor of radiology and chief
of the Division of Nuclear Medicine and Molecular
Imaging at Stanford University (CA), was presented

with the inaugural Sam Gambhir Trailblazer Award on June
14 at the SNMMI Annual Meeting in Vancouver, Canada.
Intended for midcareer professionals, the award recognizes
outstanding achievement and excellence in transformative re-
search (basic, translational, or clinical science) and excep-
tional mentorship. The prestigious annual award, announced
in 2021 and sponsored by the Education and Research Foun-
dation, honors the memory of Sanjiv Sam Gambhir, MD,
PhD, who died at 57 in 2020. Gambhir was an internationally
recognized pioneer in molecular imaging and the Virginia and
D.K. Ludwig Professor for Clinical Investigations in Cancer
Research and chair of the Department of Radiology at Stanford
University, where he was also director of the Canary Center at
Stanford for Cancer Early Detection, the Precision Health and
Integrated Diagnostics Center, and theMolecular Imaging Pro-
gram. He dedicated his career to developing methods of early
disease detection, ushering in a new era of molecular imaging
to identify signs of disease in its earliest stages. Within radiol-
ogy, he was known for development of PET reporter genes
and other paradigm-changing discoveries and applications. He
was a vocal and highly effective advocate for clinical integra-
tion and approval of new molecular imaging techniques and
was among the pioneers of the concept of precision medicine.

Iagaru, a colleague of Gambhir at
Stanford, completedmedical school at
Carol Davila University of Medicine
and Pharmacy (Bucharest, Romania)
and an internship inmedicine at Drexel
University College ofMedicine (Phil-
adelphia, PA). He completed his res-
idency in radiology and a PET/CT
fellowship at Stanford. His research
interests include PET/MRI and PET/
CT for early cancer detection, clinical
translation of novel PET radiopharma-
ceuticals, and targeted radionuclide therapy. He has published
more than 200 peer-reviewed articles and been recognized
with numerous other honors, including the SNM 2009 Image
of the Year Award; the 2009, 2014, and 2015 Western
Regional Society of Nuclear Medicine Scientist Award and
2021 Sanjiv Sam Gambhir Distinguished Scientist Award; a
2015 Department of Defense Impact Award; and numerous
distinctions at Stanford.

Iagaru coauthored The Journal of Nuclear Medicine in
memoriam for Gambhir, writing “We lost a beloved col-
league, a mentor and friend, a wonderful human being, and
an incredible scientist. Humanity lost a giant who had so
much more to contribute toward a better world. For so many
of us, Sam was the reason we chose this field.”

SNMMI Honors New Fellows for 2022

F
ourteen new SNMMI fellows were recognized on
June 13 as part of a special plenary session during
the society’s 2022 Annual Meeting in Vancouver,

Canada. SNMMI fellowship was established in 2016 to rec-
ognize distinguished service to the society as well as excep-
tional achievement in the field of nuclear medicine and
molecular imaging. It is among the most prestigious formal
recognitions available to longtime SNMMI members. Rec-
ognized as new fellows were: Abass Alavi, MD (Hospital of
the University of Pennsylvania/University of Pennsylvania;
Philadelphia); Johannes Czernin, MD (David Geffen School
of Medicine/University of California at Los Angeles); Far-
rokh Dehdashti, MD (Mallinckrodt Institute of Radiology/
Washington University School of Medicine in St. Louis;
MO); Yuni Dewaraja, PhD (University of Michigan Medical
School; Ann Arbor); Cameron Foster, MD (University of
California Davis Health; Sacramento); Warren Janowitz, MD,
JD (Radiology Associates of South Florida/Baptist Health;
Miami, FL); Neeta Pandit-Taskar, MD (Memorial Sloan

Kettering Cancer Center/Weill Cornell Medical College;
New York, NY); Daniel Pryma, MD (Hospital of the Univer-
sity of Pennsylvania/University of Pennsylvania; Philadel-
phia); Lalitha Shankar, MD, PhD (National Cancer Institute;
Bethesda, MD); John Sunderland, PhD (University of Iowa/
University of Iowa Carver College of Medicine; Iowa City);
Jerold Wallis, MD (Mallinckrodt Institute of Radiology/
Washington University School ofMedicine in St. Louis; MO);
Dean Wong, MD, PhD (Mallinckrodt Institute of Radiology/
Washington University School ofMedicine in St. Louis; MO);
Anna Wu, PhD (Beckman Research Institute of the City of
Hope, Duarte, California); and Katherine Zukotynski, MD,
PhD, PEng (McMaster University; Hamilton, Canada).

Selection of SNMMI Fellows is based on documented
excellence in both volunteer service to the society and at least
1 of 3 areas: scientific discovery and innovation, educational
efforts in nuclear medicine andmolecular imaging, or clinical
practice of nuclear medicine and molecular imaging. Fellows
are entitled to use the FSNMMI designation.

Andrei Iagaru, MD
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SNMMI Image of the Year 2022: PET/CT Biomarker
Predicts Post-MI Cardiac Remodeling

S
NMMI announced on June 13 at its Annual Meeting
in Vancouver, Canada, the 2022 Henry N. Wagner,
Jr., Image of the Year, chosen from more than 1,280

submitted scientific abstracts and voted on by reviewers and
society leadership. As part of the presentation “Predicting
remodeling and outcome from molecular imaging of fibroblast
activation in patients after acute myocardial infarction,” the
image from Diekmann et al. from the Hannover Medical
School (Germany) contrasted 68Ga–fibroblast-activation pro-
tein–46 (68Ga-FAP-46) PET/CT, 99mTc-tetrofosmin perfusion
SPECT, and cardiac MR images acquired in patients within
11 days after acute myocardial infarction.

“Molecular PET imaging of the fibroblast activation protein
has recently been evaluated in patients after acute myocardial
infarction,” stated Johanna Diekmann, MD, lead author of the
presentation. “In our study, we sought to obtain further insights
by correlating FAP-targeted PET imaging with tissue characteris-
tics from cardiac MRI, as well as functional outcome.”

The study included 35 patients, in
whom infarct size was determined from
SPECT, cardiac FAP volume was calcu-
lated from 68Ga-FAP-46 PET/CT uptake
values and polar mapping analyses, and
MRI provided information on functional
parameters, area of injury, and tissue char-
acteristics. Cardiac function in a subgroup
of 14 patients was followed up by echocar-
diography or cardiac MRI at a median of
139.5 days.

In all patients the area of FAP upre-
gulation was significantly larger than that
in either SPECT perfusion defect size or
infarct area as defined by late gadolinium-
enhanced MRI. FAP volume on PET/CT
was significantly correlated at baseline
with multiple cardiac parameters, including
infarct area, left ventricular (LV) mass, and
end-systolic and -diastolic volumes. PET/
CT segmental analysis showed FAP upre-
gulation in 308 of 496 (62%) myocardial
segments. MRI late gadolinium enhance-
ment was found in only 56% of FAP-pos-
itive segments, elevated T1 in 74%, and
elevated T2 in 68%. Fourteen percent (44/
308) of FAP-positive segments showed nei-
ther prolonged T1 or T2 nor significant late
gadolinium enhancement, with a weak cor-
relation between myocardial FAP volume
and LV ejection fraction (LVEF) at base-
line. Early myocardial PET values showed
a stronger correlation with LVEF at fol-
low-up, suggesting a relationship between

the extent of fibroblast activation and more severe adverse
ventricular remodeling. The authors concluded that because a
higher extent of myocardial FAP upregulation was predictive
of subsequent LV dysfunction and exceeded infarct area as
defined by other modalities, fibroblast activation in nonin-
farcted myocardial areas may contribute to adverse outcomes.
FAP imaging with PET/CT may be a complementary bio-
marker with applications in establishing treatment strategies
to mitigate profibrotic activity outside of the primary infarct
region to prevent adverse remodeling.

“Myocardial infarction is an important contributor to the
development of heart failure, but the early molecular pro-
cesses involved in the transition from initial injury to heart
failure are undertreated,” said Diekmann. “New antifibrotic
therapies (such as CAR-T cell therapies) could significantly
change future therapy of heart failure. Using FAP PET to
select patients suitable for therapy would open a new major
application for PET in fibrosis and cardiac diseases.”

SNMMI 2022 Image of the Year. Top: Representative case with acute anterior wall myocardial
infarction. 99mTc-tetrofosmin perfusion SPECT, 68Ga–fibroblast-activation protein–46 (68Ga-FAP-
46) PET/CT, and late gadolinium-enhanced (LGE) cardiac MR images were compared in patients
within 11 days after acute myocardial infarction. Bottom: Areas of myocardial FAP upregulation
on PET/CT were significantly greater than those with either SPECT or MRI and were predictive of
subsequent left ventricular (LV) dysfunction. Global myocardial FAP volume early after acute
myocardial infarction inversely correlated with left ventricular ejection fraction (LVEF) at follow-up
in the chronic stage. The findings suggest promise for 68Ga-FAP-46 PET/CT as a complementary
biomarker in predicting adverse cardiac remodeling.
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New Officers for SNMMI and SNMMI-TS

D
uring the 2022 SNMMI Annual Meeting, from June
11 to 14, both the SNMMI and SNMMI Technolo-
gist Section (SNMMI-TS) welcomed new officers.

Elected by the members of the 2 organizations, the new offi-
cers will serve in these positions through June 2023.

SNMMI President

Munir Ghesani, MD, associate
professor of radiology at Mount Sinai
Hospital and chief of nuclear medi-
cine and molecular imaging at Mount
Sinai Health System (New York,
NY), assumed the office of SNMMI
President. He reported that his goals
in this position include continuing to
increase consumer outreach andmed-
ical community awareness of the ben-
efits of nuclear medicine, molecular
imaging, and radionuclide therapy;
expanding efforts to provide educational offerings to referring
and specialty physicians; working closely with U.S. regulators
to streamline the approval of promising new diagnostic and
therapeutic radiopharmaceuticals; maintaining reliable access
to radiopharmaceuticals, particularly new and cutting-edge
therapies; and ensuring that SNMMI remains a leading global
nuclear medicine organization through its publications, clinical
guidelines, quality initiatives, and international representation.

Ghesani earned his medical degree from Gujarat Univer-
sity, NHL Medical College (Ahmedabad, India), in 1984.
He completed a diagnostic radiology residency in 1988 at
the KM School of Postgraduate Medicine and Research, fol-
lowed by a diagnostic ultrasound fellowship in 1989 at LG
Hospital and KM School of Postgraduate Medicine and
Research, also in Ahmedabad. In 1993, he completed an
internal medicine residency at Jersey City Medical Center
(NJ) and, in 1996, a nuclear medicine residency and fellow-
ship at St. Luke’s–Roosevelt Hospital Center (New York,
NY), where he also went on to radiology residency. He has
held academic appointments at the New York University
School of Medicine, the Icahn School of Medicine at Mount
Sinai, and Columbia University (all in New York, NY).

Within SNMMI, Ghesani has been an active member of
the society’s governance, with a strong focus on advocacy. He
has served as chair of the Government Relations Committee
and the SNMMI/U.S. Food and Drug Administration Task
Force, as well as Advocacy Domain chair for the SNMMI
Value Initiative. He was a cochair of the SNMMIMembership
Task Force and a member of the SNMMI Board of Directors.
He has also held multiple leadership positions in the Greater
New York Chapter of SNMMI, most recently as president.

In the larger nuclear medicine community, Ghesani
has served as chair and director of the American Board of

Nuclear Medicine (ABNM) and as president of the American
College of Nuclear Medicine (ACNM). He has published
more than 80 peer-reviewed journal articles and a text,
Nuclear Medicine: A Case-Based Approach. Ghesani is cer-
tified by the American Board of Radiology, ABNM, and the
American Board of Internal Medicine.

“SNMMI is a unique organization that brings together
diverse nuclear medicine and molecular imaging profes-
sionals,” said Ghesani. “It is my pleasure to work on behalf
of each of the SNMMI members to improve our field. I look
forward to collaborating with the society’s dedicated leader-
ship, volunteers, and staff over the next year in our mission
to improve patient care.”

SNMMI President-Elect

Helen Nadel, MD, director of
pediatric nuclear medicine at Lucile
Packard Children’s Hospital at Stan-
ford (CA) and clinical professor of
radiology at the Stanford School of
Medicine, was named as SNMMI
president-elect. She has set goals for
her tenure that reflect lessons learned
from the collective nuclear medicine
COVID-19 experience. To accom-
plish these goals, Nadel proposes
creation of an ongoing working group to address preparedness
issues, education of members on potential risks, and develop-
ment of rapid global communication and mobilization plans.
She encourages SNMMI’s continued cooperation with gov-
ernment and industry to develop and quickly approve diag-
nostic and theranostic molecular agents, as well as associated
technologies. She also supports SNMMI’s diversity initiatives
to ensure an inclusive working environment and deliver qual-
ity health care to all patients regardless of ethnicity or gender.

Nadel earned her medical degree from the University of
Manitoba in Winnipeg (Canada) in 1977. She completed a
diagnostic radiology residency in 1982 at the University of
Toronto (Canada), followed by a fellowship in pediatric
radiology at the Hospital for Sick Children at the University
of Toronto. She then completed a nuclear medicine resi-
dency in 1989 at the University of British Columbia (Van-
couver, Canada). She held multiple academic appointments
at the University of British Columbia between 1983 and
2018 and was head of the Division of Nuclear Medicine and
Department of Radiology at British Columbia Children’s
Hospital before taking on her current roles at Stanford.

An active SNMMI member for more than 30 years, Nadel
has served as a member of the House of Delegates, as presi-
dent and member of the board of directors of the Pediatric
Imaging Council, and as member of the PET Center of Excel-
lence board of directors, Scientific Program Committee,

Helen Nadel, MD

Munir Ghesani, MD
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Membership Committee, and The Journal of Nuclear Medi-
cine editorial board, among other posts. She was president of
the SNMMI Pacific Northwest Chapter for many years and
currently plays an active role in the Northern California chap-
ter. In the greater nuclear medicine community, she has
served in multiple positions for the ACNM, the ABNM, and
the Children’s Oncology Group. In 2019, Nadel received the
Lifetime Achievement Award from the European Society of
Pediatric Nuclear Medicine for ongoing contributions to pedi-
atric nuclear medicine. She has published more than 60 peer-
reviewed journal articles and 24 text chapters and has been an
invited speaker for 180 presentations.

SNMMI Vice President–Elect

Cathy Sue Cutler, PhD, Director
of the Medical Isotope Research
and Production Program (MIRP) at
the Brookhaven National Laboratory
(BNL; Upton, NY), was named as
the 2022 SNMMI Vice-President
Elect. A high-priority goal during her
term will be to work with SNMMI
on efforts to secure appropriate fund-
ing for nuclear medicine services and
providers. This goal also includes
securing adequate funding for
researchers developing life-saving radiopharmaceuticals.
She will work with SNMMI to encourage the U.S. Congress
to pass the FIND Act to guarantee access to high-value radio-
pharmaceuticals. A third goal is to generate training and edu-
cation opportunities in theranostics for personalized medicine.

Cutler began her career as a research associate at the
Mallinckrodt Institute of Radiology/Washington University
at St. Louis (MO), and as a research scientist at the Missouri
University Research Reactor (MURR; Columbia) at the Uni-
versity of Missouri. At the University of Missouri she also
served as an adjunct faculty member in the Nuclear Engi-
neering Program and a Joint Faculty Member in the Nuclear
Sciences and Engineering Institute. She became a Research
Professor at MURR in 2010. In 2015 she accepted her cur-
rent position at BNL, where she was named a Tenured Sci-
entist in 2018. In 2019 she received the BNL 33rd Annual
Women’s Recognition Award for Achievements in Science.

For more than 20 years Dr. Cutler has actively partici-
pated and served in leadership positions on SNMMI coun-
cils, committees, and task forces, including those of the
Radiopharmaceutical Council, the Committee on Radiophar-
maceuticals (as chair), the Center for Molecular Imaging
Innovation and Translation (as president), the Committee on
Ethics, the Women in Nuclear Medicine Committee, the
Committee on Education, the Committee on Government
Relations (chair), the SNMMI Advocacy Domain–Value Ini-
tiative (chair), and others. She has published more than 100
peer-reviewed journal articles and participated in national
and international radiopharmaceutical leadership activities.

SNMMI-TS President

KrystleW.Glasgow,MIS,CNMT,
NMTCB(CT), NMAA, instructor and
clinical coordinator at the University
of Alabama at Birmingham, became
the 2022–2023 SNMMI-TS presi-
dent. Her focus as president will
continue to be on SNMMI-TS mem-
bership. Her goals include engaging
young nuclear medicine technolo-
gists (both students and early career
professionals) andstrengtheningsup-
portforallnuclearmedicinetechnolo-
gists. Other goals include making
SNMMI a 1-stop shop for nuclear medicine needs, enhancing
communication between the society and its members, increas-
ing and diversifying educational offerings, and promoting
advocacyendeavors.

Glasgow received her bachelor of science degree in nuclear
medicine technology with a concentration in CT in 2010 from
the University of Alabama at Birmingham. She completed a
master’s degree in imaging sciences and was certified as a
Nuclear Medicine Advanced Associate at the University of
Arkansas for Medical Sciences (Little Rock). She is pursuing a
doctoral degree in health services administration with a concen-
tration in health informatics at the University of Alabama at
Birmingham.

SNMMI-TS President-Elect

Dmitry Beyder, CNMT, MPA,
was named as SNMMI-TS President-
Elect. His goals for his time in office
include guiding technologists and
the professional organization as a
whole out of the COVID-19 pan-
demic, strengthening the nuclear med-
icine technologist workforce and
professional pipeline, and grow-
ing the nuclear medicine technolo-
gist’s role in theranostic practice.

Beyder received his bachelor of science degree in nuclear
medicine technology from the State University of NewYork at
Buffalo and a master of public administration in health policy,
management, and international healthcare from the Robert F.
Wagner Graduate School of Public Service at New York Uni-
versity (NY). He began his career as a nuclear medicine tech-
nology at Memorial Sloan Kettering Cancer Center (New
York, NY), followed by 6 years as clinical supervisor of
nuclear medicine and PET at Oregon Health and Science Uni-
versity (Portland). He assumed the position of Radiology Pro-
gram Manager of Nuclear Medicine, PET, CT, and Patient
Transport at Barnes–Jewish Hospital/Mallinckrodt Institute of
Radiology (St. Louis, MO) in 2014. He has served in numer-
ous SNMMI-TS leadership roles, including as chair of the
Scope of Practice Task Force, cochair of the Advocacy Com-
mittee, member of the Executive Board, and others.

Dmitry Beyder, CNMT,
MPA

Cathy Cutler, PhD

Krystle W. Glasgow, MIS,
CNMT, NMTCB(CT),
NMAA
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Recognition of the ABNM by the NRC
George Segall, MD, American Board of Nuclear Medicine Executive Director

C
ertification by the American Board of Nuclear Medi-
cine (ABNM) is recognized by the U.S. Nuclear Regu-
latory Commission (NRC) as meeting the training and

experience requirements to be an authorized user of byproduct
material for medical use. The last time the ABNM’s certification
process was reviewed by the NRCwas in 2005, following publi-
cation of the final rule 10 CFR Part 35, “Medical Use of Byprod-
uct Material Recognition of Specialty Boards,” defining the
criteria such boards must meet before they could be recognized
by the NRC or Agreement States (Fed Reg. 2005;70:16335). On
January 11, 2021, the NRC Office of Nuclear Medicine Safety
and Safeguards published Office Procedure 70-03, “Procedures
for Recognizing, Monitoring, and Terminating Certification Pro-
cess of Specialty Boards,” Section 3.1, “Monitoring Continued
Satisfaction of Recognition Requirements.” The purpose was to
provide “increased clarity” for the NRC on monitoring for con-
tinued satisfaction of the recognition criteria, guidance for deter-
mining whether NRC recognition should be terminated, and
guidance for maintaining NRC-recognized board certifications
on the NRC public website.

The ABNM received a letter on March 15, 2022, asking for
confirmation that the ABNM continues to satisfy the recognition
criteria for specialty board certification processes. The letter
explained that the NRC was contacting all its recognized spe-
cialty boards per the procedure published in the preceding year.
As part of the review, the NRC staff was evaluating the board’s
publicly available website for changes that could affect recogni-
tion of the board’s certification process. The letter also noted
that subsequent reviews will be performed on a 5-year basis.

The NRC review of the ABNM website is still underway.
The ABNM has responded with proposed changes clarifying
the training and work experience required for certification that
conform to NRC rules to be an authorized user uses of byprod-
uct material under 10 CFR 35.190 Training for uptake, dilution,
and excretion studies; 10 CFR 35.290 Training for imaging and
localization studies; and 10 CFR 35.390 Training for use of
unsealed byproduct material for which a written directive is
required.

Under 10 CFR 35.390, training and experience must
include a minimum of 700 hours, all of which are applicable to
the medical use of unsealed byproduct material requiring a
written directive, including a minimum of 200 hours of
classroom and laboratory training in accordance with 10 CFR
35.390(b), and supervised work experience. The 200 hours of
classroom and laboratory training must include:

& Radiation physics and instrumentation;
& Radiation protection;
& Mathematics pertaining to the use and measurement of

radioactivity;
& Chemistry of byproduct material for medical use; and
& Radiation biology.
Classroom and laboratory training may be obtained using a

variety of instructional methods (including online training) as

long as the specific clock hour requirements are met and the sub-
ject matter relates to radiation safety and safe handling of
byproduct material for the uses for which authorization is being
requested. Reviewing case histories or interpreting scans should
not be counted toward the minimum 200 hours of required class-
room and laboratory training in radiation safety and safe han-
dling of byproduct material.

Supervised work experience must include:

& Ordering, receiving, and unpacking radioactive materials
safely and performing the related radiation surveys;

& Performing quality control procedures on instruments used to
determine the activity of dosages and performing checks for
proper operation of survey meters;

& Calculating, measuring, and safely preparing patient or
human research subject dosages;

& Using administrative controls to prevent a medical event
involving the use of unsealed byproduct material;

& Using procedures to contain spilled byproduct material safely
and proper decontamination procedures; and

& Administering dosages of radioactive drugs to patients or
human research subjects involving a minimum of 3 cases in
each of the following categories:
! Oral administration of#1.22GBq (33mCi) of sodium iodide

131I, for which a written directive is required;
! Oral administration of .1.22GBq (33mCi) of sodium

iodide 131I; and
! Parenteral administration of any radioactive drug that con-

tains a radionuclide that is primarily used for its electron
emission, b radiation characteristics, a radiation character-
istics, or photon energy ,150 keV, for which a written
directive is required.

Physicians in training may not dedicate all of their super-
vised work experience time specifically to these subject areas
and will be attending to other clinical matters involving the
medical use of the material under the supervision of an autho-
rized user (e.g., reviewing case histories or interpreting scans).
This type of supervised work experience may be counted
toward the supervised work experience to obtain the required
700 total hours of training.

For 10 CFR 35.290, additional work experience is required
for eluting generator systems appropriate for preparation of
radioactive drugs for imaging and localization studies, measur-
ing and testing the eluate for radionuclidic purity, and process-
ing the eluate with reagent kits to prepare labeled radioactive
drugs.

The training and experience described here also meet the
requirements of 10 CFR 35.190.

Experience for 10 CFR 35.190, 10 CFR 35.290, and 10
CFR 35.390 must be obtained under the supervision of an
authorized user for the same type of procedures.

The ABNM will update its website with this information to
ensure that the NRC continues to recognize its certification
process.
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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

Opportunities for Growth in Nuclear Medicine and
Molecular Imaging
Munir Ghesani, MD, SNMMI President

T
he discipline of nuclear medicine is stronger than
ever, and its future is brighter than ever. Radiophar-
maceutical therapies—such as 177Lu-PSMA-617, ap-

proved a few months ago, and 177Lu-DOTATATE, approved
a few years ago—are propelling theranostics to the forefront
of the field. Techniques such as dynamic imaging of an
extended field of view now provide an extraordinary photon
sensitivity with very low levels of radioactivity. Artificial
intelligence and machine learning are reshaping the research
and development of nuclear medicine and molecular
imaging.

While these advances are driving the science of the field
forward, we must also ensure that patients benefit from
them. As I begin my term as SNMMI president, I plan to
address several issues that will help the field grow while
focusing on optimal patient care and quality and the safety
of our diagnostic and therapeutic procedures as top priori-
ties. By concentrating on public awareness, patient engage-
ment, and regulatory approvals, we can make great strides to
benefit our patients.

Nuclear medicine is not a common household phrase. To
educate the public about what nuclear medicine is and what
it can accomplish, SNMMI launched an awareness campaign
last year. Targeting consumer broadcast media (print and
digital news publications, radio, TV), SNMMI has reached a
very broad audience, including patients, caregivers, referring
physicians, legislators, regulators, and payers. In its first
6 months the campaign reached more than 1 billion con-
sumers. We will continue this important consumer out-
reach in the coming year. By exposing the public to multiple
“stories” about nuclear medicine over an extended period
of time, we can enhance their recall and strengthen their
understanding.

We must also continue our efforts to ensure that patients
and the medical community recognize the value of nuclear
medicine, molecular imaging, and radionuclide therapy.
SNMMI’s 14-member Patient Advocacy Advisory Board
will remain a driving force in advising the society on devel-
opment of patient education materials and public policy
regarding nuclear medicine and molecular imaging. The
society will also continue its education of referring physi-
cians during session presentations and symposia at several
events, including the Pediatric Endocrine Society, American
Society for Radiation Oncology, Large Urology Group Prac-
tice Association, American Urological Association, and San
Antonio Breast Cancer Symposium.

Access to nuclear medicine and
molecular imaging is another key
issue for SNMMI. The society will
work closely with U.S. regulators
to streamline the approval of prom-
ising new diagnostic and therapeutic
radiopharmaceuticals. Reimbursement
of nuclear medicine and molecular
imaging procedures also remains a
critical issue. SNMMI cosponsors the
Facilitating Innovative Nuclear Diag-
nostics (FIND) Act, which, if passed,
would direct the Department of Health and Human Services to
pay separately for all outpatient diagnostic radiopharmaceuti-
cals rather than packaging them with other medical sup-
plies. In promoting the FIND Act, SNMMI hopes to help
patients achieve greater access to a wide range of diagnos-
tic radiopharmaceuticals.

Radiopharmaceutical access also depends on manufac-
turers, as we saw in the recent halt in production of Lutathera
and Pluvicto. SNMMI members and the patients we serve
need a reliable supply chain for innovative radiopharmaceu-
tical therapies to be used regularly and widely. SNMMI is
dedicated to contributing to the radiopharmaceutical therapy
space to help our field continue to grow.

I feel strongly that SNMMI is the leading global nuclear
medicine organization and plan to increase the recognition of
the society and its initiatives during my term as president. Our
Mid-Winter and Annual Meetings are premier nuclear medi-
cine and molecular imaging events and are attended by thou-
sands of professionals from around the world. The Journal of
Nuclear Medicine publishes cutting-edge research and enjoys
its highest impact factor ever, ranking third among all medical
imaging journals worldwide. We lead the way in developing
clinical guidelines and promoting quality among the profes-
sion. As SNMMI continues its impactful work, we will make
sure that the organization and its members are recognized for
their contributions to the field.

SNMMI is a unique organization that brings together di-
verse nuclear medicine and molecular imaging professionals—
physicians, scientists, pharmacists, technologists, and lab
professionals. It is my pleasure to work on behalf of each of
the SNMMI members to improve our field. I look forward
to collaborating with the society’s dedicated leadership,
volunteers, and staff over the next year in our mission to
improve patient care.

Munir Ghesani, MD
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N E W S B R I E F S

Biogen Reassesses Plans for
Aduhelm in AD

In a series of press releases and
statements in late April and early May,
Biogen Inc. (Cambridge, MA), the mak-
er of the Alzheimer disease–targeted
treatment Aduhelm (aducanumab), an-
nounced new plans following a series
of approval setbacks. The drug, a mono-
clonal antibody directed against b-
amyloid, had been given conditional
U.S. Food and Drug Administration
(FDA) approval on June 7, 2021. Sub-
sequent controversy over the initial
proposed cost of the drug ($56,000/y,
later reduced to $28,000/y) data on
effectiveness, and potential side effects
was the focus of both public and pro-
fessional medical commentary. On
January 11 the U.S. Centers for Medi-
care & Medicaid Services (CMS) re-
leased a proposed National Coverage
Determination (NCD) decision memo-
randum that would allow only coverage
with evidence development (CED),
effectively restricting Medicare reim-
bursement to individuals enrolled in
qualifying clinical trials. On April 7, the
proposed NCD was finalized.

Biogen informed its investors on
April 22 that it had notified the Euro-
pean Medicines Agency (EMA) of a
decision to withdraw its Marketing
Authorization Application (MAA) for
aducanumab for treatment of the early
stages of Alzheimer disease. The com-
pany withdrew its application fol-
lowing interactions with the EMA
Committee for Medicinal Products for
Human Use (CHMP) in which the
committee indicated that data provided
thus far would not be sufficient to sup-
port a positive opinion on EMA mar-
keting authorization. Biogen’s MAA
had been under review by the CHMP in
response to the company’s request for a
reexamination of the negative opinion
issued in December 2021.

On April 28, Biogen announced
that despite rollbacks of its U.S. and in-
ternational marketing infrastructure for
Aduhelm, all U.S. patients who began
treatment on or before April 7, 2022,

would be eligible to receive the drug at
no cost for the duration of their treat-
ments or for the duration of the pro-
gram. In addition, patients who were
already enrolled in Biogen’s Free Drug
Program would automatically continue
in the program and continue to receive
the medicine at no cost. Biogen’s pro-
gram does not cover diagnostics or
other potential fees associated with
treatment administration and monitor-
ing. “One of our immediate priorities
following the NCD decision is to sup-
port patients on therapy who were un-
certain whether they could receive their
next infusion,” said Alisha Alaimo,
president of Biogen’s U.S. Organiza-
tion. “This program allows eligible pa-
tients continued access to Aduhelm and
aims to help them avoid long-term
interruptions in their care.”

Biogen issued a follow-up to its
quarterly statement on May 3 indicat-
ing that it would be “substantially
eliminating commercial infrastructure”
related to Aduhelm and was planning
additional associated cost-cutting mea-
sures. The statement noted that U.S.
Biogen expected to continue funding
certain regulatory and research and
development activities for Aduhelm,
including continuation of the EMBARK
redosing study and initiation of the
phase 4 postmarketing requirement
study, ENVISION. Biogen stated that
“additional actions regarding Aduhelm
may be informed by upcoming data
readouts expected for this class of
antibodies, as well as further engage-
ment with the FDA and CMS.” The
company also announced that its chief
executive, Michel Vounatsos, would
step down when a replacement could be
identified.

Biogen Inc.

Underrepresentation in FDA
CAR-T Cell Approval Studies

In an article published on April 20
in JAMA Network OPEN (2022;5[4]:
e228161), Al Hadidi et al. from the
University of Arkansas for Medical

Sciences (Little Rock) reported on a
study looking at enrollment of Black
participants in clinical trials resulting
in subsequent U.S. Food and Drug
Administration (FDA) approval of chi-
meric antigen receptor–T (CAR-T) cell
therapies for hematologic malignant
neoplasms. Publicly available data from
2017 to 2021 included patients with
large B-cell lymphoma, follicular lym-
phoma, mantle cell lymphoma, acute
lymphoblastic leukemia, and multiple
myeloma enrolled in 7 clinical trials
investigating several CAR-T products.
Of the 1,057 patients enrolled in these
studies, CAR-T products were admin-
istered to 746 (71%), and efficacy was
reported for 729 (69%), with 96% of
patients enrolled in the United States.
Overall, the percentage of Black par-
ticipants who received CAR-T prod-
ucts and had reported efficacy data
varied between 2% and 5% (range, 1–
12 participants). Black patients were
significantly underrepresented in com-
parison to actual disease prevalence
across all hematologic malignancies. Ad-
justed prevalence calculations showed
the lowest participation-to-prevalence
ratio of 0.2 for multiple myeloma and
0.6 for large B-cell lymphoma. The
authors concluded that these findings
suggest substantial disparities affect-
ing Black patients across all approved
CAR-T products used to treat hema-
tologic malignant neoplasms, despite
otherwise limited effective treatment
options. They added that these findings
“might aid policy discussions regarding
the immediate need of regulations that
enforce certain thresholds of Black
patients’ enrollment before granting
FDA approval.”

JAMA Network OPEN

Contrast Media Shortage

The GE Healthcare (Boston, MA)
production facility in Shiangai, China,
that manufactures almost the entire
U.S. supply of the Omnipaque (iohexol)
contrast agent product lines was shut
down in April as a result of Chinese
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government restrictions related to
COVID-19. Visipaque (iodixanol) was
also in short supply. According to GE
Healthcare, the supply impact was not
related to quality, raw material supply,
or supply chain issues. GE Healthcare
announced that they would use a sec-
ondary manufacturing facility in Ire-
land to supplement U.S. Omnipaque
supply. The supply interruption had an
almost immediate effect on scheduling
and performance of contrast-enhanced
imaging in the United States, with signif-
icant related media coverage. In a May
18 letter to customers, GE referred to
the situation as “fluid,” as the company
worked to expand production capacity
and collaborate with local Shanghai
authorities to “enable increasing num-
bers of operators to return to the site,
complying with local COVID-19 pro-
tocols.” To enable availability and
continuity, GE was “balancing supply
of available product globally” and, in
some markets, introducing measures
“to reduce order quantities but with a
higher frequency of delivery, as well as
optimizing production to focus on 3 main
product variations.” Production output
from Shanghai was expected to con-
tinue to increase and return to full pro-
duction capacity “as soon as local
authorities allow.” On May 23 GE
released an update, indicating that
the plant had increased production
output from 0% of capacity when first
closed to 60% capacity by May 21.
Production was expected to be at 75%
capacity by mid-June. Deliveries were
being accelerated by changing some
logistic routes from sea to air.

SNMMI addressed the shortage in
mid-May, expressing hope that the sup-
ply issue would be resolved quickly but
reminding practitioners that radiophar-
maceuticals remain available and are an
excellent alternative for some diagnos-
tic procedures. For example, V/Q lung
scanning can be considered as an alterna-
tive to cardiac CT angiography (CTA)
of pulmonary arteries, and stress cardiac
nuclear studies (PET or SPECT) may
serve as alternatives in some patients
scheduled for cardiac CTA.

The American College of Radiol-
ogy Committee on Drugs and Contrast

Media has issued guidance on the con-
trast agent shortage and suggested
strategies to conserve contrast media,
including delaying elective procedures.
A special report from the Radiological
Society of North America suggested
short-term strategies, including estab-
lishing an incident command center
to direct and monitor contrast media
usage, converting exams to noncontrast
when possible, reducing contrast dose,
and substituting other types of exams,
such as MRI, ultrasound, or noncontrast
PET/CT. As of June 1, the GE contrast
media remained on the “backorder”
FDA Shortage List.

GE Healthcare
SNMMI

Status of Lutathera and Pluvicto
Production and Supply

On May 5, Novartis (Basel, Swit-
zerland) announced suspension of
production of its agents Lutathera
(177Lu-dotatate; 177Lu-oxodotreotide)
and Pluvicto (177Lu-PSMA-617; 177Lu-
vipivotide tetraxetan) at radioligand
therapy production sites in Ivrea, Italy,
and Milburn, NY, affecting both com-
mercial and clinical trial supplies. The
company stated that this voluntary shut-
down was taken “out of an abundance
of caution” as it addresses “potential
quality issues identified in its man-
ufacturing processes” and projected
that these issues would be resolved
within 6 wk, with production gradually
resuming thereafter.

Novartis suspended delivery of
Lutathera in the United States and Can-
ada and of Pluvicto in the United States
(the only approved market for Plu-
victo). The statement indicated that
some doses of Lutathera would be
available in Europe and Asia from a
Novartis production site in Zaragoza,
Spain, although with potential supply
delays. In addition, Novartis put a tem-
porary hold on screening and enrollment
for 177Lu-PSMA-617 clinical trials glob-
ally and Lutathera clinical trials in the
United States and Canada. Although the
company reported “no indication of any
risk to patients from doses previously
produced,” treatment sites were notified

“to closely monitor” patients who had
recently been injected and report any
adverse events to Novartis patient safety.
“Novartis takes this very seriously and
the company is doing everything it
can to resolve this issue and resume
patient doses as quickly as possible,”
said Novartis. “Health authorities have
been informed and will receive addi-
tional updates as they are available.”

Only 6 wk before, on March 23,
FDA announced approval of Pluvicto
for treatment of adult patients with
prostate-specific membrane antigen–
positive metastatic cancer who have
been treated with androgen-receptor
pathway inhibition and taxane-based
chemotherapy. Lutathera, the first radio-
pharmaceutical marketed for peptide-
receptor radionuclide therapy, was
approved by the European Medicines
Agency in 2017 and the FDA in 2018
for treatment of somatostatin receptor–
positive gastroenteropancreatic neuro-
endocrine tumors. As of June 1, the
FDA Drug Shortage list included Luta-
thera as “Currently unavailable; Esti-
mated remaining duration of Supply
Shortage: 3–4 wk” because of issues
“related to complying with Good Man-
ufacturing Practices.” Pluvicto did not
appear on the list.

Novartis
U.S. Food and Drug Administration

FDA Permits Marketing of AD
Diagnostic Test

The U.S. Food and Drug Adminis-
tration (FDA) announced onMay 4mar-
keting permission for the first in vitro
diagnostic test for early detection of
amyloid plaques associated with Alz-
heimer disease (AD). The Lumipulse G
b-Amyloid Ratio (1-42/1-40) test (Fujir-
ebio Diagnostics, Inc.; Malvern, PA) is
intended for use in adult patients $55 y
presenting with cognitive impairment
and being evaluated for AD and other
causes of cognitive decline.

The FDA evaluated the safety and
effectiveness of the Lumipulse test in a
clinical study of 292 cerebrospinal fluid
samples from the AD Neuroimaging
Initiative sample bank. The samples
were tested and compared with amyloid
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PET imaging results. In this clinical
study, 97% of individuals with Lumi-
pulse G b-amyloid Ratio (1-42/1-40)–
positive results had amyloid-positive
PET findings, and 84% with negative
test results had negative PET findings.
The FDA noted that the Lumipulse G
b-amyloid Ratio (1-42/1-40) is not a
standalone test and that other clinical
evaluations or additional tests should be
used for determining treatment options.

The Lumipulse G b-amyloid Ratio
(1-42/1-40) was granted Breakthrough
Device designation, a process designed
to expedite the development and re-
view of devices that may provide for
more effective treatment or diagnosis
of life-threatening or irreversibly debil-
itating diseases or conditions.

U.S. Food and Drug Administration

Hearing on FIND Act Requested

On April 28, SNMMI and more
than 70 organizations sent a letter to
U.S. House Energy and Commerce and
Ways andMeans Committee leadership

requesting a hearing on the Facilitating
Innovative Nuclear Diagnostics (FIND)
Act. In July 2021, Reps. Scott Peters
(CA), Bobby Rush (IL), Greg Murphy
(NC), and Neal Dunn (FL) introduced
the FIND Act (H.R. 4479), legislation
that would significantly expand patient
access to advanced nuclear diagnostic
imaging technologies. The bill aims for
a legislative fix to Centers for Medicare
and Medicaid Services bundling of
diagnostic radiopharmaceuticals in the
hospital outpatient space after a 3-y
passthrough period after U.S. Food and
Drug Administration (FDA) approval.
SNMMI and its coalition partners, the
Medical Imaging & Technology Alli-
ance and the Council on Radionuclides
and Radiopharmaceuticals—in addition
to dozens of patient advocacy organiza-
tions—praised the introduction.

The FIND Act addresses structural
issues in the packaging methodology
used in the Medicare outpatient hospi-
tal setting by directing the Department
of Health and Human Services to pay

separately for all diagnostic radiophar-
maceuticals with a cost threshold per
day of $500. If passed, this bill would
give patients greater access to a wide
range of diagnostic radiopharmaceuti-
cals. This legislation would also help
providers better manage costs while
delivering more targeted and cost-effi-
cient care. If passed, patients would not
be responsible for the 20% drug copay-
ment. The bill is also budget neutral.
“This policy will safeguard Medicare
beneficiary access to the most appro-
priate diagnostic radiopharmaceuticals
and help spur continued innovations in
nuclear imaging studies,” wrote the let-
ter’s signatories. “To help advance this
legislation, we again respectfully ask
that your committees hold a hearing to
consider the FIND Act and explore the
potential of this policy to expand bene-
ficiary access to care, improve health
outcomes, create health care savings,
and promote innovation and develop-
ment in this space.”

SNMMI

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, therapeutic,
research, and practice issues from a
range of international publications. Most
selections come from outside the stan-
dard canon of nuclear medicine and radi-
ology journals. These briefs are offered
as a window on the broad arena of medi-
cal and scientific endeavor in which
nuclear medicine now plays an essential
role. The lines between diagnosis and
therapy are sometimes blurred, as radio-
labels are increasingly used as adjuncts
to therapy and/or as active agents in ther-
apeutic regimens, and these shifting lines
are reflected in the briefs presented here.
We have also added a small section on
noteworthy reviews of the literature.

Preoperative PET and Long-Term
Survival in Breast Cancer

Perrin et al. from CHU de Marti-
nique (Fort-de-France), Universitair
Ziekenhuis Brussel (Belgium), Howard

University (Washington, DC), and
Hackensack University Medical Center
(NJ) reported on April 24 in the World
Journal of Clinical Oncology (2022;
13[4]:287–302) on a study evaluating
the predictive value of preoperative
18F-FDG PET for overall long-term
survival in patients with breast cancer.
In this retrospective study, 104 patients’
preoperative PET images were defined
as positive or negative based on ana-
tomic region-of-interest (ROI) findings
for breast, axillary, sternal, and distant
sites. SUVmax results in these ROIs
were analyzed in the data from 36 of
these patients. The follow-up period for
the study was 15 y. PET positivity in
axillary, sternal, and combined axillary/
sternal nodes was predictive of poor
overall survival. PET-positive axillary
and combined axillary/sternal status
were also predictive of poor disease-
free survival. On additional analysis,
SUVmax results for ipsilateral breast
and axilla were significant covariate

predictors of long-term overall survival,
with relative increases in risk of death
of 25% and 54%, respectively, per
SUVmax unit. The ratio of the ipsilat-
eral axillary SUVmax to that of the
contralateral axillary was the most sig-
nificant predictor of overall survival,
suggesting a 2-fold relative increase in
mortality risk. The authors concluded
that “preoperative PET is valuable for
prediction of long-term survival” in
patients with breast cancer, adding that
“ipsilateral axillary SUVmax ratio over
the uninvolved side represents a new
prognostic finding that warrants further
investigation.”

World Journal of Clinical Oncology

Predictive Value of SPECT/CT in
Neck Pain Treatment

In an article published on May 7
ahead of print in the Spine Journal,
Nolan et al. from the University of
Vermont Medical Center/Robert Larner,
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MD, College of Medicine (Burlington)
reported on a study evaluating the utility
of SPECT/CT in patients with axial
neck pain for identifying specific facet
joints that would benefit from steroid
injections and/or medial branch block/
radiofrequency ablation treatments. The
retrospective study included data from
112 patients with neck pain who had
undergone SPECT/CT and had no prior
related treatment. All patients were
treated with facet intervention by injec-
tion with steroid and local anesthetic or
medial branch block with local anes-
thetic at sites determined by physicians
based on clinical examination and image
interpretation. Positive responses to the
interventions were defined at both 50%
and 80% thresholds for reduction in
pain within 24 h and correlated with the
focus of maximal uptake on SPECT/CT.
Increased uptake was seen at the level of
intervention in 89 patients. In the
remaining 23, no uptake was seen at the
level of intervention. Analysis of these
results showed that intervention at a
level concordant with SPECT/CT was
significantly correlated with self-
reported pain relief thresholds at 24 h.
The authors concluded that facet inter-
ventions based on uptake on SPECT/
CT were more successful in pain re-
duction than those that were not,
suggesting “a role for SPECT/CT in
diagnosing therapeutic targets for neck
pain.”

Spine Journal

125I-BMIPP SPECT/CT vs PET/CT
for BAT Imaging

Frankl et al. from the University of
Texas Southwestern Medical Center
(Dallas), McGovern Medical School/
University of Texas Health Science
Center at Houston, Central Taiwan
University of Science and Technol-
ogy (Taichung City), and Texas Tech
Health Sciences Center (El Paso)
reported on April 28 in the International
Journal of Molecular Sciences (2022;
23[9]:4880) on a preclinical study com-
paring 125I-b-methyl-p-iodophenylpen-
tadecanoic acid (125I-BMIPP; a fatty
acid analog) SPECT/CT and 18F-FDG
PET/CT in noninvasive evaluation of

metabolically active adipose tissue,
including brown adipose tissue (BAT).
Mice treated with either a BAT-stimu-
lating drug or saline vehicle control
were imaged with both 125I-BMIPP
SPECT/CT and 18F-FDG PET/CT, and
tracer uptake was assessed in interscap-
ular BAT, inguinal white adipose tis-
sue, and gonadal white adipose tissue.
Uptake of both tracers increased in
BAT and inguinal white adipose tissue
after the BAT-stimulating drug, with
SUVmeans correlating closely with the
adipose tissue deposits. However, 125I-
BMIPP uptake in BAT and inguinal
white adipose tissue more closely cor-
related with fold changes in metabolic
rate as measured by an extracellular flux
analyzer. The authors concluded that
“imaging BAT with the radioiodinated
fatty acid analogue BMIPP yields more
physiologically relevant data than
18FDG-PET/CT” and that its routine use
“may be a pivotal tool for evaluating
BAT in both mice and humans.”

International Journal of Molecular
Sciences

PET/CT and Disease Extent in
Kaposi Sarcoma

Pesqu#e et al. from Saint Louis
University Hospital/Assistance-Publique
Hôpitaux de Paris, Universit#e de Paris
Cit#e, and Cochin University Hospital
(all in Paris, France) reported on April
27 in Cancers (Basel) (2022;14[9]:
2189) on a study exploring the diagnos-
tic accuracy of 18F-FDG PET/CT in
defining the extent of disease in patients
with Kaposi sarcoma. The study included
75 patients who underwent PET/CT,
for which the diagnostic accuracy for
cutaneous and extracutaneous Kaposi
sarcoma staging was assessed on a per
lesion basis. These results were com-
pared with conventional staging from
clinical examination, standard imaging,
endoscopy, and histologic analyses, as
well as follow-up data. The sensitivity
and specificity of PET/CT for overall
detection of lesions were 71% and 98%,
respectively (with corresponding percent-
ages of 100% and 85% for lymph nodes,
87% and 98% for bone, 87% and 100%
for lungs, and 100% and 100% for

muscle involvement). Sensitivity was
only 17% in detecting digestive involve-
ment. The sensitivity for diagnosing
cutaneous involvement was increased
from 73% to 88% when whole-body
PET/CT was used. The authors con-
cluded that these data suggest that 18F-
FDG could be used for staging patients
with active Kaposi sarcoma.

Cancers (Basel)

Postradiation PET in Cervical
Cancer Management

In an article published on May 7
ahead of print in Gynecologic Oncol-
ogy, Mckinnish et al. from Washington
University School of Medicine in St.
Louis (MO), CoxHealth (Springfield,
MO), and Dartmouth Hitchcock Medi-
cal Center (Lebanon, NH) detailed the
effects of postradiation 18F-FDG PET
in management and outcomes in cervi-
cal cancer patients. The study included
81 women who showed a partial meta-
bolic response on initial postradiation
PET imaging. Thirty of these patients
underwent cervical biopsy, of whom 14
(47%) had persistent cancer, with 9 un-
dergoing treatment (surgery, 3; chemo-
therapy alone, 5; and chemotherapy
and radiation; 1). Progression-free and
overall survival were similar regardless
of treatment type and with or without
treatment. A second surveillance PET
examination showed a positive-predictive
value of 91% and negative-predictive
value of 75% for progression and iden-
tified the 19% of patients with persistent
extracervical disease. The results of cer-
vical biopsy produced a higher positive-
predictive value (100%) and lower
negative-predictive value (62.5%) for
progression. At the end of the study
period, 46 (57%) patients had died,
including all 8 with paraaortic or supra-
clavicular involvement. The authors
concluded that if partial metabolic re-
sponse is identified on 3-mo 18F-FDG
PET after completion of radiation for
cervical cancer, “repeat FDG PET and/
or biopsy are indicated to detect persis-
tence and assist in counseling” and that
“partial metabolic response predicts
poor outcomes, particularly for those
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with positive cervical biopsies and lym-
phatic involvement.”

Gynecologic Oncology

68Ga-PSMA PET and Locally
Ablative RT in Prostate Cancer

H€olscher et al. from the University
Hospital Carl Gustav Carus/Technische
Universit€at Dresden, National Center
for Tumor Diseases (NCT) (Dres-
den), German Cancer Research Center
(DKFZ) (Heidelberg), Klinikum Chem-
nitz GmbH/Medizincampus Chemnitz
der TU Dresden (Chemnitz), Univer-
sity Hospital T€ubingen, RKH-Kliniken
Ludwigsburg/Academic Hospital of
University Heidelberg (Ludwigsburg),
and the Helmholtz-Zentrum Dresden-
Rossendorf/Institute of Radiooncology-
OncoRay (Dresden, all in Germany)
reported on April 21 in Cancers (Basel)
(2022;14[9]:2073) on the results of a
prospective clinical trial to evaluate local
control and patterns of tumor progres-
sion in patients receiving 68Ga-prostate-
specific membrane antigen (68Ga-PSMA)
PET-staged metastasis-directed local ab-
lative radiation treatment (RT) for recur-
rent oligometastatic prostate cancer. The
study included 63 patients who re-
ceived ablative RT for 89 metastases
(68 lymph node, 21 bony) with either
50Gy in 2-Gy fractions (34 metasta-
ses) or 30Gy in 10-Gy fractions (55
metastases). Mean gross tumor and
planning target volumes were 2.2 and
14.9mL, respectively. Over a median
follow-up of 40.7mo, local progression
was identified in 7 metastases, for a 3-y
local control rate of 93.5%. Local
progression was not associated with
treatment schedule, target volumes, or
lesion types. Regional progression near
lymph node metastases was observed
in 19 of 47 patients with at least 1
lymph node metastasis, and distant pro-
gression was seen in 33 patients (52%).
The overall median time to first tumor-
related clinical event was 16.6mo,
with 22.2% of participants experienc-
ing no tumor-related clinical event at
3 y after RT ablation. Fourteen patients
(22%) underwent repeat RT ablation.
The authors concluded that “local abla-
tive RT in patients with PSMA PET–

staged oligometastatic prostate cancer
may achieve local control, but regional
or distant progression is common,” add-
ing that additional studies are needed to
define optimal target volumes in this
setting.

Cancers (Basel)

Experience with Lenvatinib for
Advanced Thyroid Cancer

Hamidi et al. from the Centre Hos-
pitalier de l’Universit#e de Montr#eal
(Canada) reported on March 23 ahead
of print in the Journal of the Endocrine
Society on their institution’s experience
with lenvatinib in treatment of ad-
vanced radioiodine-refractory differen-
tiated thyroid carcinomas, with a focus
on adverse events of the type reported
in clinical trials. The study included 27
patients, whose records were reviewed
retrospectively. Twenty-four of the pa-
tient records included evaluation of tumor
response during treatment. Their overall
response rate was 37.0%, and the disease
control rate was 85.2%. For all patients,
median progression-free survival was
12mo. Adverse events notedwere hyper-
tension (77.8%), fatigue (55.6%), and
weight loss (51.9%). Twenty-five pa-
tients (92.6%) experienced at least 1
grade $3 adverse event, with 59.3%
experiencing hypertension. Lenvatinib
administration was discontinued be-
cause of adverse events in 13 patients
(48.1%). One patient experienced a
grade 4 posterior reversible encepha-
lopathy syndrome, and 1 patient devel-
oped a Takotsubo cardiomyopathy.
These findings, as well as survival sta-
tistics, were similar to those from clini-
cal trials of lenvatinib. The authors
concluded that “rigorous blood pres-
sure control is essential to avoid dis-
continuing therapy” in this setting.

Journal of the Endocrine Society

Reducing Motion-Related
Inaccuracies in 99mTc-MAA
SPECT/CT SIRT Planning

In an article published on May 5 in
Physica Medica (2002;98:98–112) San-
toro et al. from the IRCCS Azienda
Ospedaliero-Universitaria di Bologna

(Italy) reported on development of a
data-driven solution to correct for respi-
ratory motion in 99mTc-macroaggre-
gated albumin (99mTc-MAA) SPECT/
CT pretreatment planning for 90Y selec-
tive internal radiation therapy (SIRT) in
primary and secondary hepatic lesions.
The resulting tool realigns the functional
centers of SPECT projection images
and shifts them to derive a close reg-
istration with attenuation maps. The
authors describe validation of the tech-
nique using a modified dynamic phan-
tom with varied breathing patterns. The
tool was applied and analyzed in 12
patients undergoing SIRT. Significant
improvements over conventional tech-
niques were noted. The authors con-
cluded that “the proposed tool allowed
the correction of 99mTc-MAA SPECT/
CT images, improving the accuracy of
the absorbed dose distribution.”

Physica Medica

Additional Value of SPECT
in CCTA

Javaid et al. from the University of
Nevada Las Vegas School of Medicine,
the Houston Methodist Debakey Heart
and Vascular Center (Texas), and Texas
A&M College of Medicine (Bryan)
reported on April 15 ahead of print in
the International Journal of Cardiology
on an exploration of the incremental
prognostic role of SPECT physiologic
assessment to coronary computed tomo-
graphic angiography (CCTA) in patients
with suspected coronary artery disease.
The study included 956 patients (mean
age, 61.1 6 14.2 y; 54% men, 46%
women; 89% with hypertension, 81%
with diabetes, and 84% with dyslipide-
mia) with suspected coronary artery dis-
ease who underwent clinically indicated
CCTA within 180 d of SPECT imaging.
Patients were followed for major adverse
cardiovascular events (all-cause death,
nonfatal myocardial infarction, and per-
cutaneous coronary intervention or coro-
nary artery bypass grafting within 90 d
after imaging). Obstructive stenosis was
identified in 14% of patients, scar (fixed
perfusion defect) in 17%, ischemia in
14%, and left ventricular ejection frac-
tion ,40% in 9%. Additional analyses
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showed that perfusion and left ventricu-
lar function when added to a model with
CCTA obstructive stenosis significantly
improved risk prediction and risk reclas-
sification on a continuous scale. The
authors concluded that these data indi-
cated that “a combined assessment of
perfusion burden and left ventricular
function added incremental value over
and above a CCTA-based anatomic
assessment in patients with suspected
coronary artery disease.”

International Journal of
Cardiology

Optimal Radioiodine Treatment
in Hyperthyroidism

In an article published on April 25
in Thyroid Research (2022;15[1]:8)
Nilsson et al. from the Karolinska
Institutet/Karolinska University Hospi-
tal (Stockholm, Sweden) reported on a
study addressing appropriate activity
dosages and pretherapeutic measure-
ments required for optimal radioiodine
treatment of hyperthyroidism. The ret-
rospective study included outcomes and
treatment parameters for 904 patients
treated for Graves disease (prescribed
absorbed dose, 120Gy), toxic multi-
nodular goiter (200Gy), or solitary
toxic adenoma (300Gy) from 2016 to
2020 at a single institution. Cure rates
for hyperthyroidism after a single radio-
iodine administration were 79% for
Graves disease, 94% for toxic multi-
nodular goiter, and 98% for solitary
toxic adenoma. Thyroid mass, uptake,
and effective half-life were signifi-
cantly associated with cure in Graves
disease but not in toxic multinodular
goiter. Therapy-induced hypothyroidism
occurred in 20% and 29% of patients
with toxic multinodular goiter and soli-
tary toxic adenoma, respectively. In
patients with toxic nodular goiters who
received individualized effective half-

life assessments, cure rates and hypo-
thyroidism rates were not improved
over patients who did not have such
assessments. Poor renal function was
found to be associated with what the
authors termed “dubious” iodine uptake
measurements but did not correlate with
worse outcomes. The authors concluded
that “multiple measurements of individ-
ual iodine uptake for kinetics estimation
may be unnecessary” in treatment of
hyperthyroidism and that a population-
based value may be used instead. Patients
with renal impairment were found to
have outcomes similar to those of other
patients, despite a higher incidence of
confounding uptake measurements.

Thyroid Research

Reviews

Review articles provide an important
way to stay up to date on the latest topics
and approaches through valuable sum-
maries of pertinent literature. The News-
line editor recommends several general
reviews accessioned into the PubMed
database in April and May. Borgheresi,
from the University Politecnica delle
Marche (Ancona, Italy), and colleagues
from a consortium of research entities
in Italy published “Lymph nodes evalu-
ation in rectal cancer: Where do we
stand and future perspective” on May 5
in the Journal of Clinical Medicine
(2022;11[9]:2599). In an article pub-
lished on April 28 ahead of print in
The Oncologist, Wirth, from Harvard
Medical School/Massachusetts General
Hospital (Boston), and researchers from
Sapienza University of Rome (Italy),
Alfred Health/Monash University (Mel-
bourne, Australia), the University of
Western Ontario (London, Canada),
Rabin Medical Center/Beilinson Hospi-
tal, Tel Aviv University (Israel), Kana-
gawa Cancer Center (Japan), University
Hospital Marburg (Germany), Univer-

sity of Pisa (Italy), Gustave-Roussy Insti-
tut (Villejuif, France), the University of
Paris-Saclay (Gif-sur-Yvette, France),
and the National Cancer Center Hos-
pital East (Kashiwa, Japan) reviewed
“Lenvatinib for the treatment of radioio-
dine-refractory differentiated thyroid
cancer: Treatment optimization formaxi-
mum clinical benefit.” Huan, from the
First Affiliated Hospital of Dalian Medi-
cal University (China), and researchers
from the Second Affiliated Hospital of
Guangzhou University of Chinese Medi-
cine (China), the University of West
London (UK), Hainan General Hospital
(Haikou, China), and Rutgers University
(New Brunswick, NJ) published “Brain
imaging changes in patients recovered
from COVID-19: A narrative review”
on April 22 in Frontiers in Neuroscience
(2022;16:855868). “New advanced im-
aging parameters and biomarkers: A
step forward in the diagnosis and prog-
nosis of TTR cardiomyopathy” were
summarized by Rimbas and colleagues
from the University and Emergency
Hospital and the University of Medicine
and Pharmacy Carol Davila (both in
Bucharest, Romania) on April 22 in the
Journal of Clinical Medicine (2022;
11[9]:2360). Kaliszewski et al. from
Wroclaw Medical University (Poland)
reported in the April 17 issue of Can-
cers (Basel) (2022;14[8]:2028) on “Ad-
vances in the diagnosis and therapeutic
management of gastroenteropancreatic
neuroendocrine neoplasms.” In an arti-
cle published on April 22 in Endocrine-
Related Cancer (2022;29[5]:R57–R66),
Karapanou et al. from the General
Military Hospital of Athens, Alexandra
Hospital/Athens University School of
Medicine, and Evangelismos Athens
General Hospital (all in Greece) re-
ported on “Advanced RAI-refractory
thyroid cancer: An update on treatment
perspectives.”
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E D I T O R ' S P A G E

More Unacceptable Denials: Now It’s PSMA-Targeted
PET/CT Imaging

Johannes Czernin1, Thaiza Adams1, and Jeremie Calais2

1David Geffen School of Medicine at UCLA, Los Angeles, California; and 2Department of Molecular and Medical Pharmacology,
UCLA, Los Angeles, California

Following in the footsteps of others (1), we have written about
insurance denials. We argued about it in the context of 18F-FDG
PET/CT imaging (2), 68Ga-DOTATATE imaging (3), 177Lu-
DOTATATE therapy (Lutathera; Advanced Accelerator Applica-
tions) (4), and 18F-fluciclovine PET/CT imaging (2). Hicks has
written about this in the context of Australian and worldwide
insurance coverage discussions for 18F-FDG PET/CT (1).
Now, we must write again about major U.S. insurance compa-

nies, including Anthem Blue Cross, United Healthcare, Cigna,
Blue Shield, and Aetna, and their repeated and inconsistent non-
coverage decisions arbitrarily denying clinically indicated pros-
tate-specific membrane antigen (PSMA) PET/CT imaging studies
in around 10% to more than 60% of their patients (Table 1).
Here is one example of the reasoning behind insurance denial in a

patient with high-risk prostate cancer (Gleason score of 8, serum
prostate-specific antigen level . 10 ng/mL) who needs to know
whether pelvic (N1) lymph nodes are involved or distant disease is
already present (M1a, M1b, M1c). PSMA PET/CT is the best imag-
ing study to obtain this critically important information for determin-
ing the best therapeutic strategy. The insurance denial document
states that “there are not enough medical studies showing that this test

is better or safer than other tests that can be done for your problem.
Other tests (which are typically considered standard of care) can be
covered. These include chest CT and abdomen/pelvis CT.”
The U.S. Food and Drug Administration approved University of

California San Francisco/UCLA’s 68Ga-PSMA-11 (December 1,
2020), Lantheus’ 18F-DCFPyL Pylarify (May 27, 2021), and Telix’
Illuccix cold kit for 68Ga-PSMA-11 (December 20, 2021) for 2
indications: PET of PSMA-positive lesions in men with prostate
cancer or with suspected metastasis who are candidates for initial
definitive therapy, and men with suspected recurrence based on ele-
vated serum prostate-specific antigen levels. Recently the FDA
also approved Novartis’ Locametz cold kit for 68Ga-PSMA-11
(March 23, 2022) for the same indications and also for selection of
patients with metastatic prostate cancer for whom 177Lu-PSMA-
directed therapy is indicated. The Centers for Medicare and Medic-
aid Services approved reimbursement for 68Ga-PSMA-11 on July
1, 2021, and Pylarify and Illuccix late in 2021.
The National Comprehensive Cancer Network (NCCN) has

added 68Ga- and 18F-based PSMA PET imaging modalities to its
clinical practice guidelines for prostate cancer (5). The NCCN
panel has recognized the increased sensitivity and specificity of

TABLE 1
PSMA PET/CT Denials by Insurance from September 2021 to March 2022

Insurance company Patients (n)

Denials

Authorization (n)n %

Anthem Blue Cross 133 39 29.3 94

United Healthcare 54 27 50.0 27

Cigna 20 11 55.0 9

Blue Shield 60 15 25.0 45

Aetna 26 13 50.0 13

HealthNet 7 1 14.3 6

SCAN 5 5 100.0 0

Other 32 5 15.6 27

Total 337 116 34.4 221

Data obtained at UCLA, April 2022.
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PSMA PET tracers, compared with conventional imaging (CT,
MRI), for detecting micrometastatic disease at both initial staging
and biochemical recurrence. The updated guidelines state that the
NCCN panel does not feel that conventional imaging is a necessary
prerequisite to PSMA PET and that PSMA PET/CT or PSMA PET/
MRI (performed with either 68Ga-PSMA-11 or 18F-DCFPyL) can
serve as equally effective, if not more effective, front-line imaging
tools for these patients. The NCCN Panel states that either 68Ga-
PSMA-11 or 18F-piflufolastat PSMA imaging can be used to deter-
mine eligibility for 177Lu-PSMA therapy. These approvals were
based on large-scale clinical trials that unambiguously showed that
PSMA-targeted imaging is the most accurate test to determine stage
(6,7), site of biochemical recurrence (8), source of rising prostate-
specific antigen level at any stage of the disease, and to determine
target expression eligibility for PSMA-targeted therapy.
We have repeatedly asked our peers in the denial business to

become informed, to read, and to stay up to date. We have asked
them to take pride in competence and knowledge and have some
compassion for patients who go through very difficult times emo-
tionally and financially (as out-of-pocket costs can be as high as
$6,000 for PET/CT scans).
Yet the denials keep coming, and we are still trapped inside par-

alyzing phone trees waiting for peer-to-peer discussions that are
devoid of common sense and knowledge. Patients deserve better
service from the insurance companies who they support with their
premium payments.
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Molecular Imaging Findings on Acute and Long-Term Effects
of COVID-19 on the Brain: A Systematic Review
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Molecular imaging techniques such as PET and SPECT have been
used to shed light on how coronavirus disease 2019 (COVID-19)
affects the human brain. We provide a systematic review that
summarizes the current literature according to 5 predominant
topics. First, a few case reports have suggested reversible corti-
cal and subcortical metabolic alterations in rare cases with con-
comitant para- or postinfectious encephalitis. Second, imaging
findings in single patients with the first manifestations of parkin-
sonism in the context of COVID-19 resemble those in neurode-
generative parkinsonism (loss of nigrostriatal integrity), but
scarceness of data and a lack of follow-up preclude further etio-
logic conclusions (e.g., unmasking/hastening of neurodegenera-
tion vs. infectious or parainfectious parkinsonism). Third, several
case reports and a few systematic studies have addressed focal
symptoms and lesions, most notably hyposmia. The results have
been variable, although some studies found regional hypometabolism
of regions related to olfaction (e.g., orbitofrontal and mesiotemporal).
Fourth, a case series and systematic studies in inpatients with COVID-
19– related encephalopathy (acute to subacute stage) consistently
found a frontoparietal-dominant neocortical dysfunction (on imaging
and clinically) that proved to be grossly reversible in most cases until
6mo. Fifth, studies on post–COVID-19 syndrome have provided con-
troversial results. In patients with a high level of self-reported com-
plaints (e.g., fatigue, memory impairment, hyposmia, and dyspnea),
some authors found extensive areas of limbic and subcortical hypo-
metabolism, whereas others found no metabolic alterations on PET
and only minor cognitive impairments (if any) on neuropsychologic
assessment. Furthermore, we provide a critical appraisal of studies
with regard to frequent methodologic issues and current pathophysio-
logic concepts. Finally, we devised possible applications of PET and
SPECT in the clinical work-up of diagnostic questions related to
COVID-19.

Key Words: neurology; PET; SPECT; COVID-19; SARS-CoV-2;
SPECT; brain

J Nucl Med 2022; 63:971–980
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Neurologic complications (1) and neurocognitive aftermaths
(2) are frequently described in coronavirus disease 2019 (COVID-19),
which is caused by an infection with the severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2). Neurologic symptoms are
present in roughly two thirds of hospitalized COVID-19 patients,
being associated with a more severe course of disease (3), higher
age, and preexisting comorbidities (4). So far, the most widely
accepted classification of COVID-19–related symptoms refers to
their timing with respect to symptom onset (5): the acute phase
covers the first 4 wk, whereas the terminus ongoing symptomatic
COVID-19 designates the period between the fifth and twelfth
weeks after symptom onset. Symptoms that persist for longer than
12 wk and are not explained by an alternative diagnosis are finally
subsumed as a post–COVID-19 syndrome (also referred to as long–
COVID-19 syndrome).
During the acute phase of the disease, the following complica-

tions have been reported with decreasing frequency: disturbance
of smell or taste in approximately 60%–80% of patients (6), myal-
gia as a sign of viral myositis in approximately 40% of patients
(7), encephalopathies with various manifestations in 15%–30% of
hospitalized patients (3,8,9), cerebrovascular events (e.g., stroke,
hemorrhage, or sinus vein thrombosis) in 1%–5% of hospitalized
patients (10), peripheral neuropathies ranging from cranial nerve
palsies to Guillain–Barr#e syndrome in larger case series (11,12),
and, only occasionally, encephalitic manifestations (13).
Regarding the phase of ongoing symptomatic COVID-19, various

studies report lasting neuropsychiatric symptoms such as fatigue,
memory loss, and attentional problems (14,15). Furthermore, cogni-
tive impairment affecting attentional and executive functions, mem-
ory, and visuoconstruction are ascertainable by neuropsychologic test
batteries (16–18). Especially in patients treated as inpatients or with
more severe clinical courses, some of these symptoms may represent
residual, though recovering, deficits from an initial COVID-19–related
encephalopathy.
Among other symptoms, fatigue, subjective cognitive impairment,

and headache extend into the phase of post–COVID-19 syndrome
(2,19). Although the term post–COVID-19 syndrome in its strict
sense (5) is detached from particular symptoms, it is widely used as
a label for a syndrome enveloping lasting fatigue, cognitive prob-
lems, and shortness of breath, which affect approximately 10% of all
patients (2,19). These symptoms, unlike symptoms in cases with
COVID-19–related encephalopathy, do not necessarily occur with or
shortly after infection but may be noticed weeks to even months later
and affect not only initially severely affected patients but also those
with an uncomplicated, ambulatory disease course (2,19). During the
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preparation of this review, the World Health Organization (WHO)
published a definition of “post–COVID-19 condition” that demands,
in addition to a period of usually 3 mo from symptom onset, the pres-
ence of at least one specified symptom (e.g., fatigue or cognitive dys-
function) lasting for at least 2 mo and exerting a relevant impact on
everyday functioning (20). Because of the novelty of this publication,
all reports reviewed here used institutional or earlier definitions (5).
Furthermore, the incidence of dementia, parkinsonism, and psychi-

atric disorders (i.e., mood, anxiety, and psychosis) within 6 mo after
infection is significantly higher in patients who had COVID-19 than
in those affected by influenza or other respiratory tract infections
(21). Here, encephalopathy during the acute phase turned out to be
the most important risk factor. Thus, COVID-19 may unmask sub-
clinical neurodegenerative disorders or worsen preexisting conditions.
Molecular imaging techniques such as PET and SPECT have been

used for the diagnostic work-up of neurologic COVID-19 manifesta-
tions. These examinations provided a plethora of sometimes conflict-
ing results in highly variable populations that are often ill defined in
terms of symptoms and temporal course. Thus, the objective of the
present systematic review is to provide a comprehensive, structured,
and critical survey of actual knowledge on molecular imaging in neu-
ropsychiatric COVID-19 manifestations. In addition, we provide a
preliminary suggestion on possible future use of PET and SPECT in
this particular field of application based on the literature and our per-
sonal experience.

MATERIALS AND METHODS

We conducted a MEDLINE (https://www.ncbi.nlm.nih.gov) litera-
ture search to identify peer-reviewed original studies and case series
or case reports using PET or SPECT to investigate central nervous
system (CNS) manifestations of COVID-19. The following search cri-
teria were applied: “(corona OR COVID OR SARS-CoV-2) AND
(PET OR positron OR SPECT OR single-photon) AND (brain OR cer-
ebral),” limited to 2019–2021. Titles, abstracts, full-text articles, and
references were screened to identify appropriate reports. In addition,
we conducted a selective search for current literature on general, neu-
rologic, and psychiatric aspects of COVID-19 and related topics to
embed the imaging finding into clinical and scientific context.

INSIGHTS FROM MOLECULAR IMAGING WITH PET
AND SPECT

The literature search yielded 53 hits (as of November 1, 2021), of
which 25 publications included the results of PET and SPECT exami-
nations in patients with various neurologic symptoms and complaints
at variable time points after an infection with SARS-CoV-2. These
reports comprise 15 case reports or case series (Supplemental Table 1;
supplemental materials are available at http://jnm.snmjournals.org)
and 10 original publications (Tables 1 and 2; Supplemental Table 2).
For the sake of clarity, we assigned all reports to 1 of the following 5
topics. According to current knowledge, this assignment does not
imply that different mechanisms necessarily underlie each different
topic or that these are mutually exclusive.

Encephalitis
There were 3 independent case reports including 18F-FDG PET

in patients with autoimmune encephalitis in the acute to subacute
phase of COVID-19 (22–24). Given the preliminary nature of case
reports, we are summarizing only the most noteworthy findings
and refer the interested reader to Supplemental Table 1 for more
detail. PET showed diffuse cortical hypometabolism (n 5 1) and
increased metabolism in the basal ganglia (n 5 3), mesiotemporal

structures (n 5 1), and cerebellum (n 5 1), possibly rated to cere-
bellum- and basal ganglia–specific antineuronal antibodies in 2 of
these patients (22,24). Interestingly, immunomodulating treatment
led to improvement in all patients, with 6-mo follow-up 18F-FDG
PET having normal findings in 1 patient (24). The authors postu-
lated para- or postinfectious encephalitis without evidence of
direct virus invasion, which fits into other relative rare cases in the
literature (13).

Parkinsonism and Other Neurodegenerative Diseases
Three case reports described molecular imaging findings in 4

patients in whom the first manifestations of parkinsonism occurred
only weeks after SARS-CoV-2 infection (in part with other neuro-
logic symptoms such as myoclonus, fluctuating consciousness,
ocular abnormalities, and cognitive impairment; Supplemental
Table 1). Again, these findings have to be regarded as prelimi-
nary although raising the important question of whether and how
a COVID-19–related CNS pathology may unmask or worsen neu-
rodegeneration (21): imaging of dopamine transporter availability
with 123I-FPCIT SPECT (25,26) and dopamine synthesis and stor-
age with 18F-FDOPA PET (27) in 3 of these patients confirmed
a nigrostriatal dopaminergic deficit. In 1 patient, normal cardiac
innervation as assessed by 123I-MIBG scintigraphy and subsequent
improvement without specific treatment argued against incipient
Parkinson disease. The authors speculated that SARS-CoV-2 virus
may have gained access to the CNS and affected the midbrain (25).
Two patients showed clinical and 18F-FDG PET findings compati-
ble with postinfectious immune-mediated encephalitis that bore
similarities to the encephalitis lethargica that was seen after the
influenza epidemic in 1918 (26). However, unlike encephalitis
cases described in the paragraph above, these patients did not
improve (neither spontaneously, nor with immunomodulatory treat-
ment), and it is unclear whether parkinsonism might have been
caused by subsequent development or unmasking and hastening of
preclinical neurodegeneration (26). Similarly, a patient reported by
Cohen et al. (27) was diagnosed with probable Parkinson disease
according to current diagnostic criteria, possibly facilitated by
genetic susceptibility or virus-induced inflammation. To the best of
our knowledge, no imaging follow-up has yet been published, which
would help to unravel the underlying mechanism. Finally, the possi-
bility that SARS-CoV-2 infection may precipitate and accelerate
neurodegenerative diseases was also raised by Young et al. (28),
who presented the case of a previously healthy man who developed
rapidly progressive and fatal Creutzfeldt–Jakob disease 2 wk after
being diagnosed with COVID-19. In line with Creutzfeldt–Jakob
disease, 18F-FDG PET showed left hemispheric hypometabolism.
The authors referred to animal and human studies showing that
proinflammatory cytokines may promote neuroinflammation and
progression of various neurodegenerative forms of dementia and par-
kinsonism (28).

Focal Symptoms or Lesions
Olfactory dysfunction is the most frequent focal neurologic sign

in COVID-19. Several case reports (Supplemental Table 1) and 2
systematic studies (Supplemental Table 2) addressed this symptom.
Niesen et al. (29) prospectively examined 12 patients with 18F-FDG
PET/MRI about 2 wk after a sudden loss of smell in COVID-19.
Single-subject and group analyses of 18F-FDG PET data showed no
significant regional findings when using a conservative statistical
threshold (i.e., P , 0.05, familywise error [FWE]–corrected). When
using a liberal threshold (P , 0.001), individual analyses showed
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TABLE 1
Systematic Studies on Molecular Imaging in Cerebral Manifestations of COVID-19: Encephalopathy

Parameter Kas et al. (39) Hosp et al. (18) Blazhenets et al. (41)

Research question Longitudinal metabolic pattern
in COVID-19 encephalopathy

Neuronal correlates of neurologic
and cognitive symptoms
(subacute stage)

Recovery of cognitive impairment
and regional hypometabolism
in subacute COVID-19 during
5- to 6-mo follow-up

Population

Inclusion (main) PCR1; new cognitive
impairment with focal CNS
sign or seizure; other
infectious or autoimmune
disorders excluded

PCR1; only inpatients; $1 new
neurologic symptom (including
cognition [MoCA]); PET, MRI, and
neuropsychologic test battery if
$2 new symptoms

Follow-up data of Hosp et al. (18);
clinical register, 17 pts with
PET during subacute phase;
9 pts without complaints
refused follow-up PET

n 7 15 (PET) 8

Age (y) 50–72 65 6 14 66 6 14

Selected
clinical
findings

All hospitalized (7); ventilated
(3); executive deficit, frontal
lobe changes (7); psychiatric
manifestation (5);

follow-up: improved (6) but
residual attention/executive
deficit at 4–8 mo; anxiety/
depression (4);
deterioration (1)

Initial ICU (7/29; 2 only observation;
2 noninvasive and 2 invasive
ventilation); impaired gustation
(29/29) and smell (25/29); impaired
cognition (MoCA , 26; 18/26);
prominent deficits in memory
(7/14), executive functions (6/13),
and attention (6/15); MRI
mircoembolic infarcts (4/13); CSF:
PCR2 (4/29)

All treated as inpatients during
acute phase, ICU (2); self-
reported persistent cognitive
deficits (4); MoCA: recovery
from 19 6 5 (1st) to 2 36 4
(2nd examination), still impaired
(5; especially memory)

18F-FDG PET

Analysis ROI; SPM: single-subject and
group; normalization: scaling
to pons; comparison: 32
NCs (identical protocol);
P , 0.05 FWE

Single-case: visual inspection; PCA
(scaled subprofile model);
comparison: 45 control patients
(identical protocol); plasma
glucose–adjusted SUV;
confirmatory analyses with SPM
(normalization: white matter, P ,
0.01 FDR) and PCA with 35 NC
(similar scanner)

PCA: expression of previously
established COVID-19–related
covariance pattern; SPM:
paired (within pts) and unpaired
(vs. control patients); (Hosp
et al. (18))

Dt Acute, 4 wk later, or 26 wk
after onset 4 6 2 wk 23 6 7 wk

Major findings Acute—DEC: frontal, insula,
cingulate, CN (group), and
posterior cortices (6/7); INC:
vermis, dentate nucleus,
pons (group; P , 0.05,
uncorrected);

4 wk later—DEC: frontal but
improved (group);

26 wk after onset—almost
normal, residual DEC
orbitofrontal, insula,
cingulate, CN (group);
almost normal (3/7), frontal
(3/7), improve/decline (1/7)

Single-case: predominant
frontoparietal cortical DEC (10/15),
relative INC of striatum (3/15) and
vermis (1/15); group PCA:
negative voxel weights (DEC) in
extensive neocortical regions
(especially frontoparietal) and CN;
positive voxel weights (interpreted
as preserved metabolism) in brain
stem, CBL, MTL, and white
matter; confirmatory analyses:
similar results; significant negative
correlation (r2 5 0.62) MoCA vs.
pattern expression score

PCA: pattern expression
decreased (P 5 0.002) but still
at trend level higher than in
control patients (P 5 0.06);
negative correlation (R2 5 0.39)
between MoCA and pattern
expression; SPM (paired):
significant recovery of
neocortical DEC
(P , 0.01 FDR); SPM
(unpaired): residual neocortical
DEC (trend level, P , 0.005,
uncorrected)

Hypothesis Widespread, frontal-dominant
impairment, variably
reversible in most patients
until 6 mo, due to para- or
postinfectious immune
mechanism

Cortical dysfunction due to
inflammatory process trigged by
systemic immune response (e.g.,
cytokine release), particularly
affecting white matter and being
possibly reversible

Slow, but evident reversibility of
lasting cortical dysfunction due
to subcortical perinflammatory
processes (triggered by
systemic inflammatory
response or cytokine release)

MoCA5 Montreal Cognitive Assessment; pts5 patients; ICU5 intensive care unit; CSF5 cerebrospinal fluid; PCR5 polymerase chain
reaction; ROI5 region of interest; SPM = statistical parametric mapping; SPM: single-subject or group = SPM-group or single-subject analyses
(usually COVID patients vs. NCs); normalization5 method/reference region used for count rate normalization of PET scans; NCs5 healthy
controls; PCA5 principal-components analysis; FDR5 false-discovery rate correction; Dt5 interval between symptom onset or PCR1 for
SARS-CoV-2 (as available) and PET; DEC and INC5 decreased and increased signal, respectively; CN5 caudate nucleus; CBL5 cerebellum;
MTL5 mesial temporal lobe.

Numbers in parentheses refer to number of subjects with specified finding (if subsample assessed is smaller than study group, sample
size as indicated). 18F-FDG target parameter is glucose metabolism.
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TABLE 2
Systematic Studies on Molecular Imaging in Cerebral Manifestations of COVID-19: Post–COVID-19 Syndrome

Parameter Guedj et al. (43) Sollini et al. (45) Morand et al. (44) Dressing et al. (46)

Research
question

Metabolic pattern
of long COVID

Whole-body PET/CT (including
brain) to gain insights into
long COVID (for whole body,
see report)

Regional metabolic pattern
in pediatric patients with
suspected long COVID

Regional metabolic pattern in
patients with neurocognitive
long COVID

Population

Inclusion
(main)

Retrospective; .3 wk after
SARS-CoV-2 infection
(PCR1 or antibody-
positive); persistent
fatigue;
PET for neurologic
complaints; normal
CT/MRI

Observational case-control
study; $1 persistent
symptom for .30 d after
infection (PCR: NA); NCs:
age- and sex-matched,
surgically treated melanoma
pts with negative PET/CT

Retrospective; children
with suspected long
COVID (clinical
diagnosis); evaluation
for various functional
complaints $ 4 wk after
suspected SARS-CoV-2
infection

History of PCR1 SARS-CoV-2
infection; new subjective
neurocognitive symptoms
. 3 mo since PCR1; no
preexisting neurodegenerative
disease; PET recommended to
all pts (performed in 14/31;
clinical findings in PET
subgroup not different)

n 35 13 7 31

Age (y) 55 6 11 54 (46–80) 12 (10–13) 14 (PET), 56 6 7

Selected
clinical
findings

Hospitalized in ICU
(12/31); ventilated
(5/31); memory/
cognitive complaints
(17), insomnia (16),
hyposmia (10)

Hospitalization (7/13);
ventilated (2/13); dyspnea
(9), fatigue (8), anosmia (4),
ageusia (3)

Initial symptoms: fever (6),
muscle pain (6),
asthenia (5), rhinitis (5),
hyposmia (5); long
COVID symptoms:
fatigue (5), cognitive
impairment (5), dyspnea
(4), headache (4); PCR1
(1/5) and positive
SARS-CoV-2 serology
(2/6)

Acute-phase inpatients (10; ICU
4); no current focal sign;
subjective difficulties in
attention and memory (31),
fatigue (24), reduced work
quota/unable to work (12);
extensive neuropsychology:
normal on group level,
unimpaired test battery (15),
but individual pts with deficits
in memory domain (7/31) or
impaired MoCA
(9/31), fatigue (19/31)

18F-FDG PET

Analysis SPM: group;
normalization:
proportional scaling;
comparison: 44 NCs
(earlier study);
P , 0.001, clusterwise
P , 0.05 FWE

Brain PET extracted from
whole-body scans; SPM:
group; normalization:
proportional scaling (global);
comparison: 26 control
patients; P , 0.001/0.005
(uncorrected)

SPM: group; normalization:
proportional scaling
(global); comparison: 21
pediatric control
patients.; findings in
adults (Guedj et al. (43));
P , 0.001, clusterwise
P , 0.05 FWE

Single case: visual inspection
plus single-case statistical
analyses (3D-SSP); PCA:
expression of COVID-19–
related covariance pattern;
SPM (confirmatory): group,
normalization: brain
parenchyma, P , 0.05 FDR;
comparison: 45 control
patients (Hosp et al., (18))

Dt (wk) 14 6 4 (4–22) 19 6 4 20 (4–34) 28 6 9

Major
findings

DEC: rectal/orbital gyrus,
R temporal lobe (incl.
MTL), R thalamus,
pons/medulla, CBL;
various weak
correlations (r2 , 0.35),
e.g., complaints (n),
hyposmia, memory/
cognitive complaint vs.
CBL DEC

DEC (group contrast,
P , 0.001)*: R
parahippocampal, R
thalamus; DEC in persistent
anosmia/ageusia (P , 0.005)*:
bilateral parahippocampal
and orbitofrontal; DEC in
persistent fatigue
(P , 0.005)*: R
parahippocampal, brain stem,
bilateral thalamus

Comparison to pediatric
control patients:
bilateral DEC in MTL,
pons, CBL; comparison
to adult long COVID
pts: no difference

Single case: no distinct
pathologic finding; PCA:
no elevated expression of
COVID-19–related covariance
pattern, no correlation with
MoCA; SPM (confirmatory):
no region of significantly
different metabolism, no
correlation with clinical scores

Hypothesis SARS-CoV-2
neurotropism
through olfactory bulb,
extension of impairment
to limbic or paralimbic
regions, thalamus, CBL,
and brain stem

Neuronal/synaptic
dysfunction occurring
after inflammatory
changes triggered by
SARS-CoV-2 infection

Several possible
explanations
(inflammatory, immune,
neurotropism, vascular,
gut–brain disturbance,
psychologic), but none
clearly favored

Factors other than those
causing subacute cortical
dysfunction in COVID-19
cause or contribute to
symptoms in long COVID,
in particular fatigue

*Questionable anatomic localization, hard to differentiate from CSF spaces.
3D-SSP = three-dimensional stereotactic surface projection; PCR5 polymerase chain reaction; NA5 not applicable; NCs5 healthy controls;

pts5 patients; ICU5 intensive care unit; DEC5 decreased signal; MTL5 mesial temporal lobe; CBL5 cerebellum; PCA5 principal-components
analysis; MoCA5 Montreal Cognitive Assessment.

Numbers in parentheses refer to number of subjects with specified finding (if subsample assessed is smaller than study group, sample size
as indicated). 18F-FDG target parameter is glucose metabolism.

974 THE JOURNAL OF NUCLEAR MEDICINE & Vol. 63 & No. 7 & July 2022



a heterogeneous pattern of metabolic decreases (n 5 3), increases
(n 5 1), or both (n 5 8) in various regions (e.g., olfactory regions,
primary and higher-order cortices, and cerebellum), whereas group
analyses resulted in clusters of hypometabolism in medial and dorsal
frontal areas and hypermetabolism in orbitofrontal and parietal cortex
and thalamus. Given the heterogeneity of findings, the authors
concluded that the main pathophysiologic hypotheses of
COVID-19–related hyposmia (i.e., olfactory cleft obliteration
and neuroinvasion of SARS-CoV-2) do not explain dysosmia in
all patients and that the PET findings probably reflect deafferentation
and functional reorganization (29). In contrast, earlier case reports
found orbitofrontal hypometabolism in patients with anosmia (30,31),
which was interpreted as a result of direct neuroinvasion of SARS-
CoV-2 via the olfactory bulb. As preliminary support for a possible
extension of impairment to other brain structures, the latter groups
also reported hypometabolism of medial temporal structures in a
patient with COVID-19–related parosmia (32) and a patient without
olfactory dysfunction (31) (in addition to other regions; Supplemental
Table 1). A recent systematic study also found hints of an impairment
of mesiotemporal structures in COVID-19–related olfactory dysfunc-
tion: Donegani et al. (33) prospectively recruited 14 patients with iso-
lated hyposmia during the recovery phase from COVID-19 (4–12 wk
after the first positive PCR result). Compared with control subjects
and applying corrections for covariates (age, sex, scanner type) and
multiple comparisons (i.e., P , 0.05, FWE-corrected), patients with
isolated hyposmia were characterized by clusters of hypometabolism
bilaterally in the parahippocampal and fusiform gyri and in the left
insula, possibly reflecting cortical deafferentation. Beyond its implica-
tion in hyposmia, the involvement of limbic regions in COVID-19
may imply a risk of developing long-term neurologic (possibly cogni-
tive) impairment, as discussed by the authors (33).
Other focal signs preliminarily investigated by 18F-FDG PET

include a case of facial palsy with putative hypometabolism of the
respective facial nerve (34) and a patient with frequent focal seizures
possibly due to subacute encephalitis after SARS-CoV-2 infection
with a normal 18F-FDG PET result (35) (Supplemental Table 1).
Another group reported hypermetabolism of the inferior colliculi as
a novel finding in patients with COVID-19 (36,37) that was associ-
ated with more frequent seizures and higher blood leukocytes at
admission. However, the cause of this finding (e.g., inflammatory
reaction (37), hyperactivation (36), and artifact) and its clinical rele-
vance needs to be defined (Supplemental Tables 1 and 2).

Encephalopathy
All patients reported in this “Encephalopathy” section underwent

inpatient and possibly intensive care unit treatment because of the
overall high severity of COVID-19 symptoms. Furthermore, symp-
toms compatible with encephalopathy occurred with or briefly after
the onset of general COVID-19 symptoms. Thus, the following study
populations comprise a fairly homogeneous group. This homogene-
ity probably constitutes the basis for the observation that available
18F-FDG PET studies in COVID-19–associated encephalopathy
yielded very consistent results (Table 1; Supplemental Table 1):
An initial case series by Delorme et al. ((38); n 5 4) and subse-

quent systematic prospective studies by Kas et al. ((39); n5 7) and
Hosp et al. ((18); n 5 15/29 with PET, exhibiting symptoms com-
patible with encephalopathy) unanimously showed that the acute to
subacute phase (61 mo after infection) of COVID-19–associated
encephalopathy is characterized by cognitive impairment (e.g., psy-
chomotor agitation or slowing, executive functions, attention, visuo-
construction, and memory) and occasional other neurologic signs

(e.g., hemiparesis, ataxia, apraxia, aphasia, myoclonus, and seizures).
This clinical presentation is accompanied by a pronounced hypome-
tabolism of frontoparietal-dominant neocortical areas (visual reads
and conventional statistical parametric mapping [SPM] analyses, P,
0.05, FWE-corrected, or P , 0.01, false-discovery rate–corrected).
Similar results were gained from a voxelwise, principal-components
analysis–based comparison to age-matched controls, which yielded an
extensive pattern of negative voxel weights (i.e., reduced metabolism)
in frontoparietal-dominant neocortical areas and the caudate nucleus
(18). Although an apparent hypermetabolism of striatum, pons, and
cerebellar structures was found on individual visual reads and in statis-
tically liberal (P , 0.05, uncorrected) group analyses (18,38,39),
more thorough analyses suggest that these regions most likely show a
preserved, actually not elevated, metabolism (18,40). Figure 1 shows
the results of principal-components analysis and SPM group compari-
sons of patients with COVID-19–related encephalopathy compared
with a group of healthy controls. Moreover, the individual expression
score of the COVID-19–related spatial covariance pattern exhibited a
highly significant, negative correlation with individual results from
cognitive testing using the Montreal Cognitive Assessment (r2 5
0.62,P, 0.001 (18)).
Sequential follow-up data 1 mo later (39) and at 5–6 mo after

infection (39,41) demonstrated a steady, though not necessarily com-
plete, improvement of the clinical condition and 18F-FDG PET find-
ings in most patients: in the study by Kas et al. (39), all but 1 patient
showed a normal neurologic examination and recovered autonomy
of daily living on follow-up. Still, all had abnormal cognitive evalua-
tions with at least attentional or executive deficits, and 4 presented
with psychiatric impairments. In parallel, cerebral metabolism
improved on a group level, with mild residual hypometabolism of
the left and right rectal gyri, the right insula, and the caudate nucleus
and cerebellum. On a subject level, all but 1 patient, who got worse,
showed a moderate to almost complete improvement (39).
Blazhenets et al. (41) provided the follow-up data of 8 patients

from the COVID-19 register described by Hosp et al. (Table 1)
(18): in parallel to a significant improvement in Montreal Cognitive
Assessment performance (from 19 6 5 to 23 6 4, P 5 0.03; still
below normality [,26/30] in n 5 5/8), follow-up 18F-FDG PET
examinations showed a significant recovery (P , 0.01, false-
discovery rate–corrected) of initial neocortical hypometabolism,
with small areas of reduced metabolism being still detectable at a
liberal statistical threshold (P , 0.005) at 6 mo. Likewise, the pat-
tern expression score of the COVID-19–related spatial covariance
pattern also significantly decreased over time (P , 0.005), albeit
being still higher than in controls at a trend level (P 5 0.06). Again,
the pattern expression score correlated inversely with cognitive per-
formance (repeated-measure r2 5 0.39, P, 0.01 (41)).
The authors of aforementioned studies agreed that COVID-

19–related encephalopathy and the accompanying PET findings are
unlikely to be caused by encephalitis due to neuroinvasion of
SARS-CoV-2. The findings are more likely explained by a parain-
fectious systemic immune mechanism (e.g., cytokine release
(18,38,39,41)), which according to an autopsy case in the study by
Hosp et al. (18) manifests as pronounced microgliosis in the white
matter, whereas the gray matter was mostly spared. Furthermore, it
was suggested that an underlying neurodegenerative disease may be
a predisposing factor (38), particularly in those who do not recover.

Post–COVID-19 Syndrome
Post–COVID-19 syndrome is defined by persisting symptoms at

3 mo after symptom onset. Thus, it may include a highly variable
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group of patients in terms of initial disease severity, temporal
course, and complaints. Patients still recovering from earlier mani-
festations (e.g., encephalopathy, usually treated as inpatients) may
fall into this category, as will those who experience subjective
complaints of brain fog only weeks after infection. Up to now, 1
preliminary case report (Supplemental Table 1) (42) and 4 system-
atic studies have been published (Table 2).
The team of Guedj et al. reported 2 studies on adults ((43); n 5

35) and children ((44); n 5 7) with persistent subjective complaints
(mostly memory or cognitive complaints, fatigue, and insomnia)
after apparent recovery from COVID-19. The mean or median delay
between COVID-19 onset and PET was 3 and 5 mo in the adult and
pediatric population, respectively. However, the time spans (26–155d
and 1–8 mo, respectively) indicate that both studies included subjects
with ongoing COVID-19 according to the definitions (5) (they
would also not fulfill the novel definition of post–COVID-19 condi-
tion by the WHO (20)). Both studies provided similar results (P ,

0.05, FWE-corrected, in adults; P, 0.001, uncorrected, in children):
compared with healthy adult subjects and control pediatric patients,
long–COVID-19 patients showed extensive areas of hypometabo-
lism including the orbitofrontal cortex bilaterally (in children at a lib-
eral statistical threshold only), the medial temporal lobes bilaterally

(hippocampus and amygdala; in adults right
side only), the right thalamus (in adults
only), and the brain stem and cerebellum. In
adults, the number of complaints showed a
weak negative association with brain stem
and cerebellum uptake (r2 5 0.1 and 0.34,
respectively). In their initial study on adults,
the authors proposed neurotropism of
SARS-CoV-2 through the olfactory bulb,
with extension of impairment to the lim-
bic and other mentioned regions (43),
whereas they provided additional alterna-
tive explanations in the latter study on
children (e.g., inflammatory, dysimmune
or vascular changes, disturbance of gut–
brain relationship, or psychologic causes
(44)). Sollini et al. (45) conducted a case-
control study enrolling 13 patients with
symptoms (mostly dyspnea and fatigue;
Table 2) persisting longer than 30 d after
infection recovery (average, 4.4 mo) and
extracted brain scans from whole-body
18F-FDG PET/CT examinations. Compared
with surgically treated melanoma patients,
patients with long–COVID-19 exhibited
hypometabolism of the right parahippo-
campal gyrus and thalamus at a liberal sta-
tistical threshold (P , 0.001, uncorrected).
Exploratory analyses (P , 0.005, uncor-
rected) linked symptoms such as anosmia,
ageusia, or fatigue to additional regions
such as the orbitofrontal cortex or brain
stem (substantia nigra), respectively.
In contrast, Dressing et al. (46) recruited

patients with neurocognitive symptoms
persisting for more than 3 mo after infec-
tion (6.6 mo on average; retrospectively,
all meeting the criteria of the post–

COVID-19 condition by the WHO (20)). All patients complained of
attention and memory problems, most also complained of fatigue,
and 39% could not return to previous levels of independence or
employment. However, on extensive neuropsychologic testing, half
the patients were completely unimpaired, whereas other patients
showed mild to moderate impairment in single domains (most fre-
quently visual memory, 21% of cases). The most consistent finding
was fatigue (61%; cognitive fatigue, 67%) when using a self-rating
questionnaire. Fourteen patients underwent 18F-FDG PET that
yielded no significant regional abnormality in comparison to con-
trol patients on either a single-subject or group level (using both
SPM [P , 0.005, uncorrected] and principal-components analysis;
Fig. 1). No correlation between clinical variables and PET meas-
ures could be established. Given the striking discrepancy between
these findings and findings in COVID-19–related encephalopathy,
the authors proposed that mechanisms other than those in encepha-
lopathy probably contribute to post–COVID-19 syndrome, fatigue
being foremost (46).

CRITICAL APPRAISAL OF PET AND SPECT LITERATURE

According to the WHO (https://covid19.who.int/), there had
been almost 250 million confirmed COVID-19 cases and 5 million

FIGURE 1. 18F-FDG PET in COVID-19–related CNS disorders: principal-components analysis of
spatial covariance pattern (first row) and SPM analysis of metabolic group differences (second to fifth
rows) in patients with COVID-19–related encephalopathy (n 5 15: first and second rows, Hosp et al.
(18); of them n = 8 at 6-mo follow-up examination in third row, Blazhenets et al. (41)), patients with
post–COVID-19 syndrome (n 5 14; fourth row), and patients with post–COVID-19 syndrome and
hyposmia (n 5 9: fifth row, Dressing et al. (46)). Columns from left to right are lateral (left/right), supe-
rior, and mesial (right/left) views of cerebrum and lateral (left/right) views of brain stem and cerebellum
(overlay created with Surf Ice 2 software; https://www.nitrc.org/projects/surfice/). Each analysis was
performed in comparison to healthy controls (n 5 13; 7 men and 6 women; mean age, 68 6 7 y; PET
performed under strictly comparable conditions), including age as covariate. SPM analyses entail
count rate normalization to white matter (Hosp et al. (18); virtually identical results were gained with
scaling to pons, whereas scaling to total brain parenchyma resulted in apparent [artificial] hyperme-
tabolism in subcortical structures in COVID-19–related encephalopathy (40)). SPM results (t maps)
were thresholded liberally for comprehensive display of findings (t562, corresponding to P # 0.05,
uncorrected). Only extensive neocortical hypometabolism in COVID-19–related encephalopathy sur-
vives correction for multiple comparisons (voxel threshold, P, 0.05, false discovery rate–corrected).
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deaths by November 1, 2021. In parallel, an unprecedented wealth
(or flood) of scientific reports on COVID-19 was published,
amounting to 92,940 MEDLINE entries in 2020 and 114,360 in
2021 up to November 1 (search term “COVID-19”; .300 reports
per day since January 1, 2020). Although there is no doubt that the
COVID-19 pandemic required a fast and collective response of
medical research, it is also a frequent perception that in the early
phase of the pandemic nearly everything labeled with the term
“COVID-19” got published quickly, sometimes too quickly. Still,
many questions await definite answers (e.g., mechanism underly-
ing COVID-19–related CNS changes), and it is worthwhile criti-
cally gauging existing reports. For instance, a note of caution has
recently been published regarding the quality of mental health
research in the COVID-19 pandemic, raising concerns about the
validity, generalizability, and reproducibility of findings (47).
There are several recurring issues, some of which will be briefly

discussed in the following sections. They should be kept in mind
when considering the present results. They also represent a request
and motivation for further studies.

Study Design and COVID-19 Populations
Given the still high incidence of COVID-19, there is no neces-

sity to rely on retrospective analysis of convenient samples. They
pose an inherent risk of bias and, because of the lack or inconsis-
tency of data, do not allow for in-depth analyses of clinicoimaging
correlations. Likewise, case reports or series are hardly justified
except for very rare conditions, for which they may constitute an
interesting starting point. In addition, it is evident that currently
available longitudinal studies provided the deepest insight into
underlying mechanisms and their course (39,41).
The latter studies demonstrated a strong time dependency of

COVID-19–related CNS changes, underlining the need to clearly
define the time window of inclusion of patients with respect to the
time of SARS-CoV-2 infection. Likewise, it is apparent that a
large fraction of inpatients has COVID-19 encephalopathy ($70%
(18)), which takes several months to recover from (39,41,48).
Despite objective cognitive impairment in these patients, subjec-
tive perception of deficits and psychologic strain is frequently
lacking in this group (49). In contrast, symptoms such as stress,
anxiety, and reduced wellbeing are more prevalent after a mild
course of disease (49). Accordingly, long-term symptoms such as
subjective cognitive impairment and fatigue typically occur in
patients who are younger (,50 y) and have a low rate of hospitali-
zation (,30%; (2,19)). As the definition of “post–COVID-19 syn-
drome” used so far reflects only temporal aspects (5), there is
a tremendous risk of building mixed populations in terms of initial
disease severity, treatment, and impairment (subjective/objective).
Proper selection of patients will be key in separating protracted
COVID-19–related encephalopathy from the post–COVID-19 syn-
drome in a strict sense (2,19). In this respect, the novel, stricter
WHO definition is welcome progress (20). In fact, available PET
studies do not support the idea that neurocognitive post–COVID-19
syndrome represents a protracted manifestation of COVID-19–
related encephalopathy, because available studies on long–COVID-19
or post–COVID-19 syndrome either yielded no metabolic alteration
at all (46) or depicted metabolic changes (43–45) that do not match
the highly consistent findings in COVID-19–related encephalopa-
thy (18,39). Concerning the diagnosis of COVID-19, a PCR or at
least state-of-the-art antibody proof should be mandatory. From a
clinical perspective, typical clinical findings may be sufficient to

ground a diagnosis in a pandemic situation, but this is not sufficient
for a scientific study trying to unravel a specific disease.
Up to now, none of the reviewed studies has conducted a proper

sample size calculation. Likewise, study registration appears to be
an exception (e.g., (18,46)) that needs to be turned into a rule.

Control Populations
The use of convenient samples seems to be an even bigger prob-

lem when it comes to PET reference datasets. In fact, the descrip-
tions of methods of most studies do not clearly state whether
reference populations were indeed examined under comparable
circumstances (e.g., identical scanners, acquisition techniques,
reconstruction techniques, or patient preparation). The contri-
bution of technical differences may be negligible if disease
effects are large but may be a crucially biasing factor if effects
are small (e.g., post–COVID-19 syndrome). Some authors acknowl-
edge inconsistencies and conducted confirmatory analyses (18),
whereas most authors ignored this issue. The use of oncologic con-
trol patients may be particularly problematic if brain scans are
cropped out of whole-body scans, which are usually acquired and
reconstructed differently from brain scans. Furthermore, preparation
of brain scans requires well-defined resting (or neutral) conditions,
whereas adherence to these conditions is lower in patients undergo-
ing whole-body PET/CT (patients may read, talk, or use their
smartphones).
Since the publication of the original studies by our group rely-

ing on control patients (i.e., patients with unclear neurologic or
psychiatric complaints, in whom a somatic CNS disease was care-
fully excluded (18,41,46)), we had the opportunity to scan a cohort
of thoroughly evaluated healthy controls. The local ethics commis-
sion and federal office for radiation protection approved this study,
and all subjects gave written informed consent. Using these sub-
jects as a reference cohort, we were able to confirm our initial
results (Fig. 1). We also conducted an additional analysis on sub-
jects with post–COVID-19 syndrome and hyposmia, but we found
no significant hypometabolism of the olfactory regions as
described by other groups.

PET Data Analysis
Comparison of datasets by common statistical methods such as

SPM requires count rate or intensity normalization. It is well
known that extensive, disease-related metabolic alterations in one
direction may cause artificial alterations in the other direction on
conventional analyses, if diseased brain regions are part of those
used for normalization. In cases of neocortical hypometabolism
and normalization by whole-brain proportional scaling, apparently
“hypermetabolic” areas often include the basal ganglia, thalamus,
mesiotemporal regions, brain stem, and cerebellum (40). Several
lines of evidence such as ROI analyses (plasma glucose–corrected
uptake values), clinicoimaging correlations, and follow-up studies
suggest that the areas of hypometabolism in subacute settings
most likely reflect true hypometabolism (40). However, in our
opinion, and with the possible exception of concomitant autoim-
mune encephalitis, it is still questionable whether regions of
hypermetabolism reported in several studies exhibit true hyperme-
tabolism or inflammation. On one hand, the latter is not convinc-
ingly supported by histopathologic data. On the other, an artificial
increase seems much more likely, especially if global count rate
normalization was applied (40). Still, given the systemic activation
of microglia and astrocytes (albeit being most pronounced in the
brain stem and cerebellum), one cannot exclude that associated
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metabolic changes cause some bias if white matter is used as a
reference region (18,41). One way to avoid this problem may be
to conduct principal-components analyses as proposed by Hosp
et al. (18).
Given the complexity, costs, and radiation exposure, cohorts in

PET studies are often rather small, which limits their statistical
power. Thus, a pragmatic approach may be to define a liberal sta-
tistical threshold and avoid a correction for multiple comparisons.
This may lead to type I errors. Several systematic studies (Tables
1 and 2; Supplemental Table 2) used liberal thresholds; conse-
quently, this limitation needs to be kept in mind when considering
anatomically (e.g., small clusters near or within CSF spaces (45))
or functionally (e.g., weak correlations with subjective, ill-defined
complaints (43)) questionable findings. Such limitations particu-
larly apply to case reports or smaller series, which often suffer
from additional flaws (e.g., reliance on observer-dependent visual
reads, lack of coregistration to high-resolution structural imaging
or MRI; Supplemental Table 1).

Clinicoimaging Correlations
Whereas clinicoimaging correlations cannot prove causality,

they may be useful to check for plausibility. For instance, the high
correlation of frontoparietal-dominant changes in cerebral metabo-
lism and formally assessed cognitive functions served by fronto-
parietal regions in COVID-19 encephalopathy (18) supports the
notion that these changes depend on each other. The magnitude of
metabolic alterations was also in line with imaging studies on
patients with comparable cognitive deficits (e.g., dementia).
In turn, some imaging findings need further elucidation: for

instance, bilateral hyperactivation of the inferior colliculi (36,37)
may be expected to interfere with normal auditory functioning,
which, however, was not reported. Given that this finding was
reported in rather severely affected patients, one may also consider
alternative explanations (e.g., artificial, relative hypermetabolism
due to neocortical hypometabolism). Donegani et al. (33) reported
a bilateral hypometabolism of the parahippocampal and fusiform
gyri in isolated hyposmia. Although they used an 8-item odor test,
no correlation analyses were reported. In turn, one may also have
expected other deficits such as memory impairment, which unfortu-
nately was not addressed. In cases of post–COVID-19 syndrome,
the situation is even more complex: patients commonly complain
about multiple symptoms with a high impact on daily functioning,
which, however, cannot be verified in such magnitude by formal
testing (46,49). Still, extensive patterns of hypometabolism have
been reported (43,44), which on first glance may be expected to
result in various additional symptoms (e.g., severe objective
amnestic problems). Unfortunately, no formal testing was pursued.
In contrast, no such metabolic changes were observed in the study
by Dressing et al. (46), underscoring the need to verify symptoms
and complaints by operationalized formal assessments to gain
deeper insights and unravel discrepancies. Such assessments will
also benefit from inclusion of additional correlative biomarkers
(e.g., PET or CSF biomarkers of neurodegeneration) and, ulti-
mately, imaging–neuropathology correlations, which are still very
sparse (18).

Correlations with Knowledge from Related Disciplines
Imaging findings and concepts derived from them have to be

aligned with knowledge from related disciplines. It is evident that
neurologic or neurocognitive findings in COVID-19 cover a broad
spectrum of disciplines. Neuropathologic findings and psychiatric

concepts may be considered as 2 distant ends of such a spectrum.
However, we believe that these disciplines are particularly helpful
for a better understanding of current findings.
Insights from Neuropathologic Studies. Whereas an early neu-

ropathologic investigation of patients who died from COVID-19
found primarily hypoxic damage (50), more recent reports draw a
vivid picture on how COVID-19 may affect the CNS (51,52).
Major findings include an activation of microglia (formation of
microglia nodules in some patients) and astrocytes, which was
pronounced in the brain stem and cerebellum and affected white
rather than gray matter. Detection of SARS-CoV-2 (spike protein
or RNA) succeeded in approximately 50% of patients, especially
in the brain stem and cranial nerves. This detection is remarkable,
as the neuroinvasive potential of b-coronaviruses has been broadly
discussed (e.g., after nasal inoculation, with axonal and transsy-
naptic propagation) (53,54). However, because of its sparse detec-
tion rate in neuropathologic samples and the absence of lytic
figures, infected neurons, or glial cells (51), proofs for direct neu-
roinvasivity and the occurrence of neuron-to-neuron propagation
within the human CNS are lacking. Regarding adaptive immunity,
infiltration of CD8 and CD4 T cells especially occurred in the peri-
vascular compartment, being associated with blood–brain barrier
dysfunction. Interestingly, the immune activation within the peri-
vascular compartment is specific for COVID-19 and differed from
findings in patients with multiple sclerosis or non–COVID-19
respiratory failure (52). Although the SARS-CoV-2 spike protein
has been occasionally detected in perivascular cells (52), neuroin-
flammatory changes are more likely induced by circulating cyto-
kines and inflammatory mediators in the course of a systemic
inflammatory response (51,55). These data were derived from
unselected patient populations, as the presence of neurologic symp-
toms was not registered. Thus, additional studies with detailed clin-
icopathologic correlations are warranted. In addition, PET imaging
of activated microglia might represent a promising imaging tech-
nique in COVID-19 but to the best of our knowledge has not been
explored yet.
Current Concepts of Fatigue. Fatigue might be translated as

“extreme and persistent tiredness, weakness or exhaustion that
could be mental, physical or both” (56), but there is no further
agreement on the definition of this entity (57). Fatigue can cooccur
with clinical symptoms such as depression, pain, sleep impair-
ment, and cognitive dysfunction (58) and can be associated with
chronic medical conditions (e.g., postviral infection, cancer, inflam-
matory bowel disease, multiple sclerosis, depression, and fibromy-
algia (59)). Thus, a multifactorial etiology with strong impact of
somatic as well as psychosocial risk factors has been postulated
(60). Fatigue has a significant symptom overlap and comorbidity
with psychiatric disorders (61). This is in line with a study investi-
gating predictors of fatigue in individuals recovering from the acute
phase of COVID-19: while the female sex and a comorbidity of
depression or anxiety were identified as significant predictors for
developing fatigue, indicators of COVID-19 severity, markers of
peripheral immune activation, and circulating proinflammatory
cytokines did not reach statistical significance (62). Still, fatigue
seems to be distinct from psychiatric disorders; however, percep-
tions, attributions, and coping skills of patients with psychiatric
comorbidity may perpetuate the fatigue condition (61). This notion
is reinforced by a significant therapeutic response of fatigue to cog-
nitive behavior therapy (63). As far as permissible and based on
the rather disappointing experience with 18F-FDG PET in psy-
chiatric and somatoform disorders, one may expect that the
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contribution of 18F-FDG PET to understanding and diagnos-
ing a post–COVID-19 syndrome dominated by fatigue is actu-
ally limited.

PERSONAL PERSPECTIVE: USE OF MOLECULAR IMAGING IN
COVID-19–RELATED CNS DISORDERS

From a scientific point of view, molecular imaging of COVID-19–
related CNS disorders represents an exciting field that not only con-
tributes to the understanding of disease mechanisms in COVID-19
but may also provide important implications for other conditions
(e.g., neurodegeneration, encephalopathies, and delirium). In this
regard, we believe that carefully designed studies on COVID-19 pop-
ulations are of great interest.
Concerning the clinical application of molecular imaging for

diagnosis and management of COVID-19–related CNS disorders,
we actually see little impact and, consequently, little need to adjust
current clinical practice: 18F-FDG PET is gaining increasing
acceptance for differential diagnosis and follow-up of encephalitis,
often showing superior performance over MRI (64,65). Even more
so, PET and SPECT are established methods for differential diag-
nosis of neurodegenerative CNS disorders such as parkinsonism
(66,67). Accordingly, in patients with suspected encephalitis or
parkinsonism in the context of COVID-19, PET and SPECT may
be performed according to established clinical pathways. Follow-
up studies would in fact be of particular interest for differentiating
between possible reversible COVID-associated nigrostriatal dys-
function and progressive, presumably COVID-independent neuro-
degenerative parkinsonism. Molecular imaging is also accepted
for differential diagnosis in cognitive impairment and dementia
(68). However, in the context of COVID-19, it is probably advis-
able to define the need for additional imaging studies based on the
clinical presentation and time course. In cases of possible COVID-
19 encephalopathy, a reversible cortical dysfunction can be
assumed, while in post–COVID-19 syndrome with predominant
fatigue and without decisive pathologic findings on neuropsycho-
logic testing, a pathologic imaging correlate is actually unlikely.
In our opinion, patients with “subjective” neuropsychiatric deficits
as potential sequelae of COVID-19 should undergo a comprehen-
sive clinical work-up including validated neuropsychologic and
neuropsychiatric testing to verify deficits. A diagnostic benefit
from 18F-FDG PET may be expected only if a cognitive impair-
ment is verified and persisting (.3–6 mo) or progressive.
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Alzheimer disease (AD) is the most frequent cause of dementia in peo-
ple 60 y old or older. This white paper summarizes the current stand-
ards of AD diagnosis, treatment, care, and prevention. Cerebrospinal
fluid and PET measures of cerebral amyloidosis and tauopathy allow
the diagnosis of AD even before dementia (prodromal stage) and pro-
vide endpoints for treatments aimed at slowing the AD course.
Licensed pharmacologic symptomatic drugs enhance cholinergic
pathways and moderate excess of glutamatergic transmission to sta-
bilize cognition. Disease-modifying experimental drugs moderate or
remove brain amyloidosis, but so far with modest clinical effects. Non-
pharmacologic interventions and a healthy lifestyle (diet, socioaffective
inclusion, cognitive stimulation, physical exercise, and others) provide
some beneficial effects. Prevention targets mainly modifiable dementia
risk factors such as unhealthy lifestyle, cardiovascular–metabolic and
sleep–wake cycle abnormalities, and mental disorders. A major chal-
lenge for the future is telemonitoring in the real world of these modifi-
able risk factors.
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Seven of the top 10 causes of death include Alzheimer disease
(AD) and related dementias, as well as associated risk factors:
ischemic heart disease, stroke, chronic obstructive pulmonary dis-
ease, and type 2 diabetes (1). There are about 55 million people
with dementia. Dementia is expected to increase 42% (to 78 million
people) by 2030 and more than 250% (to 139 million people) by
2050, mostly among women (2). Longitudinal associations exist
between AD and overweight and obesity, hypertension, high choles-
terol, low respiratory function, high blood levels of homocysteine,

and cooccurring vascular comorbidities. Concomitant associations
exist for vascular risk factors and AD-related brain pathologies as
well as white matter hyperintensities, neurodegeneration, blood–brain
barrier disruption, cerebral infarcts, and various forms of cerebrovas-
cular disease. The evidence base for AD prevention appears strongest
for control of vascular risk factors.
Other AD risk factors include environmental risk factors such

as high stress, air pollution, and lack of social support; depression;
and sociodemographic factors, including low education, low income,
and social isolation (3). Susceptibility genes for AD support systems-
biology approaches for dyslipidemias, blood pressure dysregulation,
body weight dysregulation, type 2 diabetes, systemic inflammation,
neuroinflammation, and immune alterations.
These data provide a solid foundation for understanding the

pathogenesis of AD as a multifactorial process and for AD preven-
tion strategies.

AD PATHOGENESIS

The most widely accepted view on AD pathogenesis is based on
the amyloid cascade hypothesis, published in 1992 (4) and repeatedly
revised. This hypothesis is based on the disease-defining presence of
amyloid plaques in the brain at autopsy and the observation that rare
cases of autosomal-dominant AD are associated with mutations in
amyloid-related genes encoding the amyloid precursor protein or one
of the two secretases involved in amyloid precursor protein process-
ing, presenilin-1 and presenilin-2. The APOE «4 allele is the most
strongly and consistently associated risk gene for sporadic AD. It is
associated with many pathogenic pathways, including increased amy-
loid production.
The widespread failure of amyloid-centered treatments triggered

the search for a broader perspective on AD pathogenesis (5). In
addition to amyloid, pathologic phosphorylation and subsequent
loss of function of the microtubule-associated protein tau, oxidative
stress, impaired glucose metabolism, and upregulation of neuroin-
flammation play key roles in AD pathogenesis and interact with
amyloid pathology. Supplemental Table 1 reports AD pathogenic
events that are amenable to molecular brain imaging (supplemental
materials are available at http://jnm.snmjournals.org).
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CLINICAL DIAGNOSIS AND DIFFERENTIAL DIAGNOSIS OF AD

Cognitive symptoms such as forgetfulness—or concern by fam-
ily members—prompts patients to make initial contact with a pri-
mary care physician. This physician has a decisive role in the
diagnostic journey of the patient. The first diagnostic step, already
accessible in primary care, is the medical history of the patient
(self or per proxy), complemented by a cognitive screening test
and physical examination. These clinical examinations can deter-
mine, in most cases, whether cognitive impairment or dementia is
present.
One important clinical distinction is a full syndrome of demen-

tia (i.e., cognitive impairment severe enough to impair daily activi-
ties) versus mild cognitive impairment (MCI) (i.e., impairment in
one or more cognitive domains with maintained global cognitive
function and daily activities) versus subjective cognitive decline
(i.e., cognitive complaints without impairment on cognitive tests).
Both MCI and subjective cognitive decline are recognized as risk
states for development of dementia, but most countries do not
endorse specific pharmacologic treatments outside clinical trials.
The etiologic diagnosis of MCI or a dementia syndrome will

typically be conducted by a specialist. Diagnosis requires in-depth
neuropsychologic and neurologic examinations, basic laboratory
testing, and structural brain imaging using MRI or CT. Further
diagnostic work-up may include biomarkers from PET brain imag-
ing, cerebrospinal fluid (CSF), and (in the future) peripheral blood.
Etiologic diagnosis is challenging, since autopsy studies show that
comorbidities of two or more neurodegenerative proteinopathies
are common.
Clinical and pathologic features of AD and its differential diag-

noses are reported in Supplemental Table 2. A thorough account
of the AD diagnostic process is provided in the World Alzheimer
Report 2021 (6).
Research criteria ushered in the diagnoses of prodromal and

preclinical stages of AD. Based on earliest presence of MCI and
positive AD biomarkers, the International Working Group 2 crite-
ria allow diagnosis of prodromal AD (7). The criteria of the U.S.
National Institute on Aging and Alzheimer Association endorse a
diagnosis of preclinical AD with the presence of positive AD bio-
markers (CSF or amyloid imaging) and the absence of cognitive
impairment (8). These criteria have further been systematized as
the A/T/N classification scheme (Table 1) (9).

NEUROPSYCHOLOGY

The diagnostic work-up of patients with suspected AD includes
cognitive screening using, for example, the Mini–Mental State Exam-
ination or Montreal Cognitive Assessment. Short clinical instruments
are well suited to the detection of impairment consistent with demen-
tia and to the quantification of dementia progression over time. How-
ever, neuropsychologic tests of specific cognitive domains are more
sensitive to early changes and provide useful information for differen-
tial dementia diagnoses. Popular short test batteries suited for the
detection and characterization of MCI are the Consortium to Estab-
lish a Registry for AD Neuropsychological Battery (10), the Uniform
Dataset Test Battery of the American AD Research Centers (11), and
the Repeatable Battery of Neuropsychological Status (12).
More recent approaches to sensitively detect cognitive decline and

account for day-to-day variations in performance include continuous
monitoring of cognitive performance using digital devices, such as
serious games applications. Descriptions of these approaches are

beyond the scope of this standard-of-care article but have been pub-
lished (13).

BIOMARKER-BASED DIAGNOSIS

Fluid Biomarkers
Several CSF biomarkers are well established and standard for

AD diagnosis. A lower CSF Ab1–42 and higher CSF total tau or
phosphorylated tau provide in vivo evidence of AD pathology, as
integrated into the A/T/N scheme (Table 1). A lower CSF Ab1–42

concentration is associated with greater amyloid plaque formation
(9). Total tau and phosphorylated tau reflect neuronal degeneration
and tangle pathology, respectively (9). The combination of CSF
markers—CSF Ab1–42 and total tau or phosphorylated tau—
performs better than each individually for diagnosing AD (14).
Since CSF collection involves lumbar puncture, this led to the

search for minimally invasive blood-based biomarkers. One candi-
date is plasma neurofilament light chain, which is increased in
patients with AD and may be useful to monitor neurodegeneration,
disease progression, and treatment response. In addition, plasma
Ab42 and Ab40 predict brain amyloid burden status at any stage of
AD (15). Plasma Ab42 and Ab40 could be used to screen for indi-
viduals likely to develop brain amyloidosis and who are at risk for
AD (16). Furthermore, plasma phosphorylated tau 181 levels are
increased in AD patients, compared with controls, and are strongly
associated with both Ab and tau PET (17). Moreover, plasma
phosphorylated tau 217 has also accurately discriminated AD from
other neurodegenerative diseases and was more accurate than
other established plasma- and MRI-based biomarkers (18). The
sensitivity and specificity of fluid biomarkers for AD are provided
in Table 2.

Neuroimaging/PET Biomarkers
Neuroimaging techniques provide the best opportunity to visual-

ize and quantify neurodegenerative and molecular changes in the liv-
ing human brain over the course of AD (Fig. 1). MRI has been
included in dementia-screening protocols for decades. The most
widely used MRI techniques to support a diagnosis of clinical AD
are measures of regional brain volumes using T1-weighted images.
These images are visually assessed by a trained radiologist who uses
standardized rating scales to determine the level of atrophy in the
medial temporal lobe, posterior brain, or global brain. In addition,

TABLE 1
A/T/N Classification

Classification Description

A (amyloid) Decreased CSF Ab42 or
Ab42/Ab40 ratio or positive
amyloid PET

T (tau) Increased CSF
phosphorylated tau or
positive tau PET

N (neurodegeneration) Atrophy on structural MRI or
decreased uptake on
18F-FDG PET or increased
CSF total tau

Amyloid and tau are considered defining biomarkers of AD.
Neurodegeneration is used to stage severity of disease
(independently from AD pathology).

982 THE JOURNAL OF NUCLEAR MEDICINE & Vol. 63 & No. 7 & July 2022



various forms of vascular pathology can be assessed, including
white matter hyperintensities (using T2-weighted or fluid-attenuated
inversion recovery MRI sequences), infarcts, and microhemorrhages
(using susceptibility-weighted T2* MRI sequences). MRI is also
used to exclude other causes of cognitive impairment such as stroke,
brain tumors, or multiple sclerosis.
Another established neuroimaging marker of neurodegeneration

is glucose hypometabolism measured with 18F-FDG PET. In per-
sons with AD, 18F-FDG PET shows a hypometabolic pattern that
affects primarily the posterior cingulate, precuneus, and lateral
temporal and parietal regions.

The neurodegenerative patterns observed on structural MRI
and 18F-FDG PET images show modest differential diagnostic
accuracy between AD and non-AD neurodegenerative disorders
($70%–80%). Neurodegenerative disorders are characterized by
substantial functional and anatomic heterogeneity; hence, there is
substantial overlap between neurodegenerative disorders on MRI
and 18F-FDG PET. The advent of PET tracers that detect the neuro-
pathologic hallmarks of AD in vivo represents a genuine breakthrough
in the field. The first PET tracer that could detect the presence of
fibrillar amyloid-b pathology was 11C-Pittsburgh compound B. There
is a strong association between antemortem 11C-Pittsburgh compound

B PET signal and postmortem amyloid-b
load (sensitivity, 92%; specificity, 97%) (19).
Findings on 11C-Pittsburgh compound B
PET are abnormal early in the disease pro-
cess, and investigational use of this tracer in
the clinic shows positive changes in diagnos-
tic confidence and patient management.
Subsequently, several 18F amyloid-b tracers
became available, that is, 18F-flutemetamol,
18F-florbetaben, and 18F-florbetapir, which
showed characteristics similar to those of
11C-Pittsburgh compound B and are now
approved for clinical use with a visual read
metric as the method to determine amyloid-b
status by, for example, the U.S. Food and
Drug Administration (FDA) and European
Medicines Association. The primary strength
of amyloid-b tracers for diagnostic purposes
is their negative predictive value. A diagnosis
of AD can be ruled out with high certainty if
the amyloid-b PET scan yields a negative
result. A downside of this sensitivity of the
amyloid-b tracers is their limited specificity.
Amyloid-b–positive PET scans are observed
in 10%–40% of the cognitively normal pop-
ulation, and this percentage increases with
age (20).

TABLE 2
Sensitivity and Specificity of CSF- and Blood-Based Biomarkers for AD

Parameter Biomarker Sensitivity Specificity Reference

CSF Ab1–42 96.4% 89% (37)

Phosphorylated tau 81% 91% (37)

Mean value of phosphorylated tau

Phosphorylated tau 181 79% 96% (38)

Phosphorylated tau 217 91% 91% (38)

Total tau 81% 91% (37)

Combination of Ab1–42 and total tau
or phosphorylated tau

90%–95% 90% (14)

Plasma Neurofilament light chain* (39)

Ab42/Ab40 70% 70% (16)

Phosphorylated tau 181 92% 87% (17)

Phosphorylated tau 217 93% 83% (18)

*Unspecific marker of neurodegeneration, useful for monitoring progression of disease.

FIGURE 1. Imaging features of AD. (A) Different neuroimaging profiles of cognitively normal individ-
ual and patient with AD dementia in terms of brain atrophy on T1-weighted MRI, glucose hypome-
tabolism on 18F-FDG PET, amyloid burden on 11C-Pittsburgh compound B PET, and tau load on
18F-flortaucipir PET. (B) Neuropathologic staging system of neurofibrillary tangles proposed by Braak
and Braak can be recapitulated using tau PET with ligand 18F-RO948 and shows increasing tau PET
retention from stage 0 to stage V/VI.
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Recently, several novel tau PET tracers (e.g., 18F-flortaucipir,
18F-MK6240, and 18F-RO948) were introduced that detect the pres-
ence of AD-like tau aggregates (i.e., a combination of 3R and 4R tau
in paired helical filaments) with high affinity and selectivity. In May
2020, the first tau PET tracer was approved by the FDA to support
the diagnosis of suspected AD dementia. Future work regarding tau
PET tracers will define optimal methodologies (i.e., visual read met-
rics or quantitative thresholds) and the most appropriate use.
Section 1 of the supplemental materials expands the perspective

on imaging markers to resting-state electroencephalography as a
potential screening instrument for AD (21).

MEDICAL TREATMENT OF AD

Pharmacologic treatment of clinically symptomatic AD has 2
major elements. The first element is critical review of the patient’s
current medications, particularly for potential anticholinergic side
effects that impair memory and increase the risk of delirium. Other
contraindicated drugs are sedatives, such as benzodiazepines, and
(low-potency) antipsychotics. Several indices are available for
clinicians and pharmacists to identify potentially inappropriate
medication combinations and possible alternatives (22).
The second element is the prescription of an antidementia drug.

Supplemental Table 3 lists approved antidementia drugs with their
clinical indications, major side effects, and typical dosages. None of
these drugs has convincingly shown disease-modifying effects, but
all have shown symptomatic benefits, with reduced rates of cognitive
decline, reduction of caregiver burden, and, in some studies, delayed
institutionalization when compared with placebo (23). Of note, AD
is severely underdiagnosed in primary care. Studies show that fewer
than 50% of people with AD receive specific dementia drug treat-
ment (24,25). There is much room for improvement.

DISEASE-MODIFYING TREATMENTS

Repeated antiamyloid failures were a setback for patients and
scientists, but they also led to sharpening of inclusion criteria and
an early diagnosis of AD. However, until January 2022, and includ-
ing aducanumab, recently approved by the FDA, no antiamyloid
antibody therapy has successfully reached the clinical endpoint in a
completed phase 3 study. Phase 3 trials are ongoing with antiamy-
loid antibodies, such as gantenerumab, lecanemab, and donanemab,
which, in preclinical studies, selectively bound to aggregated Ab,.
These newer-generation antiamyloid antibodies have consistently
shown removal of brain Ab through amyloid PET imaging studies
(26) and, in phase 2 studies, have shown improvements in primary
cognitive outcomes (26,27).
Aducanumab (Aduhelm; Biogen) was approved by the FDA on

June 7, 2021, using the FDA’s accelerated-approval pathway. On
December 16, 2021, the European Medicines Agency recommended
refusing the marketing authorization for aducanumab. Of note, treat-
ment with aducanumab was restricted by the FDA in July 2021 to
prodromal and mild stages of AD with proven amyloid positivity via
CSF or amyloid PET.
Nonpharmacologic treatment options are described in section 2

of the supplemental materials (28,29).

AD PREVENTION AND MULTIMODAL INTERVENTIONS

It is estimated that 40% of all dementias in high-income countries
could be prevented or delayed with elimination of low early-life
education, midlife obesity, hypertension, alcohol consumption above
21 units a week, diabetes mellitus, depression, physical inactivity,

smoking, traumatic brain injury, late-life hearing loss, social isolation,
and exposure to air pollution (3).
In 2019, the World Health Organization issued widely recog-

nized guidelines on risk reduction for cognitive decline and demen-
tia (30). The guidelines provide the knowledge base for health-care
providers, governments, policy makers, and other stakeholders to
reduce the risks of cognitive decline and dementia.
Knowledge about risk factors is also translated into preventive

interventions for individuals at risk (selective prevention) to preserve
or improve cognitive function and delay or prevent dementia (31).
Although early intervention studies focused on one factor at a time
(single-domain intervention studies), multidomain interventions
focus on several modifiable risk factors simultaneously among those
at risk for cognitive decline and dementia. The prototype Finnish
Geriatric Intervention Study to Prevent Cognitive Impairment and
Disability (FINGERS) reported a benefit from a multidomain lifestyle
intervention on cognitive function over 2 y (32). Similar European tri-
als, such as the French Multidomain Alzheimer Preventive Trial and
the Dutch Prevention of Dementia by Intensive Vascular Care Trial
have been less conclusive. However, benefits for cognitive function
in specific subgroups of adults with higher risk for dementia were
suggested (33,34). These promising but still inconsistent results have
led to World-Wide FINGERS, a global, interdisciplinary network
with a mission to share knowledge and experiences on trials for
dementia prevention and risk reduction, harmonize data, and plan
joint international initiatives for the prevention of cognitive
impairment and dementia (https://wwfingers.com/#about). World-
Wide FINGERS brings together, from over 40 countries, culturally
specific lifestyle trials comprising dietary guidance, physical exer-
cise, cognitive training, social activities, and management of vascu-
lar and metabolic risk factors. These trials differ by individuals
targeted (asymptomatic states to early symptomatic stages of
dementia); risk factors addressed; and cultural, geographic, and
economic settings (31). Another ongoing multidomain lifestyle trial
is the German AgeWell.de, a pragmatic, clustered, randomized
controlled trial addressing cognitive decline in a primary-care pop-
ulation at increased risk for dementia (35).
Although multidomain interventions seem promising for selected

prevention in high-risk individuals, the data are inconclusive. Ques-
tions remain with regard to the intervention “dose” needed to change
behavior, the optimal intervention window during the life course, tar-
get groups, best modes of intervention delivery (face-to-face vs. vir-
tual), and suitable implementation settings (e.g., primary care) (36).
AD prevention is a dynamic research field. The potential for demen-
tia prevention is huge and not even close to being fully understood.
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Cardiovascular imaging is evolving in response to systemwide trends
toward molecular characterization and personalized therapies. The
development of new radiotracers for PET and SPECT imaging is central
to addressing the numerous unmet diagnostic needs that relate to these
changes. In this 2-part review, we discuss select radiotracers that may
help address key unmet clinical diagnostic needs in cardiovascularmed-
icine. Part 1 examined key technical considerations pertaining to cardio-
vascular radiotracer development and reviewed emerging radiotracers
for perfusion and neuronal imaging. Part 2 covers radiotracers for imag-
ing cardiovascular inflammation, thrombosis, fibrosis, calcification, and
amyloidosis. These radiotracers have the potential to address several
unmet needs related to the risk stratification of atheroma, detection of
thrombi, and the diagnosis, characterization, and risk stratification of
cardiomyopathies. In the first section, we discuss radiotracers targeting
various aspects of inflammatory responses in pathologies such as myo-
cardial infarction, myocarditis, sarcoidosis, atherosclerosis, and vasculi-
tis. In a subsequent section, we discuss radiotracers for the detection of
systemic and device-related thrombi, such as those targeting fibrin (e.g.,
64Cu-labeled fibrin-binding probe 8). We also cover emerging radio-
tracers for the imaging of cardiovascular fibrosis, such as those targeting
fibroblast activation protein (e.g., 68Ga-fibroblast activation protein inhib-
itor). Lastly, we briefly review radiotracers for imaging of cardiovascular
calcification (18F-NaF) and amyloidosis (e.g., 99mTc-pyrophosphate and
18F-florbetapir).

Key Words: molecular imaging; fibrosis; inflammation; radiotracers;
thrombosis

J Nucl Med 2022; 63:986–994
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There is a growing trend in cardiovascular medicine toward
molecular characterization and personalized therapies. The devel-
opment of improved radiotracers for PET and SPECT imaging is
central to addressing the clinical needs of the evolving clinical
landscape. This 2-part review examines key technical considera-
tions pertaining to cardiovascular radiotracer development and dis-
cusses emerging radiotracers in important areas of cardiovascular
imaging. Technical considerations and radiotracers for cardiovascu-
lar perfusion and neuronal imaging were discussed in part 1. Part 2
covers emerging radiotracers for imaging cardiovascular inflamma-
tion, fibrosis, thrombosis, calcification, and amyloidosis (Table 1).

RADIOTRACERS FOR IMAGING CARDIOVASCULAR
INFLAMMATION

Inflammation promotes atherosclerosis, mediates cardiomyopathy,
and plays central roles in myocarditis and sarcoidosis (1–3). In athero-
sclerosis, enhanced inflammation is considered a marker of plaque
vulnerability and can lead to plaque rupture and acute myocardial
infarction (MI) (1). Myocardial injury promotes both focal and sys-
temic inflammation, where different subsets of immune cells have dis-
tinct roles in tissue damage and repair. Early on, the recruitment of
neutrophils and inflammatory monocytes (which differentiate into an
M1-like proinflammatory phenotype) promotes tissue damage. After
the initial phase of injury, tissue repair is supported by the transition
to cells with an M2-like, inflammation-resolving phenotype (4). Regu-
latory T cells are critical to this transition (5). Accordingly, tissue
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inflammation plays a dual role after myocardial injury, and dysregula-
tion of this process can lead to cardiomyopathy and heart failure.
T lymphocytes also play major roles in autoimmune and viral myo-
carditis (2), as well as in sarcoidosis, where the secretion of cytokines
such as interferon g is crucial to granuloma formation (6). Chemo-
kines and chemokine receptors, such as chemokine receptor type 2
(CCR2) and CXC chemokine receptor type 4 (CXCR4), mediate the
recruitment of monocytes and other inflammatory cells (7). These
inflammatory cells are sources of proteases that modulate inflam-
mation and tissue remodeling, including cathepsins and matrix met-
alloproteases (MMPs) (8,9). Dysregulated protease activation can

destabilize atheroma and contribute to adverse myocardial remodel-
ing (8,10).
Cardiovascular inflammation in pathologies such as vasculitis

and sarcoidosis has traditionally been imaged with 18F-FDG PET
(11,12). 18F-FDG uptake in inflammation is attributed to the high
metabolic activity of immune cells, such as macrophages and neu-
trophils (13,14). One challenge with 18F-FDG PET for imaging of
cardiovascular inflammation is its lack of specificity, which, for
instance, mandates dietary interventions to suppress myocardial
uptake. In addition, 18F-FDG cannot distinguish between subsets
of inflammatory cells that characterize the different stages of the

TABLE 1
Select Radiotracers for Imaging of Cardiovascular Inflammation, Thrombosis, Fibrosis, Calcification, and Amyloidosis

Application Radiotracer Mechanism/target Status Reference

Inflammation 18F-FDG Glucose analog FDA-approved for
myocardial viability
imaging

(11,12)

11C-PK11195 Mitochondrial TSPO Initial clinical evaluations (17,18)
11C-PBR28 TSPO Initial clinical evaluations (19,21)
18F-PBR06 TSPO Initial clinical evaluations (19)
18F-GE180 TSPO Initial clinical evaluations (20)
68Ga-DOTATATE SSTR FDA-approved for

neuroendocrine tumor
imaging

(23)

68Ga-DOTATOC SSTR FDA-approved for
neuroendocrine tumor
imaging

(26)

68Ga/64Cu-DOTA-ECL1i CCR2 Initial clinical evaluations (31,32)
64Cu-DOTA-vMIP-II Chemokine receptors

(broad)
Preclinical (33)

68Ga-pentixafor CXCR4 Initial clinical evaluations (30)
99mTc-RP805 MMPs Preclinical (38)
111In-RP782 MMPs Preclinical (35,36)
99mTc-RYM1 MMPs Preclinical (38)
89Zr-DFO-anti-CD3 CD31 T cells Preclinical (44)
89Zr-DFO-CD4 CD41 T cells Preclinical (45)
89Zr-DFO-CD8a CD81 T cells Preclinical (45)

Thrombosis 64Cu-FBP8 Fibrin Initial clinical evaluations (49,50)
18F-GP1 Glycoprotein IIb/IIIa Initial clinical evaluations (54,55)
18F-ENC2015 Factor XIIIa substrate Preclinical (58)

Fibrosis 68Ga-FAPI FAP Initial clinical evaluations (67,68)
99mTc-collagelin,

68Ga-collagelin
Type I and III collagen Preclinical (70,71)

68Ga-CBP7, 68Ga-CBP8 Type I collagen Initial clinical evaluations (72,73)

Calcification 18F-NaF Hydroxyapatite FDA-approved for bone
imaging

(74–77)

Amyloidosis 99mTc-pyrophosphate,
99mTc-HMDP, 99mTc-DPD

Transthyretin amyloid
fibrils

Expanding clinical use* (82)

11C-Pittsburgh compound B Amyloid fibrils (AL,
ATTR)

Initial clinical evaluations (83)

18F-florbetapir,
18F-flutemetamol,
18F-florbetaben

Amyloid fibrils (AL,
ATTR)

FDA-approved for
imaging brain
b-amyloid plaques

(84–86)

*99mTc-pyrophosphate is FDA-approved for imaging of bone, acute MI, and blood pool.
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inflammatory process and play distinct roles in cardiovascular dis-
ease. Addressing this limitation by targeting more specific molecu-
lar signatures may help to better define disease stages, monitor
disease progression, guide the selection of therapeutic interven-
tions, and follow responses to treatment. The availability of highly
specific tracers, potentially in the setting of multitracer PET and
SPECT imaging to fine-tune diagnoses, will be critical for expanded
diagnostic and theranostic applications in cardiovascular inflamma-
tion. The potential of dual-tracer imaging is illustrated in a recent
dual-tracer PET study of patients with ischemic stroke and ipsilateral
carotid stenosis, which revealed that uptake of 18F-FDG (inflamma-
tion) and 18F-NaF (microcalcification) were both greater in culprit
than nonculprit atheroma, although 18F-NaF was concentrated at
carotid bifurcations and 18F-FDG was distributed more evenly
throughout arteries (Fig. 1) (15). This differential uptake may reflect
the distinct roles of inflammation and calcification in plaque devel-
opment and vulnerability.
Several radiotracers that were initially developed for other

applications also bind to target molecules on inflammatory cells
and could be of value for imaging cardiovascular inflammation.
Radiotracers with preexisting human studies, including those with
U.S. Food and Drug Administration (FDA) approval for other
indications, expedite the process for testing and potential clinical
introduction. Examples of radiotracers potentially useful for imag-
ing cardiovascular inflammation, including some initially devel-
oped for other applications, are reviewed in the following sections.

Mitochondrial Translocator Protein (TSPO) Imaging
TSPO, a ubiquitous mitochondrial protein involved in a large num-

ber of cellular functions, including mitochondrial cholesterol transport
and steroid hormone biosynthesis (16), is classically used as a marker
of neuroinflammation. More recently, expression of TSPO in activated
macrophages has motivated the evaluation of radiotracers targeting
TSPO for imaging of cardiovascular inflammation in pathologies such
as MI, myocarditis, sarcoidosis, atherosclerosis, and vasculitis. Exam-
ples of such radiotracers include 1-[2-chlorophenyl]-N-methyl-N-[1-
methyl-propyl]-3-isoquinoline carboxamide (11C-PK11195) (17,18),
N-acetyl-N-(2-11C-methoxybenzyl)-2-phenoxy-5-pyridinamine (11C-
PBR28) (19), 18F-N-fluoroacetyl-N-(2,5-dimethoxybenzyl)-2-phenoxya-
niline (18F-PBR06) (19), and 18F-flutriciclamide (18F-GE180) (20).
The prototypic TSPO tracer 11C-PK11195 has been evaluated for the
detection of inflammation in human carotid atherosclerotic plaques,
where plaques associated with recent ipsilateral stroke or transient
ischemic attack were shown to have greater 11C-PK11195 uptake than
those without a recent event (target-to-background ratio, 1.06 6
0.20 vs. 0.86 6 0.11, P 5 0.001) (17). Plaques associated with stroke
or transient ischemic attack also had lower CT attenuation, but there
was no correlation between 11C-PK11195 target-to-background ratio
and CT plaque attenuation. Importantly, the combination of these 2 fea-
tures had 100% sensitivity and a 100% positive predictive value in
identifying patients with recent stroke or transient ischemic attack.
Although these results are promising, it is not known whether the same
approach can be used to identify the plaques at risk for future events.
11C-PK11195 PET has also demonstrated increased uptake in patients
with large-vessel vasculitis (Fig. 2) (18). However, in another study of
patients with stroke or vasculitis, other TSPO tracers (11C-PBR28 and
18F-PBR06) did not produce significant in vivo signals (19). Of note,
there is also considerable uptake of 11C-PBR28 in normal myocardium
(21), which may limit its utility for imaging of cardiac inflammation.
Another TSPO-targeting tracer, 18F-GE180, has shown greater

binding to M1-polarized macrophages than M2-polarized macro-
phages (20). In a murine study ofMI, an early increase in 18F-GE180
uptake was observed at the site of infarct, with signals returning to
the reference range after 4 wk, suggesting that the TSPO signal
may reflect early post-MI inflammation (20). Importantly, global
18F-GE180 uptake at 1 wk predicted a future reduction in left ven-
tricular ejection fraction. Small-scale human studies have confirmed
the early increase in post-MI 18F-GE180 signal (20), and additional
clinical studies are being conducted to evaluate this tracer for imag-
ing cardiac sarcoidosis (NCT03561025). Unresolved issues regard-
ing TSPO-targeted imaging of cardiovascular inflammation include
noninflammatory cell expression of TSPO, the selectivity of the

FIGURE 1. Differential distributions of inflammation and microcalcifica-
tion in symptomatic carotid atheroma. Axial noncontrast CT (A), 18F-FDG
PET/CT (B), 18F-FDG PET (C), CT angiography (D), 18F-NaF PET/CT (E),
and 18F-NaF PET (F) show symptomatic right carotid artery (purple arrow)
and asymptomatic left carotid artery (green arrow); sagittal 18F-FDG PET/
CT (G) shows diffuse uptake in symptomatic carotid artery (arrows); and
18F-NaF PET (H) shows focal uptake in symptomatic carotid artery (arrow).
(Reprinted from (15).)

FIGURE 2. 11C-PK11195 PET imaging of large-vessel vasculitis in
patients with systemic inflammatory disorders. 11C-PK11195 PET images
fused with CT angiograms demonstrate minimal radiotracer uptake in
asymptomatic patient (A) and elevated uptake in symptomatic patient (B).
Arrow indicates inflamed region of aortic arch. (Reprinted from (18).)
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tracers for different TSPO isoforms and multimers, and whether
the magnitude of radiotracer signals is sufficient for clinical appli-
cations. In addition, interpretation of human studies is affected by
a genetic polymorphism that influences tissue binding of certain
TSPO radiotracers (22). Addressing these limitations will be neces-
sary for routine use of TSPO-targeted imaging in clinical cardiovas-
cular medicine.

Somatostatin Receptor (SSTR) Imaging
SSTR-targeted radiotracers have been classically used as neuroendo-

crine tumor imaging agents. There are 5 subtypes of SSTRs, with
peripheral blood mononuclear cells expressing mainly SSTR subtypes 2
and 3. Macrophages mainly express SSTR subtype 2, with the highest
expression detected in inflammatory M1 macrophages (23), whereas
lymphocytes express mainly SSTR subtype 3 (24). There are important
variations in receptor subtype affinity profiles between different SSTR-
targeted tracers (25). The 68Ga-labeled somatostatin analog 68Ga-
DOTATATE binds to SSTR2 with high affinity and selectivity relative
to other SSTRs (25). In a prospective study of patients with cardiovascu-
lar disease, 68Ga-DOTATATE uptake in atherosclerotic plaques was
shown to be macrophage-specific and discriminate between culprit and
nonculprit plaques in patients with acute coronary syndrome and cere-
brovascular accidents (23). Furthermore, the 68Ga-DOTATATE signal
in plaques was associated with high-risk coronary CT features (e.g.,
spotty calcification, low attenuation, positive remodeling) and correlated
with Framingham risk score (r 5 0.53, P , 0.0001) and 18F-FDG
uptake (r 5 0.73, P , 0.0001) (23). In a separate study of sarcoidosis
patients, PET imaging with 68Ga-DOTATOC, which has a high affinity
for SSTR2 and moderate affinity for SSTR5, performed better than con-
ventional 67Ga-scintigraphy for the detection of sarcoidosis lesions (26).
However, whereas basal uptake of 68Ga-DOTATOC in the heart was
minimal, none of the patients in the study had active cardiac sarcoidosis.
As such, additional information is needed to establish the value of
SSTR2-targeted radiotracers for imaging of cardiovascular inflammation.
In this regard, potential impediments to clinical applications of 68Ga-
DOTATATE for imaging of cardiovascular inflammation include the
modest level of increase in SSTR2 expression in culprit atherosclerotic
plaques (23).

Chemokine Receptor Imaging
Chemokines are a family of small chemoattractant proteins that

play key roles in leukocyte recruitment and activation through binding
to chemokine receptors. Radiotracers that target chemokine receptors
such as CXCR4 and CCR2 have recently emerged as promising
agents for imaging inflammation (27,28). 68Ga-pentixafor was initially
developed for CXCR4 imaging in cancer (29). Recent studies on mice
have shown that post-MI 68Ga-pentixafor uptake is increased in paral-
lel with leukocyte infiltration (30). In patients with acute MI, PET
imaging showed variable patterns of 68Ga-pentixafor uptake (30). Fur-
thermore, whereas there was no correlation with summed rest perfu-
sion defect score, late gadolinium enhancement, or edema score by
MRI, the 68Ga-pentixafor signal correlated with a combination of
infarct size and time of imaging after reperfusion (rmultiple 5 0.73,
P 5 0.03) (30). Examples of other radiotracers that target chemokine
receptors include 68Ga- and 64Cu-DOTA-ECL1i (31,32), which target
CCR2, and 64Cu-viral macrophage inflammatory protein-II (64Cu-
DOTA-vMIP-II), which targets a broad range of chemokine receptors
(33). CCR2 is upregulated on inflammatory cells after myocardial
injury (34) and in abdominal aortic aneurysms (AAAs) (32). CCR2-
targeted imaging with 64Cu-DOTA-ECL1i is undergoing clinical eval-
uation in patients with AAAs (NCT04592991). This study follows

promising results with ECL1i-based tracers in rodent studies that
established the ability to detect CCR21 monocytes and macrophages
within post-MI hearts (68Ga-DOTA-ECL1i) (31) and demonstrated
greater radiotracer uptake in AAAs that subsequently ruptured (64Cu-
DOTA-ECL1i) (32).

MMP Imaging
Inflammatory cells are a major source of proteases, and MMP acti-

vation contributes to atherosclerotic plaque vulnerability, adverse left
ventricular remodeling after MI, and AAA development and rupture.
MMP-targeted radiotracers that target a broad range of MMPs,
including 111In-RP782, 99mTc-RP805, and 99mTc-RYM1, have
shown promise in preclinical studies of post-MI remodeling, athero-
sclerosis, calcific aortic valve disease, and aortic aneurysms (35–40).
Tissue uptake of these tracers correlates well with both MMP activity
and CD68 macrophage expression in murine models of atherosclero-
sis (35,41), calcific aortic valve disease (39), and aneurysm (40).
Accordingly, MMP-targeted imaging may indirectly inform on the
extent of cardiovascular inflammation. For instance, in a murine
model of angiotensin-II–induced AAA, aortic 99mTc-RP805 signals
on small-animal SPECT/CT images correlated with MMP activity
quantified by zymography (r 5 0.83, P , 0.001), as well as CD68
messenger RNA expression, a marker of monocytes and macro-
phages (r 5 0.89, P , 0.0001) (40). Importantly, the MMP signal at
1 wk after angiotensin-II infusion correlated with AAA size at 4 wk
(r 5 0.53, P , 0.01), highlighting the potential of MMP-targeted
imaging for AAA risk stratification. 99mTc-RYM1, which has a fast
blood clearance, allows for imaging at 1 h after tracer injection and
can similarly detect aortic MMP activity in murine models of
aneurysm (Fig. 3) (38). Clinical studies with these MMP-targeted
radiotracers are expected soon. The relative effectiveness of these
broad-spectrum tracers as compared with emerging tracers that tar-
get specific members of the MMP family (e.g., MMP-12) remains
to be determined (42).

T-Cell Imaging
Different lymphocyte subsets play distinct roles in inflammation.

For instance, CD41 T lymphocytes can activate and recruit other
immune cells, whereas CD81 T cells can mediate cell killing via
release of intracellular granzymes (43). Several novel radiotracers
that are in early stages of development for oncologic applications can
potentially detect T-cell infiltration and may be valuable in cardio-
vascular applications such as myocarditis or sarcoidosis. Examples
of these radiotracers include 89Zr-desferrioxamine (DFO)-anti-CD3,
which targets all types of T cells (44), 89Zr-DFO-CD4 (45), and
89Zr-DFO-CD8a (45). Future studies should address the value of
these and related imaging agents in the diagnosis and management
of inflammatory cardiovascular disease.

RADIOTRACERS FOR THROMBOSIS IMAGING

Thrombosis plays a central role in the pathogenesis of multiple
disabling diseases, including MI, stroke, and pulmonary embolism.
Detection and localization of the primary thrombus and any sec-
ondary emboli are often critically important for diagnosis and
treatment. As such, there has been considerable interest in the
development of nuclear imaging techniques that could potentially
provide sensitive and specific whole-body detection of thrombi.

Fibrin Imaging
Fibrin is the end-product of the coagulation cascade and is one

of the most widely pursued targets of radiotracers for thrombus
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imaging (46). As fibrin is present in developing and mature
thrombi, and absent from circulating blood, specific detection
relies on target-selective binding to distinguish it from fibrinogen,
its similar, widely circulating precursor (46). Early fibrin-targeted
molecular diagnostic procedures were performed with radiolabeled
fibrinogen and later with radiolabeled antifibrin antibodies and anti-
body fragments. However, the field has since moved in the direction
of fibrin-binding peptides, given their generally more favorable pro-
duction, binding, and pharmacokinetic characteristics. Numerous
fibrin-binding peptides have been developed and labeled for MR,
PET, PET/MR, and SPECT imaging in preclinical thrombosis mod-
els (46–48). One such fibrin-targeted PET radiotracer, 64Cu-labeled
fibrin-binding probe 8 (64Cu-FBP8), demonstrated highly accurate
carotid artery and femoral vein thrombus detection in rats (97.6%;
95% CI, 92–100) (49). Moreover, the 64Cu-FBP8 signal provided
insight into clot chronicity and composition, as 64Cu-FBP8 uptake
was greater in younger than older clots in both arteries and veins.
This result was corroborated by quantitative histopathology, which
demonstrated an age-dependent reduction in thrombus fibrin content.
64Cu-FBP8 is undergoing clinical investigation to evaluate its effec-
tiveness for left atrial appendage thrombus imaging (NCT03830320)
(50). Initial results demonstrated that 64Cu-FBP8 is metabolically
stable and undergoes rapid bloodstream clearance. In addition, maxi-
mum SUVs in left atrial appendages were significantly greater in
patients with transesophageal imaging–confirmed left atrial append-
age thrombi than those with negative imaging results (median, 4.0
[interquartile range, 3.0–6.0] vs. median, 2.3 [interquartile range,
2.1–2.5]; P , 0.001). 64Cu-FBP8 is also being evaluated clinically
for the detection of deep venous thrombosis and pulmonary embo-
lism (NCT04022915).

Activated Platelet Imaging
Similar to fibrin, activated platelets are essentially present in

large numbers only in developing thrombi and healing wounds
and are thus attractive targets for acute thrombus imaging. The
most common target on activated platelets is glycoprotein IIb/IIIa,
a heterodimeric membrane receptor that, when activated, binds to
von Willebrand factor and to its primary ligand, fibrinogen, to
mediate platelet adhesion and aggregation (51). 99mTc-apcitide is
an early SPECT imaging agent targeting glycoprotein IIb/IIIa that
was approved by the FDA for detection of acute deep venous
thrombosis. However, enthusiasm was ultimately tempered by the
fact that it was not particularly effective for detecting pulmonary
embolism (52). 18F-glycoprotein 1 (GP1) is an 18F-labeled deriva-
tive of the small-molecule glycoprotein IIb/IIIa antagonist

elarofiban (53–55). The binding of 18F-GP1 to glycoprotein IIb/
IIIa is highly specific and appears to be minimally affected by aspi-
rin or heparin treatment (55). In preliminary clinical evaluations,
18F-GP1 demonstrated the ability to identify thrombotic lesions in
patients with acute deep venous thrombosis or pulmonary embo-
lism (53), acute arterial thrombi (54), bioprosthetic valve thrombi
(56), left atrial appendage thrombi (56), jugular vein thrombi (56),
and left ventricular assist device thrombi (Fig. 4) (56). However,
18F-GP1’s vessel-level detection rate of pulmonary embolism
was significantly lower than that for deep venous thrombosis
(60% vs. 89%, P, 0.001), a finding that may relate to lower levels
of activated platelets in older, embolic thrombi or inhibition of plate-
let activation in the setting of large pulmonary embolism (53). Fur-
ther evaluation of 18F-GP1 in various clinical settings, including
acute deep venous thrombosis (NCT04156230) and bioprosthetic
valve thrombosis (NCT04073875), is in progress.

Factor XIIIa Imaging
Factor XIIIa is an activated enzyme that crosslinks fibrin during

the terminal step of the coagulation pathway and is thus another
molecular target for imaging of thrombosis (57). Several factor
XIIIa–targeted radiotracers based on a2-antiplasmin, a substrate of
factor XIIIa in the transglutaminase crosslinking reaction, have been
evaluated in preclinical models. 18F-ENC2015 is a fluorescent and
positron-emitting factor XIIIa-targeting probe that has demonstrated
rapid, selective binding to thrombi in initial preclinical carotid artery
thrombosis models (58). Ultimately, information on the sensitivity of
ENC2015 and other tracers to small foci of thrombosis, their effec-
tiveness in the presence of antiplatelet and anticoagulant agents, and
their ability to differentiate between active and chronic thrombi will
be key to their acceptance as clinical tools.

RADIOTRACERS FOR CARDIOVASCULAR FIBROSIS IMAGING

Tissue fibrosis is a consequence of dysregulated repair responses
to various types of injury. Excessive extracellular matrix deposition
(mainly collagen) leading to interstitial or replacement fibrosis is the
result of dysregulated fibroblast activation and myofibroblast trans-
formation. Inflammation, activation of transforming growth factor b,
focal secretion of other cytokines, and MMP activation drive this
process (59). In the myocardium, fibrosis can lead to cardiac dys-
function and serve as a nidus for arrhythmias (60). The burden of
myocardial fibrosis related to nonischemic cardiomyopathy and myo-
cardial injuries from MI, cytotoxic chemotherapy or radiation, and
inflammatory or immune-mediated conditions (e.g., myocarditis) has

FIGURE 3. 99mTc-RYM1 imaging of AAA. (A) Comparison of blood clearance of 99mTc-RYM1 and 99mTc-RP805 in mice. (B) Examples of fused
99mTc-RYM1 SPECT/CT images of AAA in angiotensin II–infused mice at 4 wk after aneurysm induction. Arrows point to tracer uptake in AAA on axial
(left), coronal (middle), and sagittal (right) views. (C) Aortic 99mTc-RYM1 signal in vivo correlates well with MMP activity quantified by ex vivo zymography.
%ID5 percentage injected dose; AU5 arbitrary units; cpv5 counts per voxel; p.i.5 after injection. (Reprinted from (38).)
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prognostic value for cardiovascular outcomes (61,62). Fibrosis also
plays a key role in the pathogenesis of vascular diseases such as
atherosclerosis (63). Given the association between fibrous cap thick-
ness and vulnerability to plaque rupture, the evaluation of collagen
content in atherosclerotic plaques may inform on plaque stability.
However, the spatial resolution of current nuclear imaging modalities
and the presence of fibrosis elsewhere within the vessel wall are
major impediments to this approach.
Classic nuclear cardiology studies such as myocardial perfusion

imaging and viability testing allow for indirect assessment of cardiac
fibrosis through detection of scar tissue. Measurement of delayed
gadolinium enhancement by MRI is another means of assessing
myocardial fibrosis. However, these techniques are not sufficiently
sensitive for detecting early stages of fibrosis and cannot distinguish
between active fibrosis (fibrogenesis) and stable fibrosis or scar. In
addition, they provide no information on collagen turnover, which is
a target of emerging therapeutic interventions to treat fibrosis (64).
Molecular imaging may provide a noninvasive means to monitor
and quantify the presence of active fibrosis and determine the effi-
cacy of therapeutics targeting fibrotic processes.

Fibroblast Activation Protein (FAP) Imaging
FAP, a type II transmembrane glycoprotein with collagenase

activity, has recently emerged as a promising target for fibrogenesis
imaging. This marker of fibroblast activation is not detectable in
most healthy adult tissues but can be upregulated in pathologic
states such as cancer, atherosclerosis, arthritis, and tissue fibrosis
(65). FAP’s overexpression in human tumors and documented role
in promoting tumor growth in animal models have led to its evalua-
tion as a diagnostic and therapeutic target in ongoing oncologic
clinical trials (NCT04147494 and NCT04554719). In parallel, FAP-
targeted tracers are emerging as potential tools for imaging fibro-
blast activation and fibrosis in other settings, such as cardiovascular
disease. 68Ga-FAP inhibitor (FAPI)–04 PET imaging in a rodent
model of MI has shown significantly increased tracer uptake in
injured myocardium 6 d after coronary ligation, with immunohisto-
chemistry and autoradiography demonstrating that the PET signals
corresponded to FAP-positive myofibroblasts concentrated in the
infarct border zones (66). Cardiac expression of FAP has also
been studied indirectly in cancer patients undergoing 68Ga-FAPI
PET imaging. In one study, left ventricular uptake of 68Ga-FAPI

correlated strongly with reduced ejection
fraction by univariate analysis (r2 5 0.74,
P , 0.01) and had weaker, but significant,
correlations with age (r2 5 0.15, P 5 0.04)
and the presence of coronary artery disease
(r2 5 0.16, P5 0.03) (Fig. 5) (67). Another
study demonstrated that left ventricular
68Ga-FAPI uptake correlated with the pres-
ence of cardiovascular risk factors such as
overweight status (odds ratio, 2.6; P 5

0.023), type 2 diabetes (odds ratio, 2.9; P 5

0.041), and histories of platinum-based che-
motherapy (odds ratio, 3.0; P 5 0.034) and
chest radiation (odds ratio, 3.5; P 5 0.024)
(68). Finally, a retrospective analysis of
68Ga-FAPI PET/CT images obtained for
noncardiovascular indications showed that
focal arterial uptake of the tracer correlated
negatively with calcification (r 5 20.27,
P , 0.01) (69). Several ongoing clinical

trials seek to establish the role of FAPI imaging to detect post-MI
cardiac fibrosis (NCT04803864, NCT04723953).

Extracellular Matrix Imaging
Collagens, especially types I and III, constitute the bulk of fibrotic

tissue and accordingly have been used as targets for imaging of fibro-
sis. Several SPECT and PET tracers that target different types of
collagen, including 99mTc-collagelin (70), 68Ga-collagelin (71), 64Cu-
collagen-binding probe (CBP) 7 (72), and 64Cu-CBP8 (73), have
been used in animal and human studies to evaluate fibrosis. However,
there are only a few reports of using these tracers in the cardiovascu-
lar system. For instance, in a rat model of MI, 99mTc-collagelin tracer
uptake occurred in areas of histologically confirmed fibrosis (70).
Additional studies are needed to establish the utility of these radio-
tracers for cardiovascular fibrosis imaging. Given the role of MMPs
in extracellular matrix remodeling, MMP-targeted imaging may also
provide valuable information on fibrotic processes in cardiovascular
disease.

18F-NAF PET IMAGING OF CARDIOVASCULAR
CALCIFICATION

Ectopic calcification in arteries and cardiac valves is driven by
osteoblastic differentiation of vascular smooth muscle cells and
valvular interstitial cells. The role of calcification in cardiovascular

FIGURE 4. Thrombus detection via 18F-GP1 PET/CT. (A–F) Axial (A and B), coronal (C and D), and
parasagittal (E and F) unenhanced CT (top) and corresponding 18F-GP1 PET/CT images (bottom)
demonstrating bioprosthetic valve (BPVT), left atrial appendage (LAA), and left jugular vein thrombo-
ses (jv). (G) Anterior maximum-intensity-projection 18F-GP1 PET image showing distribution of tracer
in this patient. (Reprinted from (56).)

FIGURE 5. Detection of cardiac fibroblast activation via 68Ga-FAPI PET/
CT. Transaxial images of 68Ga-FAPI PET (A) and 68Ga-FAPI PET/CT (B)
demonstrate left ventricular radiotracer uptake in patient with papillary thy-
roid cancer. (Reprinted from (67).)
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pathology is complex and context-dependent. In coronary arteries,
microcalcification is considered a classic feature of vulnerable pla-
que that is prone to rupture, whereas macrocalcification may be
associated with plaque stability (74). In valvular disease, calcifica-
tion directly contributes to the development of valvular dysfunc-
tion. Accordingly, there is potential value in detecting calcification
as a diagnostic and possibly prognostic tool in cardiovascular dis-
ease. Although CT can detect established, macroscopic foci of cal-
cification, 18F-NaF PET has recently emerged as a promising tool
to detect the process of calcification. Fluoride binds to hydroxyap-
atite in calcified tissue through an exchange process with hydroxyl
groups. Microcalcifications have greater surface area per mass for
18F-NaF binding than do macrocalcifications and thus tend to pro-
duce more intense signals (74). Recent studies have shown greater
uptake of 18F-NaF in culprit plaques after recent acute coronary
syndrome (75), and a post hoc analysis of several observational
studies showed that global estimates of coronary 18F-NaF signals
in patients with known coronary artery disease may predict future
risks of MI (76). Ongoing studies such as the Prediction of Recur-
rent Events with 18F-Fluoride (PREFFIR, NCT02278211) should
further clarify the role of 18F-NaF PET imaging in determining
risk for future cardiovascular events.

18F-NaF PET has also demonstrated potential clinical utility for
imaging of valvular calcification. In patients with calcific aortic valve
stenosis and mitral annular calcification, valvular 18F-NaF PET sig-
nals have been shown to correlate with the severity of calcification
detected by CT. Moreover, 18F-NaF PET signals on valves have
been shown to predict the development of macroscopic calcification
several years before detection on CT (77–79), and greater 18F-NaF
PET signals have been linked to faster progression of calcification,
although not independently of baseline CT-derived calcium scoring
(77). Several recent comprehensive reviews provide more detailed
discussions of the potential of 18F-NaF PET for studying cardiovas-
cular pathophysiology and assessing vascular (carotid and coronary
artery atherosclerosis, abdominal aortic aneurism) and valvular dis-
eases and their responses to therapy (80,81).

RADIOTRACERS FOR CARDIAC AMYLOIDOSIS IMAGING

Amyloidosis affects multiple organ systems through extracellu-
lar accumulation of amyloid fibrils. These insoluble fibrils form as
the result of misfolding and aggregation of various precursor pro-
teins, many of which are normal constituents of plasma. Cardiac
involvement is common in the 2 most prevalent forms of amyloid-
osis, transthyretin amyloidosis (ATTR) and immunoglobulin light-
chain amyloidosis (AL). Nuclear imaging has emerged to play a
key role in the diagnosis of ATTR and AL cardiomyopathies.
Early and accurate detection of these conditions is important given
the availability of effective but time-sensitive treatments.
ATTR cardiomyopathy can be diagnosed noninvasively through

semiquantitative analysis of planar or SPECT images using 99mTc-
labeled bisphosphonate derivatives that were initially developed
for bone imaging. 99mTc-pyrophosphate is used most in the United
States, whereas 99mTc-hydroxymethylene diphosphonate (99mTc-
HMDP) and 99mTc-3,3-diphosphono-1,2-propanodicarboxylic acid
(99mTc-DPD) are more commonly used in Europe. These radio-
tracers are generally considered to have similar diagnostic perfor-
mance, although direct comparisons are limited. In a multicenter
study of patients with suspected amyloid cardiomyopathy, pooled
scintigraphy data using these 3 radiotracers demonstrated that the
presence of myocardial radiotracer uptake was more than 99%

sensitive and 86% specific for histologically confirmed ATTR,
with false-positives related almost exclusively to low-level uptake
in the setting of AL (82). Notably, the combination of grade 2 and
3 scintigraphic uptake and negative urine or serum monoclonal
protein analysis had a specificity and positive predictive value for
ATTR of 100%.
PET radiotracers that were initially developed for imaging of

brain amyloid plaques related to Alzheimer disease have been
evaluated for the detection of cardiac amyloidosis. In initial stud-
ies, 11C-Pittsburgh compound B (83), 18F-florbetapir (84), and
18F-florbetaben (85) have demonstrated potential diagnostic utility
for detecting both AL and ATTR cardiomyopathies. 18F-flutemeta-
mol, an 18F-based analog of 11C-Pittsburgh compound B, has also
been studied for cardiac amyloid imaging, although more recent
work has raised questions about its sensitivity (86). 18F-florbetapir
and 18F-florbetaben are currently undergoing evaluation in clinical
trials. In all, quantitative PET-based approaches for imaging car-
diac amyloidosis may provide additional benefits beyond diagno-
sis, such as correlating amyloid burden with prognosis (83) or
responses to novel disease-modifying treatments (85). Because of
the short half-life of 11C, which restricts its use to centers with on-
site cyclotrons, 18F-based agents have greater potential for large-
scale clinical use.

CONCLUSIONS AND FUTURE PERSPECTIVES

Molecular imaging is anticipated to play an increasingly more
prominent role in clinical cardiovascular medicine. Although many
radiotracers with potential cardiovascular applications have been eval-
uated in preclinical and clinical studies, only a select few to date have
advanced to mainstream clinical usage. Aside from the technical and
performance-related requirements of radiotracer development, clinical
implementation requires clear definition of their diagnostic roles and
demonstration of added value beyond existing clinical imaging techni-
ques. Moreover, the clinical market for emerging radiotracers must be
large enough to justify their initial research and development costs, an
issue that may be addressed by targeting key, common biologic pro-
cesses rather than specific diseases. Although these factors seemingly
pose formidable barriers, the demand for new radiotracers is increas-
ing because of evolving trends in medicine toward molecular charac-
terization and personalized therapies. Technical advances in areas
such as radiotracer chemistry, instrumentation, and data analysis are
facilitating radiotracer development to address the numerous unmet
clinical needs.
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Despite the feminization of the medical workforce, women do not have
the same career perspectives asmen. In nuclear medicine, little informa-
tion is available on the sex gap regarding prominent author positions in
scientific articles. Therefore, the purpose of this study was to evaluate
recent trends in the sex distribution of first and last authorship of articles
published in nuclear medicine journals.Methods:We conducted a bib-
liometric analysis of first and last author sex of articles published from
2014 to 2020 in 15 nuclear medicine journals. Manuscript title, article
type, journal impact factor, date of publication, and first and last name
and country of provenance of first and last authors were noted. The
Gender API software was used to determine author sex. All statistics
were descriptive. Results: Women represented 32.8% of first authors
and 19.6% of last authors. Female authorship increased from 28.2%
(428 of 1,518 articles) in 2014 to 35.5% (735 of 2,069 articles; relative
increase, 72%) in 2020 (P , 0.001) for first authors and from 15.6%
(237 of 1,518 articles) in 2014 to 20.5% (424 of 2,069 articles; relative
increase, 79%) in 2020 (P , 0.001) for last authors. Parity was forecast
for 2035 for first authors and 2052 for last authors. Female authorship
increased in Europe for first authors (P 5 0.014) and last authors (P ,

0.001), in high-ranking journals for first authors (P 5 0.004) and last
authors (P , 0.001), and in other journal ranks for last authors (P 5

0.01). Female first and last authorship rose for original articles (P5 0.02
and P5 0.01, respectively) and case reports (P, 0.001 and P5 0.002,
respectively). Regarding collaborations, the proportion of articles pro-
duced by male first and last authors decreased from 62.2% in 2014 to
52.9% in 2020 in favor of female first and last authors (odds ratio, 1.07;
P , 0.001), male first and female last authors (odds ratio, 1.05; P ,

0.001), and female first and male last authors (odds ratio, 1.03; P ,

0.001).Conclusion: Female first and last authorship in nuclear medicine
journals increased substantially from 2014 to 2020, in particular in high-
ranking journals, in Europe, and for original articles and case reports.
Male-to-male collaborations decreased by 10% in favor of all other col-
laborations. Parity can be foreseen in a few decades.

KeyWords: physicians; women; authorship; nuclearmedicine
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Despite efforts to offset the tendency, sex gaps and prejudices
broadly persist in modern-day society, and despite the feminiza-
tion of the workforce in medicine, women do not have the same
career perspectives or pay as men (1–4). In the field of medical
imaging, the pipeline to the top positions has been described as
leaky for female talent, and leadership positions are held predomi-
nantly by men (5–10).
Regarding nuclear medicine, the literature on the sex gap and

sex-related career challenges is scarce. A recent study reported the
underrepresentation of women in academic and leadership posi-
tions compared with men in North America and Canada, despite
equal academic performance (11). In Europe, a 2007 membership
survey of the European Association of Nuclear Medicine showed
that one third of physicians were women, with an increasing per-
centage of female physicians over time and at a younger age (12).
However, the sex distribution varied widely between countries,
and the evolution of the sex gap in nuclear medicine over time and
higher on the career ladder has received little attention.
As scientific publishing is a key factor for career advancement,

trends in the sex distribution of prominent author positions may
reflect future evolution of women toward leadership positions.
Therefore, the main objective of the current study was—through a
descriptive bibliometric analysis—to evaluate recent trends in the
sex distribution of the most prestigious author positions, that is,
first and last authorship, in articles published in anglophone
nuclear medicine journals from 2014 to 2020.

MATERIALS AND METHODS

This study was exempt from local institutional review board approval.
We performed a PubMed search for 2014 to 2020 to retrieve all

articles published in the 15 purely anglophone nuclear medicine jour-
nals in the “Radiology, Nuclear Medicine, and Medical Imaging” cate-
gory of the Journal Citation Reports 2019: Journal of Nuclear
Medicine, European Journal of Nuclear Medicine and Molecular
Imaging, Clinical Nuclear Medicine, Seminars in Nuclear Medicine,
Journal of Nuclear Cardiology, Molecular Imaging and Biology,
Molecular Imaging, EJNMMI Research, Annals of Nuclear Medicine,
EJNMMI Physics, Nuclear Medicine and Biology, Contrast Media &
Molecular Imaging, Quarterly Journal of Nuclear Medicine and Molec-
ular Imaging, Nuclear Medicine Communications, and Hellenic Jour-
nal of Nuclear Medicine. The bibliographic references of all articles
were imported into the bibliographic data management software End-
note. An import filter was created to add the following PubMed biblio-
graphic data to the usual bibliographic fields: publication date, first
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and last name of all authors, affiliation addresses, and article type.
This dataset was exported to Excel, and the following variables were
recorded for each entry: manuscript title, publication year, first and
last name of the first and last authors, article type, journal impact fac-
tor according to the Journal Citation Reports 2019, and country of
provenance of first and last authors. The Gender API software (https://
gender-api.com/) was used to determine the sex of the first and last
authors. Performance metrics of this software can be found elsewhere
(13). The date of censoring for 2020 was February 24, 2021. Preprints
of 2020 were excluded. In the event of missing data, entries were
excluded, as were entries with a single author. The following article
types were excluded: “Published Erratum,” “Retracted Publication,”
“News,” “Lecture,” “Historical Article,” “Biography,” “Portrait,”
“Introductory Journal Article,” and “English Abstract.”

The main aim of the study was to analyze the evolution of the per-
centages of female first and last authorship over the study period. Sec-
ondary aims were to forecast the year in which parity will be attained
for first and last authors; to evaluate sex distributions according to
continent, journal rank, and article type; and to evaluate collaborations
between the sexes. For the analysis of author sex according to prove-
nance, countries were classified according to continent. For the analy-
sis of author sex according to journal rank, references were classed as
high-ranking (journal impact factor, 7.887–6.622) or others (journal
impact factor, 3.544–0.982). For the analysis of author sex according
to article type, references were categorized as original article, review,
case report, and editorial/letter. References tagged solely as “Journal
Article” by PubMed were categorized as original article.

Collaboration between first and last author sex was explored by
classifying articles in the 4 following categories: male first and last
authors, female first and male last authors, male first and female last
authors, and female first and last authors.

All statistics were descriptive. Fisher exact tests were used to ana-
lyze the distribution of female authorship from 2014 to 2020. Linear
regression was used to forecast the year in which parity for first and
last authorship will be reached. A multinomial logistic regression
model was constructed to measure the evolution of the distribution of
collaborations over time, in which male first and male last authorship
was considered the reference. Graphic and statistical analyses were
performed on XLSTAT Software (XLSTAT 2007: Data Analysis and
Statistical Solutions for Microsoft Excel; Addinsoft, 2017) and R Soft-
ware (version 4.0.2). For all statistical tests, a 2-tailed P value of less
than 0.05 was considered statistically significant.

RESULTS

Data Characteristics
In total, 15,720 references were imported, of which 12,450

(79.2%) fulfilled the article type criteria and presented complete
data regarding first and last author sex and provenance. Data char-
acteristics are presented in Table 1.

First Authors
Overall, 4,082 of 12,450 (32.8%) first authors were female

(Table 1). Female first authorship increased over time from 428 of
1,518 (28.2%) in 2014 to 735 of 2,069 (35.5%) in 2020 (P , 0.001)
(Fig. 1), representing a relative increase of 72% in 7 y (1307 articles).
At this rate, parity was forecast for 2035 (Fig. 1). Conversely, male first
authorship increased by 22% between 2014 and 2020 (1244 articles).
Detailed absolute numbers of articles for each year between 2014 and
2020 for female and male first authors are depicted in Figure 2.
Regarding the geographic provenance of first authors, 12,054 of

12,450 (96.8%) articles came from 3 continents: Asia (3,370 of
12,450 [27.1%]), Europe (5,699 of 12,450 [45.8%]), and North

America (2,985 of 12,450 [24.0%]). Data from Africa, Oceania,
and South America were insufficient to be included in the analysis
and can be found in Supplemental Figure 1 (supplemental materi-
als are available at http://jnm.snmjournals.org). In Europe, female
first authorship increased from 232 of 700 articles (33.1%) in
2014 to 385 of 910 articles (42.3%) in 2020 (P 5 0.014). In Asia

TABLE 1
Data Characteristics

Variable Data

Number of publications 12,450

Year

2014 1,518 (12.2)

2015 1,594 (12.8)

2016 1,783 (14.3)

2017 1,869 (15)

2018 1,660 (13.3)

2019 1,957 (15.7)

2020 2,069 (16.6)

First-author sex

Female 4,082 (32.8)

Male 8,368 (67.2)

First-author continent

Africa 64 (0.5)

Asia 3,370 (27.1)

Europe 5,699 (45.8)

North America 2,985 (24.0)

Oceania 211 (1.7)

South America 121 (1.0)

Last-author sex

Female 2,445 (19.6)

Male 10,005 (80.4)

Last-author continent

Africa 62 (0.5)

Asia 3,290 (26.4)

Europe 5,638 (45.3)

North America 3,135 (25.2)

Oceania 217 (1.7)

South America 108 (0.9)

Journal rank*

High-ranking 6,205 (49.8)

Others 6,245 (50.2)

Article type

Original article 8,612 (69.2)

Review 1,017 (8.2)

Case report 2,394 (19.2)

Editorials/letters 427 (3.4)

*High-ranking 5 impact factor of 7.887–6.622; others 5 impact
factor of 3.544–0.982.

Data are number followed by percentage.
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and North America, percentages of female first authorship per
year did not significantly differ from 2014 to 2020 (P 5 0.06 and
P 5 0.15, respectively) (Fig. 3A).
Regarding journal rank, percentages of female first authorship in

high-ranking journals increased from 240 of 847 articles (28.3%) in
2014 to 371 of 1,015 articles (36.6%) in 2020 (P5 0.004). No changes
were observed for the other journal ranks (P5 0.11) (Fig. 3C).
Regarding article type, female first authorship increased for

original articles from 338 of 1,116 articles (30.3%) in 2014 to 516
of 1,428 articles (36.1%) in 2020 (P 5 0.03) and for case reports
from 64 of 288 articles (22.2%) in 2014 to 153 of 389 articles
(39.3%) in 2020 (P , 0.001). No change was observed for
reviews or editorials/letters over time (P 5 0.08 and 0.48, respec-
tively). Female first authors were underrepresented in the category
editorial/letters (Fig. 3E).

Last Authors
Overall, 2,445 of 12,450 (19.6%) last authors were female

(Table 1). Female last authorship increased over time from 237 of

1,518 (15.6%) in 2014 to 424 of 2,069 (20.5%) in 2020, represent-
ing a relative increase of 79% (1187 articles), with a peak of
21.8% in 2017 (P , 0.001) (Fig. 1). Parity was forecast for 2052
(Fig. 1). Conversely, male first authorship increased by 28%

between 2014 and 2020 (1364 articles).
Detailed absolute numbers of articles for
each year between 2014 and 2020 for
female and male last authors are depicted
in Figure 2.
Regarding the geographic provenance of

last authors, 12,063 of 12,450 (96.9%)
articles again came from 3 continents: Asia
(3,290 of 12,450 [26.4%]), Europe (5,638
of 12,450 [45.3%]), and North America
(3,135 of 12,450 [25.2%]). Data from
Africa, Oceania, and South America can
be found in Supplemental Figure 1. In
Europe, female last authorship increased
from 126 of 693 articles (18.2%) in 2014
to 208 of 906 articles (23.0%) in 2020,
with a peak of 25.5% in 2017 (P , 0.001).
In Asia and North America, percentages of
female last authorship per year did not sig-
nificantly differ from 2014 to 2020 (P 5

0.06 and P 5 0.46, respectively) (Fig. 3B).

FIGURE 1. Female authorship increased from 28.2% in 2014 to 35.5%
in 2020 (P , 0.001) for first authors and from 15.6% in 2014 to 20.5% in
2020 (P , 0.001) for last authors. For female last authors, peak of 21.8%
was observed in 2017. Linear forecasts show that at current rate, parity is
predicted in 2035 for first authors and in 2052 for last authors.

FIGURE 2. Absolute numbers of articles for female and male first and last authors from 2014 to
2020. Articles by female first authors increased from 428 of 1,518 in 2014 to 735 of 2,069 in 2020,
whereas articles by male first authors increased from 1,090 of 1,518 in 2014 to 1,334 of 2,069 in 2020.
Articles by female last authors increased from 237 of 1,518 in 2014 to 424 of 2,069 in 2020, whereas
articles by male last authors increased from 1,281 of 1,518 in 2014 to 1,645 of 2,069 in 2020.

FIGURE 3. Percentage of female first authorship from 2014 to 2020
according to continent of provenance (A), journal rank (C), and article type
(E), and percentage of female last authorship from 2014 to 2020 according
to continent of provenance (B), journal rank (D), and article type (F). Bold
values are statistically significant. Journals were ranked according to
impact factor: high-ranking (impact factor, 7.887–6.622) or others (impact
factor, 3.544–0.982).
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Regarding journal rank, female last authorship increased in
high-ranking journals from 135 of 847 articles (15.9%) in 2014 to
211 of 1,015 articles (20.8%) in 2020, with a peak of 24.6% in
2018 (P , 0.001) and in other-ranking journals from 102 of 671
articles (15.2%) in 2014 to 213 of 1,054 (20.2%) in 2020 (P 5
0.013) (Fig. 3D).
Regarding article type, female last authorship increased from

170 of 1,116 articles (15.2%) in 2014 to 262 of 1,428 articles
(18.3%) in 2020 (P 5 0.01) for original articles and from 51 of
288 articles (17.7%) in 2014 to 104 of 389 articles (26.7%) in
2020 for case reports, with a peak of 29.7% in 2018 (P 5 0.002).
No change was observed for reviews or editorials/letters (P 5
0.10 and 0.49, respectively) (Fig. 3F).

Collaborations
Assuming a linear evolution of outcomes over the study period

and the year as a continuous factor, we observed a decrease in the
proportion of articles produced by male first and last authors in
favor of female first and last authors (odds ratio, 1.07; P , 0.001),
male first and female last authors (odds ratio, 1.05; P , 0.001),
and female first and male last authors (odds ratio, 1.03; P ,
0.001). Indeed, 944 of 1,518 articles (62.2%) were produced by
male first and last authors in 2014, and 1,094 of 2,069 (52.9%) in
2020. On the other hand, there was an increase in the proportion
of articles produced by female first and male last authors from 337
of 1,518 articles (22.2%) in 2014 to 551 of 2,069 (26.6%) in 2020,
by female first and last authors from 91 of 1,518 articles (6%) in
2014 to 184 of 2,069 (8%) in 2020, and by male first and female
last authors from 146 of 1,518 articles (9.6%) in 2014 to 240 of
2,069 (11.6%) in 2020 (Fig. 4).

DISCUSSION

There was a marked sex gap in first and particularly last author-
ship of articles published in nuclear medicine journals from 2014
to 2020. Women’s representation increased over time from 28.2%
to 35.5% (P , 0.001) for first authors and from 15.6% to 20.5%
for last authors, with a peak of 21.8% in 2017 (P , 0.001).

Relative increases of 72% and 79% for female first and last
authorship, respectively, were observed between 2014 and 2020.
Parity was predicted in 2035 for first authors and in 2052 for last
authors. A significant increase in female first and last authorship
was observed in Europe and for publications in high-ranking jour-
nals. Female participation increased in original articles and case
reports but not in reviews or editorials/letters. The proportion of
articles produced by male first and last authors decreased by 10%
in favor of all other collaborations.
To our knowledge, this was the first exhaustive bibliometric

analysis of author sex in a wide spectrum of anglophone nuclear
medicine journals over several years. Similar sex gaps in author-
ship have been reported in other domains of medicine and the
STEM (science, technology, engineering, mathematics) sciences
(4,14,15). For example, in 2018 Bendels et al. reported 33.1%
female first and 18.1% female last authorship in high-quality
research in 54 journals listed in the Nature Index in the categories
“Life Science,” “Multidisciplinary,” “Earth and Environmental,”
and “Chemistry” (4).
The lower percentage and rate of increase in female last author-

ship, a senior position, compared with female first authorship
found in our study seem to confirm the presence of an invisible
barrier for women to attain leadership positions: the so-called glass
ceiling. Moreover, female last authorship increased from 2014 to
2017 but plateaued from 2017 to 2020. These findings could fuel
the discussion recently launched by 3 European female nuclear
medicine physicians about the challenges women currently face in
this field dominated by men (16) and the steps that should be taken
to allow female talent to achieve its full potential. Scientific soci-
eties, journal editors and publishing companies, scientific institu-
tions, industry, funding agencies, and governments all have their
role to play in the promotion of female scientific careers and the
creation of a diverse and inclusive research environment. As an
example, Gelardi et al. and Evangelista et al. have recently high-
lighted the underrepresentation of women on editorial boards of
nuclear medicine journals, regardless of the rank within the board
or the geographic provenance of the journal (17,18). Female par-

ticipation varied from 14% to a maximum
of 32%. Because our study shows that 1 in 3
first authors in nuclear medicine are female,
female participation in all ranks of editorial
boards should at least mirror this proportion.
Strategies could be put in place in all the

aforementioned bodies to promote parity,
such as providing transparency on women’s
representation metrics, providing training on
the benefits of diversity in health care, and
even proposing sex quotas just as in politics.
Obviously, those propositions are not mir-
acle solutions for equality, but they are tools
with potentially strong symbolic effects. It is
worth to mention here some successes. The
Athena SWAN Charter and Horizon Europe
within the European Research Area are ex-
amples of initiatives aiming to overcome per-
sisting sex gaps (19,20). Also, within nuclear
medicine societies, several initiatives now
exist such as the EANM Women’s Empow-
erment or the SNMMI Women in Nuclear
Medicine, aiming to promote female net-
works and careers (21,22).

FIGURE 4. Percentage of collaboration between male and female first and last authors for articles
published from 2014 to 2020. Male-to-male collaboration declined over time from 62.2% in 2014 to
52.9% in 2020 in favor of all other collaboration types. OR5 odds ratio.
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Female authors were equally represented among the journal
ranks, and their participation increased for both high-ranking and
other-ranking journals, suggesting that a possible sex bias during
peer review did not result in an unbalanced representation of
women across the journal ranks. However, although female partici-
pation increased for original articles and case reports, it did not
change for reviews and editorials/letters. Furthermore, female first
authors were underrepresented for editorials/letters. The productiv-
ity puzzle comprises many intricate pieces, and explanations for
our findings are probably multifactorial. Sex differences in time
management and publication patterns, thereby taking into account
the cost–benefit ratio of different article types, may partly explain
the unchanged female participation in reviews in favor of an
increased female participation in original articles. Reviews are
time-consuming to write but have less academic value than original
articles in the same journal type. The potential gain in visibility by
publishing a review might thus not be worth the investment when
time is limited. When it comes to case reports, female participation
was large and increased, although the academic value of this article
type is low. Should we consider this a symptom of lower considera-
tion by team leaders rather than a scientific achievement? Another
explanation for our findings might be the invitation that can be
required to write certain article types (8,19). A case-control study
of sex disparities in invited commentaries showed that women had
a 21% lower odds of receiving such an invitation than men despite
having similar experience and that this disparity was greater for
senior researchers (23).
An almost 10% decrease in the proportion of articles with a

male first and last author was observed, in favor of all other col-
laborations. This finding might be due to the feminization of the
workforce or an increased will of senior male team members to
collaborate with female team members. Overall, the increasing
tendency for collaboration with female first and last authors is
encouraging.
This study had some principal limitations: the use of a software

application to assign sex, the relatively short study period from
2014 to 2020 due to the absence of last author provenance on
PubMed before 2014, insufficient data for 3 of the 6 continents,
the absence of nuclear medicine publications outside the 15 jour-
nals analyzed, and the absence of professional or demographic
data on the workforce worldwide, which prevented subgroup anal-
yses or comparisons. Furthermore, there are no available data thus
far on factors that impact career choices and evolutions in nuclear
medicine. Nor are there any data on sex inequity in the nuclear
medicine workforce, such as measures of unconscious bias, sex-
ual/racial harassment, and the sex division of domestic labor
impacting scientific productivity. National and international
nuclear medicine associations could follow in the footsteps of the
European Society for Medical Oncology by conducting a survey
of male and female workers on sex-related challenges (24). Lastly,
2020 was marked by lockdowns due to the coronavirus disease
2019 pandemic. However, a preliminary analysis showed no alter-
ations in the quantity of publications in medical imaging by female
authors during this period (25).

CONCLUSION

Although scientific production in nuclear medicine is no excep-
tion to sex inequity, the absolute numbers and proportions of
female-authored publications substantially increased from 2014 to

2020, thereby narrowing the sex gap. Parity can be foreseen in a
few decades.
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KEY POINTS

QUESTION: What are recent trends in the sex distribution of first
and last authorship for articles published in nuclear medicine
journals?

PERTINENT FINDINGS: Although scientific production in nuclear
medicine is no exception to sex inequity, our bibliometric study
showed a substantial increase in female first and last authorship
for articles published in nuclear medicine journals. We observed a
wider sex gap for last than for first authorship. Although the sex
gap in the authorship of original articles and case reports has nar-
rowed over time, particularly in Europe, parity is still a few deca-
des away.

IMPLICATIONS FOR PATIENT CARE: Diversity, equity, and
inclusion can drive innovation and improve the quality of care for
our diverse patient population.
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Errata

In the article “18F-FDG PET Imaging in Neurodegenerative Dementing Disorders: Insights into Subtype Classification, Emerging
Disease Categories, and Mixed Dementia with Copathologies,” by Minoshima et al. (J Nucl Med. 2022; 63:2S–12S), Figures 4
and 5 were switched. Figure 4 should be Figure 5 and Figure 5 should be Figure 4; the legends are correct. We regret the error.

In the article “Amyloid PET in Dementia Syndromes: A Chinese Multicenter Study,” by Shi et al. (J Nucl Med.
2020;61:1814–1819), the author line neglected to mention that Zhihong Shi, Li-ping Fu, Nan Zhang, and Xiaobin Zhao also con-
tributed equally to this work. The authors regret the error.

In the article “Production and Supply of a-Particle -Emitting Radionuclides for Targeted a-Therapy,” by Radchenko et al. (J Nucl
Med. 2021;62: 1495–1503), affiliation 10 is incorrect. Bayer American Samoa should be Bayer AS. We regret the error.

In the article “177Lu-Prostate-Specific Membrane Antigen Ligand After 223Ra Treatment in Men with Bone-Metastatic Castration-
Resistant Prostate Cancer: Real-World Clinical Experience,” by Sartor et al. (J Nucl Med. 2022;63:410–414), affiliation 9 is incor-
rect. The correct affiliation should be Nuclear Medicine and Radiometabolic Unit, IRCCS Istituto Romagnolo per lo Studio dei
Tumori (IRST) “Dino Amadori”, 47014 Meldola, Italy. The authors regret the error.
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18F-FDG PET Improves Baseline Clinical Predictors of
Response in Diffuse Large B-Cell Lymphoma: The
HOVON-84 Study
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We aimed to determine the added value of baseline metabolic tumor
volume (MTV) and interim PET (I-PET) to the age-adjusted interna-
tional prognostic index (aaIPI) to predict 2-y progression-free survival
(PFS) in diffuse large B-cell lymphoma. Secondary objectives were to
investigate optimal I-PET response criteria (using Deauville score [DS]
or quantitative change in SUVmax [DSUVmax] between baseline and
I-PET4 [observational I-PET scans after 4 cycles of rituximab, cyclo-
phosphamide, doxorubicin, vincristine, and prednisone administered
in 2-wk intervals with intensified rituximab in the first 4 cycles [R(R)-
CHOP14]).Methods: I-PET4 scans in the HOVON-84 (Hemato-Onco-
logie voor Volwassenen Nederland [Haemato Oncology Foundation
for Adults in the Netherlands]) randomized clinical trial (EudraCT
2006-005174-42) were centrally reviewed using DS (cutoff, 4–5). Addi-
tionally, DSUVmax (prespecified cutoff, 70%) and baseline MTV were
measured. Multivariable hazard ratio (HR), positive predictive value
(PPV), and negative predictive value (NPV) were obtained for 2-y PFS.
Results: In total, 513 I-PET4 scans were reviewed according to DS,
and DSUVmax and baseline MTV were available for 367 and 296
patients. The NPV of I-PET ranged between 82% and 86% for all PET
response criteria. Univariate HR and PPV were better for DSUVmax

(4.8% and 53%, respectively) than for DS (3.1% and 38%, respec-
tively). aaIPI and DSUVmax independently predicted 2-y PFS (HR, 3.2
and 5.0, respectively); adding MTV brought about a slight improve-
ment. Low or low-intermediate aaIPI combined with a DSUVmax of
more than 70% (37% of patients) yielded an NPV of 93%, and the
combination of high-intermediate or high aaIPI and a DSUVmax of
70% or less yielded a PPV of 65%. Conclusion: In this study on dif-
fuse large B-cell lymphoma, I-PET after 4 cycles of R(R)-CHOP14
added predictive value to aaIPI for 2-y PFS, and both were indepen-
dent response biomarkers in a multivariable Cox model. We externally
validated that DSUVmax outperformed DS in 2-y PFS prediction.

KeyWords: DLBCL; PET; Deauville score; DSUVmax; metabolic tumor
volume

J Nucl Med 2022; 63:1001–1007
DOI: 10.2967/jnumed.121.262205

Diffuse large B-cell lymphoma (DLBCL) is the most common
subtype of non-Hodgkin lymphoma, characterized by an aggressive
clinical course. Standard first-line treatment consists of rituximab, cyclo-
phosphamide, doxorubicin, vincristine, and prednisone (R-CHOP)
generally administered at 2-wk (R-CHOP14) or 3-wk (R-CHOP21)
intervals.
No significant benefits were shown for R-CHOP14 versus R-

CHOP21 in 2 large randomized clinical trials (1,2). Approximately
25%–40% of DLBCL patients experience relapse or progression in
the first years after diagnosis. This problem underlines the need for
early stratification between good and poor responders (3,4). An
early switch to second-line treatment in poor responders might
improve patient outcomes.
The international prognostic index (IPI) and age-adjusted IPI

(aaIPI), both consisting of baseline clinical characteristics, have
retained prognostic value after the introduction of rituximab (5).
However, these prognostic indices are not widely used for individ-
ual treatment adaptation except for research purposes (6), do not
inform about chemosensitivity, and are unable to identify a sub-
group with survival clearly below 50%. Therefore, a powerful bio-
marker (e.g., imaging characteristics during treatment reflecting
chemosensitivity) of early response is needed. Recently, measure-
ment of baseline metabolic tumor volume (MTV) was reported to
have prognostic value in DLBCL and was suggested as an alterna-
tive to IPI (7,8). Combining MTV with early response assessment
at 18F-FDG interim PET (I-PET) further improved prediction of
progression-free survival (PFS) (7,8). Several operationalizations
of I-PET response criteria have been proposed, such as the visual
5-point Deauville score (DS, with various possible cutoffs) (9) and
quantitative changes in 18F-FDG uptake between baseline and
I-PET (10,11).
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In the HOVON-84 study (Hemato-Oncologie voor Volwassenen
Nederland [Haemato Oncology Foundation for Adults in the Nether-
lands]), DLBCL patients were randomized between R-CHOP14 and
RR-CHOP14 (R-CHOP14 with intensified rituximab in the first
4 cycles) (12). In both arms, observational I-PET was performed after
4 cycles (I-PET4). To our knowledge, this was the first DLBCL ran-
domized clinical trial in which I-PET4 results did not lead to treat-
ment modification, which enables examination of its predictive value.
Our primary objective was to use prespecified cutoffs and meth-

odologies from previous DLBCL studies to validate the potential
added predictive value of baseline MTV and I-PET4 response to
baseline clinical characteristics (aaIPI) for 2-y PFS in DLBCL in
an independent study. A secondary objective was to determine the
optimal I-PET4 response criteria.

MATERIALS AND METHODS

Study Population
Newly diagnosed DLBCL patients included in the HOVON-84 NHL

study (EudraCT2006-005174-42, NTR1014) with I-PET4 were eligible.
For this analysis, we combined the R-CHOP14 and RR-CHOP14 study
arms, as there were no statistically significant outcome differences
between the arms (12). Randomization was stratified for aaIPI score. The
main eligibility criteria of the clinical study are described elsewhere
(12,13). The HOVON-84 study was approved by the institutional review
board of all centers, and participants signed an informed consent form.

Study Design
Patients at least 66 y old received 6 cycles of R-CHOP14 followed

by 2 additional doses of rituximab; patients aged 65 y or less received
8 cycles of R-CHOP14. Baseline PET was highly recommended but
not mandatory. I-PET was performed after 4 cycles of R-CHOP14 or
RR-CHOP14 (without treatment modifications, I-PET4).

Qualitative and Quantitative Image Analysis
Baseline PET scans were analyzed with the semiautomatic ACCU-

RATE tool (Fig. 1) (14) to obtain MTV using a fixed SUV of at least
4.0 (15,16). Continuous MTV values had a nonnormal distribution and
were log-transformed using the natural logarithm. We used both the
continuous and the dichotomized MTV with a prespecified cutoff adopted
from the PETAL study to identify a high-MTV group (.345 cm3) and a
low-MTV group (MTV# 345 cm3) (8).

I-PET4 scans were centrally reviewed by 2 independent reviewers
from a pool of 10 reviewers (13) according to DS criteria (9,17). Dis-
crepancies were resolved by adjudication. DS4–5 was categorized as
no complete metabolic response (PET-positive), and DS1–3 was cate-
gorized as complete metabolic response (PET-negative) (9,17). DS4
was assigned when tumor SUVmax exceeded hepatic SUVmax by fewer
than 3 times, and DS5 was assigned when there were new lymphoma
lesions or when tumor SUVmax was 3 or more times hepatic SUVmax

(9). The accuracy of other DS cutoffs (i.e., 1 vs. 2–5, 1–2 vs. 3–5, and
1–4 vs. 5) for I-PET4 were evaluated in sensitivity analyses.

In patients with a baseline PET scan and an I-PET4 scan with
DS2–5, we measured the change in SUVmax between baseline and
I-PET4 (DSUVmax). For DS1, DSUVmax was set at 100% reduction (9).
We applied a prespecified DSUVmax cutoff of 70% reduction between
baseline and I-PET4 to define a positive (#70%) or negative (.70%)
I-PET result (10).

Statistical Analysis
The primary outcome measure was 2-y PFS, defined as time from ran-

domization to disease progression, relapse, or death from any cause
within 2 y (18). Survival curves were obtained with Kaplan–Meier analy-
ses for PFS stratified by dichotomized PET response criteria and com-
pared with log-rank tests. We used univariate and multivariable Cox
proportional hazards regression models to assess the effects of baseline
clinical factors (aaIPI, age, B symptoms, MTV, sex, treatment arm) and
I-PET4 response criteria (DS, DSUVmax) on 2-y PFS. A backward Wald
elimination procedure was used to test which prognostic factors were
independently associated with 2-y PFS. In addition, 2 3 2 contingency
tables were constructed to calculate diagnostic measures (i.e., sensitivity,
specificity, positive predictive value [PPV], and negative predictive value
[NPV]) to predict 2-y PFS. Sensitivity, specificity, predictive values, uni-
variate hazard ratio (HR), and receiver-operating-characteristic curve
were used to define the optimal I-PET4 response criteria to predict 2-y
PFS. We examined whether the addition of baseline MTV to the multi-
variable Cox model improved prediction. Statistical analyses were per-
formed using SPSS Statistics (version 22; IBM) and R (version 3.6.3).
A P value of less than 0.05 was considered statistically significant.

RESULTS

Study Population
In total, 574 eligible DLBCL patients were included in the HOVON-

84 study; 534 (93%) underwent I-PET4. Twenty-one I-PET4 scans
were not evaluable (Fig. 1). The distribution of
baseline characteristics and 2-y PFS were sim-
ilar for patients with and without baseline
MTV, I-PET4, and DSUVmax evaluations
(Table 1).

Prognostic Value of Baseline aaIPI
and MTV

After a median follow-up of 91 mo (inter-
quartile range, 84–101mo), the estimated 2-y
PFS was 79% (95% CI, 76%–83%). Most
patients belonged to the low-intermediate or
high-intermediate aaIPI groups (35% and
50%, respectively; Table 1). In the Kaplan–
Meier analysis, both low and low-intermedi-
ate aaIPI survival curves and high-intermedi-
ate and high aaIPI survival curves crossed
each other without statistically significant
differences (Supplemental Fig. 1A; supple-
mental materials are available at http://jnm.
snmjournals.org). Dichotomization into low

FIGURE 1. Flowchart of PET scans available for I-PET4, DSUVmax, and baseline MTV analyses.
*PET quality was acceptable when liver SUVmean was 1.3–3.0 and total image activity was between
50%–80% of total injected dose. PD5 progressive disease.
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or low-intermediate and high-intermediate or high yielded a 2-y PFS
of 91% (95% CI, 87%–95%) and 71% (95% CI, 66%–76%), respec-
tively, with a corresponding univariate HR of 3.6 (95% CI, 2.2–5.9;
Supplemental Fig. 1B;Table2).
Of 384 patients who underwent baseline PET, baseline MTV

was measurable in 296 (52%; Fig. 1). The continuous log-trans-
formed MTV had a univariate HR of 1.4 (95% CI, 1.2–1.8; Supple-
mental Table 1). Patients in the low-MTV group (MTV # 345 cm3,
n 5 137; 46%) had a 2-y PFS of 86% (95% CI, 80%–92%)
versus 75% (95% CI, 68%–81%) in the high-MTV group (MTV

. 345 cm3, n 5 159; 54%), with a corresponding univariate HR
of 2.0 (95% CI, 1.1–3.4; Table 2). I-PET and end-of-treatment
PET scans were both available for 474 patients (Supplemental
Table 2), with an overall agreement of 87% (95% CI, 84%–90%).

I-PET4 Analyses
Of 513 I-PET4 scans, 113 (22%) were rated as PET-positive (no

complete metabolic response). Dichotomization of I-PET4 results into
DS4–5 (positive) versus DS1–3 (negative) yielded a 2-y PFS of 61%
(95% CI, 52%–70%) for I-PET4–positive patients and 84% (95% CI,

TABLE 1
Baseline Patient Characteristics

Characteristic I-PET4 DSUVmax MTV

Number of patients 513 (100) 367 (100) 296 (100)

Age at diagnosis (y)

Median 65 (range, 23–80) 65 (range, 23–80) 65 (range, 23–80)

#60 172 (33.5) 123 (33.5) 96 (32.4)

.60 341 (66.5) 244 (66.5) 200 (67.6)

Sex

Male 267 (52.0) 192 (52.3) 150 (50.7)

Female 246 (48.0) 175 (47.7) 146 (49.3)

WHO performance status

0 266 (51.9) 201 (54.8) 165 (55.7)

1 183 (35.7) 118 (32.2) 92 (31.1)

2 61 (11.9) 46 (12.5) 37 (12.5)

Unknown 3 (0.6) 2 (0.5) 2 (0.7)

Ann Arbor stage

II 97 (18.9) 61 (16.6) 52 (17.6)

III 163 (31.8) 113 (30.8) 90 (30.4)

IV 253 (49.3) 193 (52.6) 154 (52.0)

LDH

Normal 171 (33.3) 124 (33.8) 98 (33.1)

.Normal 342 (66.7) 243 (66.2) 198 (66.9)

aaIPI

Low 36 (7.0) 23 (6.3) 21 (7.1)

Low-intermediate 177 (34.5) 127 (34.6) 97 (32.8)

High-intermediate 255 (49.7) 181 (49.3) 150 (50.7)

High 45 (8.8) 36 (9.8) 28 (9.5)

B symptoms

No 297 (57.9) 211 (57.5) 169 (57.1)

Yes 216 (42.1) 156 (42.5) 127 (42.9)

Treatment arm

R-CHOP14 252 (49.1) 186 (50.7) 150 (50.7)

RR-CHOP14 261 (50.9) 181 (49.3) 146 (49.3)

Diagnosis–treatment interval (d)

Median 20 (IQR, 13–28) 20 (IQR, 13–28) 20 (IQR, 14–28)

Range 1–112 1–81 1–81

Baseline PET 384 (74.9) 367 (100) 296 (100)

IQR 5 interquartile range; LDH 5 lactate dehydrogenase; WHO 5 World Health Organization.
Data are number followed by percentage in parentheses, unless indicated otherwise.
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81%–88%) for I-PET4–negative patients (P , 0.001), with a corre-
sponding univariate HR of 3.1 (95% CI, 2.1–4.5; Table 2; Fig. 2A).
Among the patients who experienced a relapse, the median time to
relapse for I-PET4–positiveswas 8.1mo (interquartile range, 4.4–23.2),
versus 18.1mo (interquartile range, 8.3–46.3) for I-PET–negatives. The
corresponding PPV and NPV for 2-y PFS were 38% (95% CI,
30%–47%) and 85% (95%CI, 81%–88%), respectively.

Optimal I-PET4 Response Criterion
For various DS cutoffs, NPVs ranged between 82% and 85%

for I-PET4 (Table 2). PPVs varied widely for different cutoffs
(22%–68%); the highest PPV was seen for the DS5 cutoff in
I-PET4 (68%). Also, the univariate HR of 7.4 was highest for the
DS1–4 cutoff versus DS5, yielding the best separation between
good and poor outcome (Supplemental Fig. 2). However, only 25
of 513 patients (5%) had a DS5.
DSUVmax analysis was feasible in 367 of 574 patients (64%;

Fig. 1). In patients with no more than a 70% DSUVmax reduction
between baseline and I-PET4 (n 5 38, 10%), the 2-y PFS was
47% (95% CI, 31%–63%), versus 83% (95% CI, 78%–87%) for
patients with more than a 70% reduction (Fig. 2B, P , 0.001),
with a univariate HR of 4.8 (95% CI, 2.9–8.0). Corresponding
PPVs and NPVs for 2-y PFS were 53% (95% CI, 37%–68%) and
83% (95% CI, 78%–86%), respectively (Table 2). Repeating these
comparisons in the 296 patients with complete metrics on baseline
MTV yielded similar results (Supplemental Table 3).
PPV and HRs were better for DSUVmax than for the most com-

monly used cutoff, DS4–5 (53% vs. 38% and 4.8 vs. 3.1, respec-
tively). NPV was above 80% for all applied criteria. When
DSUVmax was compared with the most commonly used DS cutoff,
DS4–5, DSUVmax was preferred for prediction of 2-y PFS, but the
highest PPV and HR were found for the DS5 cutoff.

Combined Baseline and I-PET4 Analysis
Statistically significant prognostic factors for 2-y PFS in univari-

ate Cox regression analyses were a DSUVmax of 70% or less, a
high-intermediate or high aaIPI, and B symptoms. In multivariable
analysis, a high-intermediate or high aaIPI and no more than a 70%
reduction in DSUVmax were independently associated with 2-y PFS
(Supplemental Table 4). A low or low-intermediate aaIPI and a
DSUVmax of more than 70% (37% of patients) resulted in an NPV
of 93% (95% CI, 87%–96%), whereas a high-intermediate or high
aaIPI and a DSUVmax of 70% or less (6% of patients) resulted in a
PPV of 65% (95% CI, 45%–81%; Supplemental Fig. 3).
Dichotomized baseline MTV did not add prognostic value to

DSUVmax and aaIPI for prediction of 2-y PFS. When continuous
log-transformed MTV was added to the multivariable Cox model,
aaIPI was eliminated by backward elimination, yielding log-trans-
formed MTV, an age of more than 60 y, B symptoms, and
DSUVmax as factors independently associated with 2-y PFS (Sup-
plemental Table 1).

Overall Survival Analyses
The results of the response criteria and uni- and multivariable

analyses for 2-y overall survival are presented in Supplemental
Tables 5–7 and Supplemental Figure 4.

DISCUSSION

In this multicenter study, DLBCL I-PET after 4 cycles of R(R)-
CHOP14 added predictive value to baseline clinical characteristics
(aaIPI) for 2-y PFS, with high NPVs (82%–86%) independent of all
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I-PET response criteria. However, the PPV was still relatively low.
Combining clinical and PET data showed that aaIPI and DSUVmax

were independently associated with 2-y PFS, with HRs of 3.2 and
5.0, respectively. Adding log-transformed baseline MTV only
slightly improved the predictive value combined with the DSUVmax

response criteria. As a secondary objective, we compared the most
commonly used visual and semiquantitative criteria and externally
validated that DSUVmax criteria were the optimal I-PET4 criteria to
predict 2-y PFS, with a HR of 4.8 and a PPV of 53%.
On the basis of the PPV and univariate HR in I-PET, the DS5 cut-

off performed best, with a PFS clearly below 50% for the DS5
group. However, the percentage of DS5-positive patients was low
(5%), but this group could be of interest for future new therapy strat-
egies. The univariate HR for 2-y PFS with a DS4–5 cutoff in I-PET4
was 3.1 (95% CI, 2.1–4.5), which is similar to the pooled HR of 3.1
(95% CI, 2.5–3.9) in a systematic review, even though in that review
I-PET was performed after 1–4 cycles of treatment and less strict
I-PET response criteria were applied (19). The NPV for 2-y PFS in
our study was 85%, which is in line with these previous studies gen-
erally reporting NPVs above 80% (range, 64%–95%) (19).
Two recent retrospective DLBCL studies analyzed the value of

I-PET after 4 cycles (20,21), and both concluded that DSUVmax had a
higher accuracy and PPV than DS in predicting PFS. The retrospective
study from Itti et al. (n 5 114, I-PET after 2 cycles), who analyzed
different cutoffs for DS after 2 cycles, reported PPVs for DS4–5 and
DSUVmax that were remarkably identical to our study (39% vs. 38%
and 52% vs. 53%, respectively) (22). A DLBCL subgroup analysis of
the PETAL study also reported a more favorable PPV for DSUVmax

I-PET assessment than for Deauville assessment (23).
Baseline clinical characteristics and chemoimmunotherapy sensi-

tivity are both relevant factors in outcome prediction. This rele-
vancy was demonstrated in our multivariable analysis, in which
aaIPI and DSUVmax (reflecting chemosensitivity) were both inde-
pendent predictors of 2-y PFS. Again, the subgroup with both high-
intermediate or high aaIPI and a DSUVmax of 70% or less had a
PFS clearly below 50% but was relatively small (6% of all
patients). Selection of a poor-risk group of only 6% is justified
both from a cost awareness perspective and because it is the group
most likely not be cured by standard treatment. These patients
can be treated within clinical trials investigating the efficacy of
new drugs.

Several relatively small retrospective studies reported inconsis-
tent results regarding associations of clinical characteristics and
I-PET results (DS or DSUVmax) with survival in multivariable
Cox models (7,22,24). Two prospective studies concluded that
only I-PET and not IPI was independently associated with event-
free survival (25,26). The randomized phase III trials PETAL
(I-PET after 2 cycles of R-CHOP21) and CALGB-50303 (I-PET
after 2 cycles R-CHOP21 or DA-EPOCH-R [dose-adjusted etopo-
side, prednisone, vincristine, cyclophosphamide, doxorubicin, and
rituximab]) also concluded that I-PET with DSUVmax (cutoff,
66%) and IPI were independent predictors for event-free survival
and PFS (11,27), respectively.
Baseline MTV assessment was not a strong predictor of 2-y PFS

in our study (Table 2; Supplemental Tables 1, 3, 5, and 7). We
used a segmentation method applying a fixed SUV of at least 4.0,
on the basis of a recent study showing that this method performed
best and had a discriminative power similar to that of other seg-
mentation methods (16). Addition of dichotomized baseline MTV
(345-cm3 cutoff) to DSUVmax did not improve the predictive value,
but log-transformed continuous MTV added some independent pre-
dictive value when combined with DSUVmax. In a secondary analy-
sis of the PETAL randomized clinical trial (DLBCL subset, I-PET
after 2 cycles, same MTV software and methodology as in our
study), baseline MTV and DSUVmax were the only independent
outcome predictors (8,28). We could not confirm these findings;
possible explanations are the different PET timing (HOVON-84:
I-PET4) or patient characteristics (HOVON-84: median age 3 y
higher; advanced stage, 82% vs. 58% in PETAL). We chose a
higher DSUVmax because the PET timing was different (I-PET4 vs.
I-PET2) and to validate a formerly presented cutoff (10,20). This
choice does not explain the difference in added value of MTV,
since the positivity percentages were the same (10.4% vs. 9.6% in
PETAL), as was the 2-y PFS for the positive (46.9% and 46.7%)
and negative (80.2% and 82.5%) groups according to the DSUVmax

criteria for HOVON-84 and PETAL, respectively. Recently, Ver-
cellino et al. showed that a combination of high baseline MTV and
high performance status ($2) identifies an ultra-risk DLBCL popu-
lation (29). We could not confirm this extra risk in our study.
There were several strengths to our study. First, to our knowl-

edge, there are no other large, randomized trials with a homoge-
neous first-line treatment regimen and observational I-PET after 4

FIGURE 2. Kaplan–Meier curves with numbers at risk for PFS in months stratified by I-PET4 result according to DS (A) and according to DSUVmax

result (B).
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R-CHOP14 cycles. Another strength was the central review proce-
dure for Deauville scoring, with 2 independent reviewers and a
strict DS5 definition, which allowed for an analysis to determine
the optimal I-PET4 response criteria (13).
On the basis of the relatively low values for PPV, escalation of treat-

ment for the I-PET4–positive group is not yet recommend for clinical
practice, but evidence in favor of I-PET–adapted treatment is clearly
growing (11,30–32). The GAINED randomized clinical trial (30)
enrolled 670 DLBCL patients (aged 18–60 y, aaIPI$ 1); I-PET2–posi-
tive/I-PET4–negative patients (n5 87) were scheduled to receive high-
dose chemotherapy with autologous stem cell transplantation and had
no statistically significant difference in PFS from the I-PET2–negative/
I-PET4–negative patients (n 5 401) who continued standard treatment.
However, no firm conclusions can be made, because there was no ran-
domization within these I-PET–adapted groups.
Because the NPV is acceptable (.80% for all criteria), reduction

of treatment based on I-PET4 could be of interest, especially for low-
risk and elderly patients. The randomized FLYER trial showed that in
a group of 592 DLBCL patients (aged 18–60 y, no aaIPI risk factors,
no bulky disease), 4 cycles of R-CHOP21 1 2 cycles of rituximab
was not inferior to 6 cycles of R-CHOP21 (6), and in an exploratory
analysis the international GOYA randomized clinical trial found no
PFS benefit with 8 cycles of R-CHOP21 compared with 6 cycles of
R-CHOP21 1 2 cycles of rituximab (31). The S1001 study presented
4 cycles of R-CHOP as the new standard for most patients with lim-
ited-stage disease (32).

CONCLUSION

In this large DLBCL study, I-PET after 4 cycles of R(R)-
CHOP14 added predictive value to aaIPI for 2-y PFS, and both
were independent response biomarkers in a multivariable Cox
model, yielding a high NPV of 93% for 2-y PFS. Comparing the
most commonly used DS and DSUVmax cutoffs, the optimal
response criterion for I-PET4 to predict 2-y PFS was DSUVmax.
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KEY POINTS

QUESTION: What value do baseline MTV and I-PET add to aaIPI
in predicting 2-y PFS in DLBCL, and what are the optimal I-PET
response criteria?

PERTINENT FINDINGS: aaIPI and DSUVmax were independent
predictors for 2-y PFS in DLBCL. Six percent of patients had a
high PPV of 65% resulting in poor survival outcome. DSUVmax

outperformed Deauville score in 2-y PFS prediction.

IMPLICATIONS FOR PATIENT CARE: The subgroup comprising
the 6% of patients having a high or high-intermediate aaIPI and a
70% or less SUVmax reduction at I-PET is of interest for testing
new therapy strategies in DLBCL.
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Molecular Signature of 18F-FDG PET Biomarkers in Newly
Diagnosed Multiple Myeloma Patients: A Genome-Wide
Transcriptome Analysis from the CASSIOPET Study
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The International Myeloma Working Group recently fully incorporated
18F-FDG PET into multiple myeloma (MM) diagnosis and response
evaluation. Moreover, a few studies demonstrated the prognostic
value of several biomarkers extracted from this imaging at baseline.
Before these 18F-FDG PET biomarkers could be fully endorsed as risk
classifiers by the hematologist community, further characterization of
underlying molecular aspects was necessary. Methods: Reported
prognostic biomarkers (18F-FDG avidity, SUVmax, number of focal
lesions, presence of paramedullary disease [PMD] or extramedullary
disease) were extracted from 18F-FDG PET imaging at baseline in a
group of 139 patients from CASSIOPET, a companion study of the
CASSIOPEIA cohort (ClinicalTrials.gov identifier NCT02541383). Tran-
scriptomic analyses using RNA sequencing were realized on sorted
bone marrow plasma cells from the same patients. An association
with a high-risk gene expression signature (IFM15), molecular classifi-
cation, progression-free survival, a stringent clinical response, and
minimal residual disease negativity were explored. Results: 18F-FDG
PET results were positive in 79.4% of patients; 14% and 11% of them
had PMD and extramedullary disease, respectively. Negative 18F-FDG
PET results were associated with lower levels of expression of hexoki-
nase 2 (HK2) (fold change, 2.1; adjusted P5 0.04) and showed enrich-
ment for a subgroup of patients with a low level of bone disease.
Positive 18F-FDG PET results displayed 2 distinct signatures: either
high levels of expression of proliferation genes or high levels of
expression ofGLUT5 and lymphocyte antigens. PMD and IFM15 were
independently associated with a lower level of progression-free sur-
vival, and the presence of both biomarkers defined a group of
“double-positive” patients at very high risk of progression. PMD and
IFM15 were related neither to minimal residual disease assessment
nor to a stringent clinical response. Conclusion: Our study confirmed
and extended the association between imaging biomarkers and tran-
scriptomic programs in MM. The combined prognostic value of PMD
and a high-risk IFM15 signature may help define MM patients with a
very high risk of progression.

Key Words: multiple myeloma, 18F-FDG PET, CASSIOPET study,
genome-wide transcriptome, RNA sequencing
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In the past decade, there has been increasing use of PET with
18F-FDG for the staging and therapeutic evaluation of multiple
myeloma (MM) patients (1). A few studies have demonstrated the
prognostic value of several biomarkers extracted from 18F-FDG
PET at baseline—the number of focal lesions (FLs), the presence or
absence of extramedullary disease (EMD) or paramedullary disease
(PMD), and glucose SUVmax—as reviewed by Michaud-Robert
et al. (2). Furthermore, 18F-FDG PET results are considered to be
negative in approximately 10%–20% of MM patients (2). This pat-
tern, associated with low levels of expression of hexokinase 2
(HK2)—an enzyme involved in the first step of glycolysis—is usu-
ally described as a false-negative result for disease detection but
seems to carry a prognostic value (3–5). Before these 18F-FDG PET
biomarkers could be fully endorsed as risk classifiers by the hema-
tologist community, further characterization of underlying molecu-
lar aspects was necessary. Genome-wide transcriptomic analyses
through RNA sequencing characterized, without bias, the gene
expression program of tumor cells purified from bone marrow aspi-
rates. RNA sequencing helped researchers to understand the molec-
ular basis of MM complexity (6,7) and to identify MM patients
who have with gene signatures such as GEP70, EMC-92, or IFM15
and who are at high risk of progression (8,9).
The purpose of this study was to identify gene expression pat-

terns associated with prognostic 18F-FDG PET biomarkers in
newly diagnosed MM patients included in the prospective multi-
center CASSIOPET study. An association with a high-risk gene
expression signature, molecular classification, progression-free
survival (PFS), a clinical response, and minimal residual disease
(MRD) negativity at 100 d after autologous stem cell transplant
(ASCT) were also explored.
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MATERIALS AND METHODS

Patients
A group of 139 newly diagnosed patients from CASSIOPET (5)

(Françoise Kraeber-Bod#er#e et al., unpublished data, 2020), a companion
study of the phase 3 CASSIOPEIA trial (10), underwent gene expres-
sion profiling at baseline in addition to 18F-FDG PET imaging. The
aims and inclusion and exclusion criteria of the CASSIOPEIA trial
(ClinicalTrials.gov identifier NCT02541383) were previously reported
(10). The CASSIOPET study was locally approved by the institutional
ethics committee (University Hospital, Nantes, France). Myeloma
plasma cells were derived from bone marrow samples collected at the
Intergroupe Francophone du My#elome and the Dutch/Belgian Haemato-
Oncology Foundation for Adults in The Netherlands. Myeloma cells
were purified using nanobeads and an anti-CD138 antibody (RoboSep;
Stem Cell Technologies). The average MM cell purity was greater than
99% (range, 79%–100%), as assessed by May-Grunwald Giemsa stain-
ing and morphology. Finally, all samples with available material con-
taining greater than 200 ng of RNA and an RNA integrity number of
greater than 6.5 were included and sequenced.

RNA Sequencing
Libraries were prepared with NEBNext Ultra II for a directional

RNA sequencing kit (reference: E7765 L, E7490 L, E6440S; New
England Biolabs). Quality controls were performed with High Sensitiv-
ity D1000 (Agilent) and an NEBNext Library Quant Kit for Illumina
(reference: E7630 L) on a TapeStation 2200 (Agilent). All libraries
passed quality controls and were sequenced on a NovaSEquation 6000
(Illumina) with S2 flow cells at 2 3 100 cycles (reference: 20012861).
Finally, the sequencing depth ranged from 74 to 163 million paired
reads per library. RNA sequencing reads were aligned to the human
reference genome hg38/GRCh38.p13, and genes were quantified with
STAR v2.7.3 and Ensembl v99 (both products open source data/soft-
ware). Standardized log2 values of transcripts per million units were
used to compute high-risk and molecular classification scores after the
removal of immunoglobulin genes (11). The threshold for high-risk
classification with IFM15 (x 5 1.3) was defined according to Decaux
et al. (9). The maximum of the weighted means was used to classify
patients in the 7 subgroups of the University of Arkansas for Medical
Sciences (UAMS) classification (6) and determine the GEP70 signature.
DESeq2 (open source R/Bioconductor package) was used to perform dif-
ferential expression analysis from raw counts with plasma cell purity and
site of collection (Intergroupe Francophone du My#elome or Haemato-
Oncology Foundation for Adults in The Netherlands) treated as model
covariates. The DESeq2 variance stabilizing transformation was used for
graphical representation and statistical analysis of gene expression levels.

18F-FDG PET Evaluation
18F-FDG PET images were acquired at baseline according to the

local protocol at each center and the recommendations of good practice
for PET imaging. Briefly, all patients fasted for at least 4 h before
18F-FDG injection. The blood glucose level measured before 18F-FDG
administration had to be #150 mg/dL. Whole-body imaging was per-
formed between 60 and 80 min after 18F-FDG injection (3–7 MBq/kg).
18F-FDG PET data were centrally collected and analyzed, with mask-
ing of patient treatment and follow-up, by an independent team of
nuclear medicine physicians with extensive experience in MM. As
previously described (2,12) and used in the CASSIOPET protocol,
18F-FDG PET negativity, number of bone FLs (defined as the presence of
areas of focally increased tracer uptake in bone, with or without any under-
lying lytic lesion on CT, and present on at least 2 consecutive slices), and
presence of EMD (defined as tracer uptake in tissue not contiguous to
bone) or PMD (defined as soft-tissue invasion with contiguous bone
involvement) were reported. The bone SUVmax was determined; it was

defined as the highest SUVmax on bone analysis, including FLs, PMD, and
medullary uptake (measured at the lumbar vertebrae [L3–L5] and ex-
cluding focal lesions with a 3-dimensional rectangular region of interest).

MRD Assessment and Clinical Response
As reported in the CASSIOPEIA trial, MRD was evaluated by mul-

tiparametric flow cytometry of bone marrow aspirates at 100 d after
ASCT. MRD negativity was defined as less than 0.001% of aberrant
clonal plasma cells (1025 threshold). The clinical response was assessed
according to International Myeloma Working Group criteria at 100d
after ASCT (13).

Statistical Analysis
Quantitative biologic and clinical variables were described with the

median and interquartile range or with the mean and SD. The signifi-
cance of the average difference between groups was assessed with the
Kruskal–Wallis method and the Dunn post hoc approach for multiple-
group testing or the Wilcoxon test for 2 groups. Differences in distribu-
tion between groups were assessed with a x2 Pearson test (or a Fisher
exact test, if appropriate). Absolute x2 residuals of greater than 2 were
considered significant, as post hoc. A DEseq2 Wald test was used to
assess differences in gene expression between groups. For survival anal-
ysis, PFS was calculated from randomization date to disease progression
or death, whichever occurred first, or to the last follow-up date. Hazard
ratios (HRs) between groups were calculated with a Cox model. Sur-
vival curves were calculated using the Kaplan–Meier method, and
groups were compared using a likelihood ratio test. P values were cor-
rected for multiple-group testing with the Benjamini–Hochberg method.
Adjusted P values of less than 0.05 were considered significant. All cal-
culations were performed with R 3.6.0. (R Foundation).

RESULTS

Demography and 18F-FDG PET Results
Of the 268 patients in the CASSIOPET study, 139 patients were

considered for this analysis. Because bone marrow aspiration sam-
ples for transcriptomic analyses using RNA sequencing were not
mandatory in the CASSIOPET trial at diagnosis, 129 patients
were enrolled in CASSIOPET before the start of this ancillary
work or did not have sufficient materials available for this analy-
sis. The included patients had demographic and clinical character-
istics (age, sex, Revised International Staging System [R-ISS]
staging, high-risk cytogenetics, treatment arms) similar to those of
the entire CASSIOPET population (Supplemental Table 1). Our
cohort included 110 patients with positive 18F-FDG PET results
(79%), of whom 20 (14%) and 16 (12%) had PMD and EMD,
respectively, at baseline. The median baseline SUVmax was 3.2
(ranging from 1.5 to 12), with 35 (32%) of the 110 18F-FDG–avid
MM patients having an SUVmax higher than 4.2. Sixty-four (46%)
of our patients had 3 or more FLs, and 27 (19%) showed diffuse
medullary uptake higher than the liver background. The main
characteristics of our cohort with regard to 18F-FDG PET imaging
and gene signatures are shown in Supplemental Figure 1.

Molecular Profile of Patients with Negative Results on
PET Scans
To understand which patients were most likely to have negative

or normal 18F-FDG PET, we explored the levels of expression of
glucose transporters (GLUTs) 1–5 (GLUT1–GLUT5, respectively)
and of hexokinases (HKs) 1–3 (HK1–HK3, respectively). HK2
was expressed less in patients with normal 18F-FDG PET results
(fold change [FC], 2.0; P 5 0.04) (Fig. 1A) and to a lesser extent
than GLUT5 (SLC2A5; FC, 4.2; P 5 7 3 1024), which codes for
a canonical fructose receptor (14). Conversely, GLUT3 (SLC2A3)
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was found to be overexpressed in patients
with negative or normal 18F-FDG PET
results (FC, 2.0; P 5 0.05) (Fig. 1A) as
well as in patients assessed with the high-
risk IFM15 signature (IFM151; FC, 2.1;
P5 0.01) (Fig. 1B). The expression of
other HKs and GLUTs was comparable in
both groups (IFM151 and IFM152) (Fig.
1B). Of note, GLUT2 and GLUT4 were
not found to be expressed in this study
(0–0.2 transcript per million, on average)
and were discarded from the analysis.
The UAMS molecular classification of

MM in 7 subgroups (CD-1, CD-2, HP, low
level of bone disease [LB], MF, MS, prolif-
erating [PR]) was statistically associated
with normal 18F-FDG PET results (Fig. 1C).
In particular, an overrepresentation of neg-
ative 18F-FDG PET imaging results was
found in the LB group of patients compared
with the reference group of HP patients.
The LB group consistently showed an
underexpression of HK2 (P 5 9 3 024)
and GLUT5 (P 5 1.6 3 1025) (Figs. 1D
and 1E).
Finally, a differential analysis of gene

expression performed with DEseq2 for pos-
itive or abnormal and negative or normal
18F-FDG-PET results showed that 1,202
genes were deregulated. Genes that were
moderately to highly expressed ($500
messenger RNA [mRNA], on average)
and on which the condition had an impor-
tant effect (log2 FC, $1, in absolute value)
are shown in Figure 2. Hierarchical clus-
tering separated 2 groups of patients with
positive or normal 18F-FDG PET results
and distinct signatures. Ontology analysis
confirmed a strong proliferation signature
(MKI-67, PCNA, TOP2A, STMN1) in a
proportion of patients with positive
18F-FDG PET results (Fig. 2; Supplemental
Table 2), whereas the other positive scans
showed overexpressed lymphocyte antigens
(CD19, TNFSF8/CD30 L, TNFSF10/
TRAIL) and SLC2A5/GLUT5. Conversely,
negative or normal 18F-FDG-PET results
showed a cellular machinery ontology (se-
cretion, membrane, exocytosis) and regular
expression of SLC2A3/GLUT3, consistent
with results presented in Figure 1.

Molecular Profile Associated with
18F-FDG PET Abnormalities
Among patients with positive or abnormal

18F-FDG PET scan results, patients with a
high-risk GEP70 signature had more fre-
quent PMD than GEP70-negative patients
(P 5 0.003) (Supplemental Fig. 2), whereas
no association was observed with the IFM15
signature (Fig. 3A). The PR subgroup of

A B

C D E

FIGURE 1. Molecular profile of 18F-FDG PET negativity in CASSIOPET trial. (A) Expression (expr.)
of GLUTs and HKs on 18F-FDG PET scans with abnormal or positive (orange) vs. normal or negative
(green) results in CASSIOPET cohort. (B) Expression of GLUTs and HKs in patients with standard-
risk (blue) vs. high-risk (red) IFM15 gene expression signatures. (C) Distribution of normal 18F-FDG
PET results across MMmolecular classes as defined by UAMS. (D and E) Expression of HK2 (D) and
GLUT5 (E) in MMmolecular classes. Gene expression levels are given in variance stabilizing transfor-
mation–normalized counts (see Materials and Methods). n 5 139 patients. *P , 0.05. **P , 0.01.
***P, 0.001. ****P, 0.0001.
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the UAMS molecular classification was associated with PMD (P 5

0.02), whereas none of the patients in the LB cluster had PMD,
despite abnormal 18F-FDG PET scan results (Fig. 3B). Similar anal-
yses for EMD showed a significantly higher proportion in the

IFM151 group (P 5 0.02) (Fig. 3C) and
the lack of a statistical association with
GEP70 (Supplemental Fig. 2) or molecular
classification (Fig. 3D).

Prognostic Impact of 18F-FDG PET and
High-Risk Gene Expression Signatures
The median follow-up time of our cohort

was 26 mo (95% CI: 21–33 mo), during
which 26 patients (19%) progressed (dis-
ease progression or death) and 9 patients
(6%) died. Survival analyses were limited
to PFS; overall survival was discarded
because of the small number of events.
Univariate Cox analysis (Supplemental

Tables 3 and 4) showed that imaging bio-
markers and gene expression were prog-
nostic for progression. In particular, PMD
and IFM15 were strongly associated with
relapse (HR for PMD, 5.2 [95% CI,
2.3–11]; HR for IFM15, 4.3 [95% CI,
1.9–9.4]). The combination of PMD and
IFM15 in a Cox multivariate model
showed the independence of these 2 varia-
bles in predicting relapse (HR for PMD,

4.3 [95% CI, 1.9–9.7] [P , 0.001]; HR for IFM15, 3.7 [95% CI,
1.6–8.1] [P 5 0.001]) (Fig. 4A). Of note, both variables remained
significant in the model when accounting for R-ISS staging (Sup-
plemental Table 5). Combining both PMD and IFM15 biomarkers

defined a group with a very high risk of
progression (P 5 4 3 1025) (Fig. 4B).
Besides, PMD and IFM15 did not correlate
with a deep clinical response, as defined by
a complete stringent clinical response or by
MRD negativity at 100 d after ASCT (Sup-
plemental Fig. 3).
Similarly, patients with negative or nor-

mal 18F-FDG PET results, with a good
prognosis, and patients with an IFM15 sig-
nature, with a poor prognosis, seemed to
complement each other in a Kaplan–Meier
analysis and in a Cox multivariate model
(Figs. 4C and 4D). In particular, among
patients with negative 18F-FDG PET results
(n5 110), a high-risk IFM15 signature was
still associated with shorter PFS (HR, 3.9
[95%CI, 1.8–8.8] [P5 0.001]).

DISCUSSION

The last decade witnessed significant pro-
gress in the development of risk classifiers
derived from cytogenetics and gene expres-
sion profiling in newly diagnosed MM
(8,9,15,16). Yet, intrapatient heterogeneity,
inherent to this pathology, might reduce the
sensitivity of these tests—which are often
based on a single localized sample that does
not necessarily reflect the entire pathology
(17). Thus, whole-body functional imaging
such as 18F-FDG PET has been proposed as
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FIGURE 4. Prognostic value of imaging and gene expression profiles. (A) Multivariate Cox modeling
of PFS by presence of PMD and high-risk IFM15 gene expression signature (IFM151). (B) Kaplan–Me-
ier curves representing PFS of MM patients separated by IFM15 and PMD status. (C) Kaplan–Meier
curves depicting PFS of patients with positive 18F-FDG PET results only (n 5 110/139) and according
to their IFM15 risk status. (D) Multivariate Cox modeling of PFS using PET (normal or abnormal results)
and IFM15 (Yes5 high risk; No5 standard risk) binary variables. AIC5 Akaike information criterion.
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a complementary approach for prognosis at baseline. As such, both
transcriptomic and imaging approaches allow the identification of
patients at high risk of progression, despite the fact that they seem to
be opposed in nature. The cells studied in RNA sequencing come
from a single, localized bone marrow aspirate, whereas 18F-FDG PET
explores whole-body spatial heterogeneity. In this context, some 18F-
FDG PET scan results are considered negative or normal despite the
clinical diagnosis established, in particular, by the presence of malig-
nant plasma cells in the bone marrow aspirate. Yet, it seems possible
that the characteristics of these 2 techniques partially overlap and that
the biomarkers described in 18F-FDG PET can find echoes in tran-
scriptomic data beyond the HK2 underexpression shown by the initial
work of Rasche et al. (3).
In the present study, we reported novel associations between

imaging patterns and gene expression in MM, and we extended
our knowledge of the molecular profiles of negative or normal
18F-FDG PET results. Our data demonstrate that normal or nega-
tive 18F-FDG PET scan results are associated with the specific
expression of glucose metabolism genes and with the LB molec-
ular subgroup, whereas abnormal or positive 18F-FDG PET scan
results are associated with markers of cell proliferation and with
a distinct transcriptomic profile including the fructose trans-
porter GLUT5.
The combination of PMD and the IFM15 signature clearly iden-

tified a subset of patients with a higher risk of progression in our
cohort. This result was independent of the patients’ R-ISS stage
and therefore extended the risk classification at diagnosis. The
prognostic value of PMD or IFM15 was independent of undetect-
able MRD or a complete stringent clinical response. Interestingly,
the only R-ISS stage 1 patient who was positive for both PMD and
IFM15 progressed in 4 mo and died within 2 y. Further studies could
extend these observations to overall survival and compare this new
biomarker with other very high-risk groups, such as the “Double-
Hit” group (18).
As for the 7 UAMS molecular subgroups, Usmani et al. previously

reported that the PR,MF, and GEP70 subgroups had more EMD (19).
These observations were not made in the present study, yet the PR and
GEP70 subgroups were associated with PMD. To our knowledge, this
finding was not reported in previous work. However, the concept of
PMD, corresponding to soft-tissue invasion with contiguous bone
involvement, is relatively recent. The CASSIOPET prospective study
was the first to examine and report the prognostic value of this particu-
lar imaging biomarker (5). It is plausible that these 2 entities were
mixed in previous work, explaining these discordant results.
Patients with negative or normal 18F-FDG PET scan results at

diagnosis were more likely to belong to the LB subgroup of the
UAMS classification, a consistent result, since this cluster is char-
acterized by a small number of FLs detected on MRI and both
groups have a good clinical prognosis. To our knowledge, this
observation was not made in previous studies.
We also confirmed the underexpression of HK2 in this subgroup

and showed that GLUT3 and especially GLUT5 were deregulated
to a greater extent than HK2 between patients with negative or nor-
mal 18F-FDG PET scan results and patients with positive or abnor-
mal 18F-FDG PET scan results. More generally, when we extended
our analysis to the genome, 2 gene expression signatures stood out
for MM patients with positive 18F-FDG PET results. The first
involved proliferation genes (MKI-67, PCNA, TOP2A, STMN1) and
proliferation groups (PR and MS). The second involved GLUT5
and lymphocyte antigens (e.g., CD19, CD30 L, and TRAIL), sug-
gesting that a particular gene expression program is associated with

glucose avidity independently of proliferation. This observation
needs to be validated at the protein level and will be the subject of a
prospective study with another cohort.

Similarly, 2 observations that require further investigations were
made. First, strong expression of GLUT5/SLC2A5 was associated
with positive 18F-FDG PET results. This finding was unexpected,
since GLUT5 does not transport glucose but transports fructose
(14(p5)). High levels of expression of GLUT5 in 18F-FDG–avid tis-
sues have been reported in the literature as a “discrepancy” in breast
cancer cells expressing low levels of GLUT1 (20). Finally, although
previously described (2), the prognostic value of SUVmax using a
threshold of 4.2 did not appear to be significant in a multivariate analy-
sis in our work, a result for which bias due to the inherent limitations of
SUV calculations in amulticenter study cannot be ruled out.

CONCLUSION

The present study enabled a better characterization of the
molecular signature of 18F-FDG PET biomarkers. Moreover, the
combined prognostic value of PMD and a high-risk IFM15 signature
may help define a group of MM patients with a very high risk of pro-
gression. This work demonstrated, once again, the added prognos-
tic value of integrating 18F-FDG PET in the management of MM.
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KEY POINTS:

QUESTION: Are baseline 18F-FDG PET biomarkers in newly
diagnosed MM patients associated with a specific molecular
signature through RNA sequencing?

PERTINENT FINDINGS:Negative results on 18F-FDG PET scans
were associated with lower levels of expression ofHK2 and showed
enrichment for patients with the LB subgroup, whereas positive
results on 18F-FDG PET scans revealed 2 distinct signatures: either
high levels of expression of proliferation genes or high levels of
expression ofGLUT5 and lymphocyte antigens. The combined
prognostic value of PMD and a high-risk IFM15 signature defined a
group of MM patients with a very high risk of progression.

IMPLICATIONS FOR PATIENT CARE: A combination of
prognostic biomarkers from imaging and gene expression profiling
has the potential to improve MM management and may define a
novel risk stratification algorithm.
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Prognostic Value of Whole-Body PET Volumetric
Parameters Extracted from 68Ga-DOTATOC PET/CT
in Well-Differentiated Neuroendocrine Tumors
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Our objective was to evaluate the prognostic value of somatostatin
receptor tumor burden on 68Ga-DOTATOC PET/CT in patients with
well-differentiated (WD) neuroendocrine tumors (NETs). Methods:
We retrospectively analyzed the 68Ga-DOTATOC PET/CT scans of
84 patients with histologically confirmed WD NETs (51 grade 1, 30
grade 2, and 3 grade 3). For each PET/CT scan, all 68Ga-DOTATOC–
avid lesions were independently segmented by 2 operators using a
customized threshold based on the healthy liver SUVmax (LIFEx, ver-
sion 5.1). Somatostatin receptor–expressing tumor volume (SRETV)
and total lesion somatostatin receptor expression (TLSRE5SRETV 3

SUVmean) were extracted for each lesion, and then whole-body
SRETV and TLSRE (SRETVwb and TLSREwb, respectively) were
defined as the sum of SRETV and TLSRE, respectively, for all seg-
mented lesions in each patient. Time to progression (TTP) was defined
as the combination of disease-free survival in patients undergoing
curative surgery (n5 10) and progression-free survival for patients with
unresectable or metastatic disease (n5 74). TTP and overall survival
were calculated by Kaplan–Meier analysis, log-rank testing, and the
Cox proportional-hazards regression model. Results: After a median
follow-up of 15.5 mo, disease progression was confirmed in 35
patients (41.7%) and 14 patients died. A higher SRETVwb (.39.1 cm3)
and TLSREwb (.306.8 g) correlated significantly with a shorter median
TTP (12 mo vs. not reached; P , 0.001). In multivariate analysis,
SRETVwb (P5 0.005) was the only independent predictor of TTP
regardless of histopathologic grade and TNM staging. Conclusion:
According to our results, SRETVwb and TLSREwb extracted from
68Ga-DOTATOC PET/CT could predict TTP or overall survival and
might have important clinical utility in the management of patients with
WD NETs.

Key Words: neuroendocrine tumors; 68Ga-DOTATOC PET/CT; tumor
burden; prognosis; somatostatin receptor expressing tumor volume;
total lesion somatostatin receptor expression

J Nucl Med 2022; 63:1014–1020
DOI: 10.2967/jnumed.121.262652

Neuroendocrine neoplasms (NENs) are a group of tumors of
common embryologic origin but leading to a variety of clinical presen-
tations and prognosis. The most frequent sites are the gastroentero-
pancreatic tract and the bronchopulmonary system. Although relatively
rare, NENs have had a greatly increasing incidence in the last 30 years,
and the incidence is currently estimated at approximately 5 cases per
100,000 population per year (1). According to the World Health Orga-
nization classification (based on Ki-67 percentage or number of mitoses
per high-power field), NENs range from well-differentiated (WD) neu-
roendocrine tumors (NETs) to poorly differentiated carcinomas (2).
PET/CT imaging with a 68Ga-DOTA–labeled somatostatin analog

(SSTa) is the mainstay for in vivo evaluation of somatostatin receptor
expression in NETs (3,4), and almost 90% of primary grade 1 or 2
gastroenteropancreatic NETs are PET-positive because of the high
somatostatin receptor expression (5). In clinical practice, 68Ga-DOTA-
SSTa PET/CT has become the gold standard in the diagnosis and
management of WD NETs, as it plays a major role in tumor character-
ization, in the assessment of disease extension, and in proper selection
of patient candidates for peptide receptor radionuclide therapy (6,7).
The prognostic value of 68Ga-DOTA-SSTa PET/CT imaging has been
widely assessed in the literature but has been focused mainly on semi-
quantitative parameters such as SUV (8,9).
In several tumor models over the last few years, metabolic tumor

burden on 18F-FDG PET has shown major prognostic value compared
with semiquantitative parameters. Calculation of metabolic tumor bur-
den integrates the volume of metabolically active tumor, expressed by
metabolic tumor volume, and total lesion glycolysis, which is the prod-
uct of SUVmean and metabolic tumor volume. Two studies (10,11)
have interestingly demonstrated the prognostic utility of somatostatin
receptor tumor burden (SRTB) in patients with WD NETs, obtained
by measuring whole-body total lesion somatostatin receptor expression
(TLSREwb) and whole-body somatostatin receptor–expressing tumor
volume (SRETVwb) from 68Ga-DOTATATE PET/CT images.
Hence, the objective of this study was to evaluate the prognostic

value of SRTB extracted from 68Ga-DOTATOC PET/CT in a
large cohort of patients with WD NETs.

MATERIALS AND METHODS

Population
All patients (n5 322) consecutively referred for 68Ga-DOTATOC

PET/CT to the Nuclear Medicine Division of “AOU Citt!a della Salute
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e della Scienza,” from January 1, 2017, to
January 4, 2020, were retrospectively evalu-
ated and included if they had histologically
proven grades 1–3 WD NETs, gastroentero-
pancreatic or bronchopulmonary NETs or an
unknown primary site, 68Ga-DOTATOC PET
with at least 1 positive lesion, and follow-up
at least 6 mo after PET. Exclusion criteria
were an age of less than 18 y, incomplete his-
tologic data, a neuroendocrine carcinoma,
concomitant metastatic neoplasia other than
NET, or negative findings on 68Ga-DOTA-
TOC PET/CT. The CONSORT diagram of
the study (Consolidated Standards of Report-
ing Trials) is presented in Figure 1.

The study was conducted in accordance
with the ethical principles set forth in the Dec-
laration of Helsinki and was approved by the
local ethical committee (approval 0004004;
protocol: “NET PET Tumor Burden Study”).
All enrolled patients signed an informed con-
sent form.

Data on age, sex, TNM stage at the time of PET imaging, tumor
grade according to the World Health Organization classification (12)
(Ki-67 for grade 1, ,3%; grade 2, 3%–20%; grade 3, .20%), func-
tional status, and previous locoregional and systemic treatments were
collected. Patients were considered treatment-naïve if they had received
no previous treatment except for surgery of the primary tumor.

All patients underwent PET/CT on an analog 3-dimensional (3D) PET
scanner (Philips Gemini Dual-slice EXP scanner—PET AllegroTM system
with Brilliance CT scanner—Philips Medical Systems, Cleveland, OH)
according to guidelines (7). The median injected tracer activity was 148
MBq (range, 92–250 MBq). After a minimal time of 45–60 min, and after a
free-breathing CT acquisition for attenuation correction from the vertex to
the mid thigh (5-mm slices, 40 mAs, and 120 kVp), PET data were acquired
in 3-dimensional mode at 2.5 min per bed position and 6–8 bed positions
per patient. The PET scans were reconstructed by ordered-subset expectation
maximization (3-dimensional row-action maximum-likelihood algorithm),
and the matrix size was 1443 144 voxels, resulting in voxels of 4.03 4.0
3 4.0 mm. All acquisitions were corrected for attenuation, scatter, and ran-
dom coincidences.

Image Analysis and SRTB Extraction
For each PET/CT scan, all 68Ga-DOTA-

TOC–avid lesions were segmented indepen-
dently by 2 nuclear medicine physicians
using a semiautomatic method through freely
available software (LIFEx, version 5.1; IMIV
[Imagerie Mol#eculaire In Vivo] Lab/CEA [Le
Commissariat !a l’#Energie Atomique et aux
#Energies Alternatives]) (13) and based on the
SUV threshold method to avoid intra- and
interoperator variability in manual segmenta-
tion (14,15).

The SUVmax threshold based on healthy-
liver uptake was chosen. SUVmax was assessed
by placing a spheric volume of interest 3 cm in
diameter in the right upper lobe of the liver, as
previously reported (16). For each lesion, the
SRETV and TLSRE were semiautomatically
extracted. TLSRE was obtained by multiplying
the SRETV of each lesion by its corresponding
SUVmean. A visual inspection of the resulting
automated volume segmentation was performed

to remove background physiologic uptake (e.g., spleen, kidney, and blad-
der). The same analysis was performed for each patient by both operators
to evaluate reproducibility.

We classified each lesion according to its site: primary tumor, lymph
node, liver, bone, or other (e.g., peritoneum and lung). Then, SRETVwb and
TLSREwb, defined as the sum of SRETV and TLSRE, respectively, for all
lesions in each patient, were calculated (Fig. 2). When all lesions were equal
to or lower than the liver SUVmax cutoff, SRETVwb and TLSREwb were
defined as equal to 0 as previously mentioned (17). We also separated the
corresponding SRETVwb (primary, lymph node, liver, bone, and other) and
TLSREwb (primary, lymph node, liver, bone, and other) according to each
tumor site. The details of the entire process are described in Supplemental
Figure 1 (supplemental materials are available at http://jnm.snmjournals.org).

Statistical Analysis
Quantitative variables were expressed as median with range. The pri-

mary clinical endpoint was the time to progression (TTP), defined as the
time from PET/CT imaging to the first event (progression or relapse).

FIGURE 1. CONSORT diagram of study.

FIGURE 2. 68Ga-DOTATOC PET/CT in WD pancreatic NET (PET/CT [A] and PET imaging [B])
showing high uptake in all lesions (highest SUVmax, 104.4). SRTB analysis (maximum-intensity pro-
jection [C], PET/CT [D], and PET imaging [E]) highlighted SRETVwb and TLSREwb values of 249 cm3

and 4,191 g, respectively.
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Because anatomopathologic confirmation of all lesions is not achievable,
the TTP of the disease was based on morphologic imaging criteria or
functional criteria (18). Disease progression was defined as the appear-
ance of a new lesion or a significant increase in the size of known lesions.
The secondary clinical endpoint was overall survival (OS), defined as the
time from PET/CT to NET-related death. Patients were followed up until
the occurrence of the primary endpoints or until October 2020.

Kaplan–Meier curves and the log-rank test were applied for survival
analysis. Receiver-operating-characteristic analysis was applied to deter-
mine the best cutoff for SRETVwb and TLSREwb parameters to predict
the patient’s outcome using the Youden index (19). The area under the
curve, sensitivity, specificity, and accuracy were reported.

For TTP, multivariate analysis was performed by the Cox propor-
tional-hazards regression model to estimate hazard ratios with 95%
CIs, including variables that had clinical relevance or a P value of less
than 0.05 in univariate analysis. Because of the low number of events,
we did not perform multivariate analysis for OS.

We performed a subgroup analysis on patients with metastatic NETs at
the time of PET/CT, using the same SRETVwb and TLSREwb thresholds
as found for the whole cohort. Moreover, an exploratory analysis to assess
the repartition of SRTB according to tumor site and progressive versus
nonprogressive disease during follow-up was performed through the non-
parametric Mann–Whitney U test with Bonferroni adjustment.

Interobserver agreement was evaluated for SRETVwb and TLSREwb
using intraclass correlation coefficient values of between 0 and 1, with a
value of more than 0.9 defining the parameter as robust (20).

All statistical tests were 2-sided, and a P value of less than 0.05
indicated a statistically significant difference. All analyses were per-
formed on XLSTAT (version 2019.2.2; Addinsoft).

RESULTS

Among the 322 patients screened, 84 (38 male and 46 female;
median age at PET, 60.5 y [range, 25–86 y]) were included in the
study. The main characteristics of the patients are represented in
Table 1. The pancreas was the most frequent site (39/84, 46.4%),
and 40.5%, 55.9%, and 3.6% of the tumors were classified as
grades 1, 2, and 3, respectively. Fifty-four (64.3%) patients had
metastatic disease at the time of PET/CT, and 47 patients (55.9%)
were defined as treatment-naïve.

SRTB
In the whole cohort, 442 lesions and subsequent volumes of

interest were segmented, including primary (n5 36, 8.1%), lymph
node (n5 72, 16.3%), liver (n5 185, 41.9%), bone (n5 114,
25.8%), and other sites (n5 35, 7.9%). The median SUVmax,
SRETV, and TLSRE per lesion were 9.7 (range, 3.3–116.5),
4.0 cm3 (range, 0.5–1,980.3 cm3), and 24.8 g (range, 1.8–21,819.5 g),
respectively. The median SRETVwb and TLSREwb were 32.4 cm3

(range, 0–3,078.7 cm3) and 338.3 g (range, 0–22,658.6 g), respec-
tively. In 5 patients, the SRETVwb was equal to zero because the
lesions were 68Ga-DOTATOC–avid but with an SUVmax lower than
the liver background.

Survival Analysis
Progression was detected in 35 patients (41.7%), and 14 patients

died after a median follow-up of 23 mo (range, 0–41 mo). In the
entire cohort, the median TTP was 22 mo (interquartile range,
from 10 mo to not reached). Ten patients underwent curative sur-
gery of the primary tumor after PET and did not show disease
relapse during the follow-up.

TABLE 1
Characteristics of Patients

Characteristic Value (total n 5 84)

Sex

Male 48 (57.1)

Female 36 (42.9)

Median age (y) 60.5 (range, 25–86)

Primary site

Gastroenteropancreatic
(n 5 72)

72 (85.7)

Pancreas 39

Small intestine 21

Duodenum 3

Cecum or colon 4

Rectum 1

Stomach 4

Lung 9 (10.7)

Unknown 3 (3.6)

TNM stage

Only primary tumor 20 (23.8)

Locoregional extension 10 (11.9)

Metastatic 54 (64.3)

Ki-67 (%)

,3 34 (40.5)

3 to #20 47 (55.9)

.20 3 (3.6)

Functional 12 (14.3)

Treatment before PET

Surgery 42 (50)

SSTa 46 (54.8)

Systemic treatment 16 (19.0)

Chemotherapy 13

Everolimus 8

Others 2

Locoregional treatment 12 (14.3)

Peptide receptor radionuclide
therapy

5 (6)

Treatment after PET

Surgery 13 (15.5)

SSTa 63 (75.0)

Systemic treatment 16 (19.0)

Chemotherapy 12

Everolimus 8

Other 0

Locoregional treatment 7 (8.3)

Peptide receptor
radionuclide therapy

7 (8.3)

Data are number followed by percentage in parentheses,
except for age.
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Univariate Analysis for TTP/OS. For SRETVwb, the area under
the receiver-operating-characteristic curve was 0.83 (best cutoff,
39.1 cm3), with a sensitivity, specificity, and accuracy of 0.86,
0.76, and 0.8, respectively. For TLSREwb, the area under the
curve was 0.79 (best cutoff, 306.8 g), with a sensitivity, specific-
ity, and accuracy of 0.86, 0.74, and 0.79, respectively. A higher
SRETVwb ($39.1 cm3) and TLSREwb (.306.8 g) correlated
with a significantly shorter median TTP (12 mo [95% CI, 10–23
mo] vs. not reached for both; P , 0.001) and a shorter median OS
(not reached for both; P , 0.001). SUVmax was not associated
with TTP or OS (P5 0.08 and P5 0.09, respectively; Fig. 3).
The TNM stage at the time of PET, the Ki-67 percentage, and

treatment history (naïve vs. previous line of treatment) were also
significantly associated with a shorter TTP and OS (P , 0.05;
Supplemental Fig. 2), whereas age, sex, and secretory syndrome
were not (P5 not statistically significant).
Multivariate Analysis. SRETVwb and TLSREwb were strongly

correlated in our study (R5 0.916 in Pearson correlation analysis).
Thus, we performed a multivariate analysis using the Cox propor-
tional-hazards regression model including only SRETVwb (.39.1
cm3). SRETVwb was the only independent predictor of TTP

(hazard ratio, 4.8 [95% CI, 1.6–14.5]; P5 0.006) regardless of
TNM stage, Ki-67 percentage, and treatment history (P5 0.58,
0.85, and 0.39, respectively) (Table 2).
Subgroup Analysis in Metastasis-Positive Patients. The diag-

nostic performance of SRTB to predict TTP and OS was
assessed according to lesion site in a subgroup of patients with meta-
static disease (n5 54). Using the same threshold, Kaplan–Meier
analysis revealed a significant difference, with a shorter median
TTP and OS for a higher value of both SRETVwb and
TLSREwb (P5 0.002 and P5 0.016, respectively; Supplemen-
tal Fig. 3). SRTB analysis according to each lesion site did not
reveal any difference between patients with progressive disease
and patients with nonprogressive disease (Supplemental Table 1).

Interobserver Agreement
The mean liver threshold was 5.46 2.2 (range, 2.1–12.9) for oper-

ator 1 and 5.36 2.0 (range, 2.1–12.2) for operator 2. The median
SRETVwb and TLSREwb were 32.4 cm3 (range, 0–3,078.7 cm3) and
338.3g (range, 0–22,658.6), respectively, for operator 1, and 32.0 cm3

(range, 0–3,100.0 cm3) and 282.0g (range, 0–22,789.0), respectively,
for operator 2. The intraclass correlation coefficients were, respec-

tively, 0.963, 0.988, and 0.997 for liver
threshold, SRETVwb, and TLSREwb.

DISCUSSION

We investigated the prognostic value of
SRTB extracted from 68Ga-DOTATOC PET/
CT in patients with WD NET. SRETVwb
($39.1 cm3) and TLSREwb ($306.8 g)
were significantly associated with TTP, but at
multivariate analysis, SRETVwb was an inde-
pendent prognostic parameter regardless of
Ki-67 percentage, TNM stage, or treatment.
Several previous studies assessed the

prognostic significance of 68Ga-DOTA-
TOC (17,21) and 68Ga-DOTATATE PET/
CT (10,11,22,23) volumetric parameters in
patients with NETs. In a prospective study
including a large population of 184 pa-
tients with grades 1–3 NETs, Tirosh et al.
reported that SRETVwb of at least 7.0 cm3

and at least 35.8 cm3 obtained by 68Ga-
DOTATATE PET/CT were significantly
associated with progression-free survival
(PFS) and OS (P , 0.001 both), respec-
tively (10). In another prospective study,
including only grade 1 or 2 gastroentero-
pancreatic NETs, Toriihara et al. found
that an SRETVwb of at least 11.1 cm3 and
a TLSREwb of at least 146.48 g obtained
by 68Ga-DOTATATE PET/CT were asso-
ciated with PFS but that only SRETVwb
was independently associated with PFS in
a survival analysis, in accordance with our
study (11). Kim et al. (17), in a retrospective
study including 31 patients with unresectable
or metastatic WD gastroenteropancreatic
NETs undergoing 68Ga-DOTATOC PET/
CT before receiving lanreotide, showed that
a lower tumor-to-liver ratio, lower SUVmax,

FIGURE 3. TTP (left) and OS (right) in patients according to SUVmax (A and B), SRETVwb (C and
D), and TLSREwb (E and F).
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and higher SRETVwb (.58.9 cm3) were significantly associated
with a shorter PFS in univariate analysis, but only tumor-to-liver ratio
(hazard ratio, 3.182; P5 0.021) remained an independent factor for
PFS in multivariate analysis. In our study, SUVmax was not associated
with TTP, as is consistent with findings by Tirosh et al. and Toriihara
et al. (10,11). One potential explanation is the differences in selection
criteria. In fact, Kim et al. included a more homogeneous population of
patients at an early stage of disease, most of whom had not undergone
other types of treatment (87.1%, excluding surgery) (17). Although a
high SUV on 18F-FDG PET/CT is positively associated with prognosis
in almost all cancers, including NETs (24)—explaining the interest in
using total lesion glycolysis—a lower SUVmax on

68Ga-DOTA-SSTa
PET/CT is associated with poorer prognosis in patients with WD
NETs (8,9,25,26). Thus, for the same SRETVwb value, patients
in whom lesions with a low SUVmean—and thus a low TLSREwb
value—are disclosed might tend to present a less favorable prognosis,
leading to conflicting results among different studies that include dif-
ferent patient populations. For this reason, SRETVwb seems to be

the most prognostic parameter, but its use should be validated in fur-
ther prospective future studies including populations that are more
homogeneous in terms of primary site, disease course, and treatment
setting.
Furthermore, the proper methodology to evaluate SRTB should

be considered. In our study, a customized threshold based on liver
SUVmax was chosen, and to our knowledge, this was the second
study in which such a segmentation method was applied to 68Ga-
DOTATOC PET/CT (17). This methodology presents the advan-
tage of being fast; hence, it could represent a useful tool in clinical
practice. Interestingly, we found higher cutoffs for SRETVwb and
TLSREwb than did studies assessing SRTB using 68Ga-DOTA-
TATE, whereas the SRETVwb and TLSREwb cutoffs were con-
sistent with the study of Kim et al., performed with the same
radiopharmaceutical, 68Ga-DOTATOC (10,11,17). The literature
showed that tumor uptake is higher and liver uptake lower with
68Ga-DOTATOC than with 68Ga-DOTATATE, leading to a higher
tumor-to-liver ratio (27,28). Hence, we can assume that SRETVwb

TABLE 2
Univariate and Multivariate Analyses Using Cox Regression for TTP According to SRETVwb, TLSREwb, and Other

Characteristics of Cohort

Characteristic

Univariate analysis Multivariate analysis

Hazard ratio P Hazard ratio P

Sex 0.31

Male (reference) 1

Female 0.70 (0.35–1.39)

Age 0.58

$64 y (reference) 1

,64 y 0.83 (0.43–1.61)

Ki-67% 0.013 0.85

,3 (reference) 1 1

3–20 2.60 (1.16–5.81) 1.02 (0.41–2.53)

.20 6.28 (1.64–24.00) 1.45 (0.35–6.07)

Stage at time of PET 0.009 0.58

Local (reference) 1 1

Locoregional 1.79 (0.11–28.75) 1.88 (0.10–34.10)

Metastatic 12.39 (1.69–90.62) 3.22 (0.33–31.21)

Treatment-naïve 0.001 0.39

No (reference) 1 1

Yes 0.20 (0.00–0.515) 0.60 (0.19–1.88)

SUVmax 0.09

$23.4 (reference) 1

,23.4 0.56 (0.28–1.1)

SRETV (cm3) ,0.001 0.006

,39.1 (reference) 1 1

$39.1 8.48 (3.28–21.91) 4.76 (1.56–14.53)

TLSRE (g) ,0.001

,306.8 (reference) 1

$306.8 8.41 (3.25–21.74)

Data in parentheses are 95% CIs.
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and TLSREwb might be lower using 68Ga-DOTATATE. These dif-
ferences could also be explained by the difference in segmentation
methodology. Toriihara et al. used a 50% threshold of SUVmax to
segment each lesion, leading to a lower SRETVwb value, espe-
cially in patients with intense radiotracer uptake (11). An example
of the impact of different segmentation methods on SRTB is
reported in Supplemental Figure 4.
In addition, assessing the reproducibility and robustness of SRTB

calculation is important. In our study, reproducibility between the 2
operators was excellent, with an intraclass correlation coefficient of
more than 0.9 for both SRETVwb and TLSREwb. To our knowl-
edge, no study has assessed the reproducibility of SRTB parameters
on 68Ga-DOTA-SSTa PET/CT. Many studies showed that the seg-
mentation method can impact the interoperator reproducibility of
whole-body metabolic tumor volume on 18F-FDG PET/CT imaging,
especially threshold methods based on 41% of SUVmax (29,30).
SRTB parameters in 68Ga-DOTA-SSTa PET/CT might be more re-
producible than whole-body metabolic tumor volume because of the
higher signal-to-noise ratio. This point is a crucial one; studies are
needed of the reproducibility and robustness of whole-body volumet-
ric parameters in 68Ga-DOTA-SSTa PET/CT, especially between
different PET systems.
Beyond the prognostic role, evaluation of changes in SRETVwb

and TLSREwb (namely change in SRETVwb and change in
TLSREwb) after the initiation of systemic therapy may offer pro-
mising perspectives, especially for patients treated with peptide
receptor radionuclide therapy (31), and need to be assessed. How-
ever, SSA treatment or peptide receptor radionuclide therapy can
modify liver uptake, as previously reported (32), impacting the
calculation of SRTB. Therefore, the systematic use of the prethera-
peutic liver SUVmax cutoff could be a solution to following the
evolution of SRTB parameters (31,33).
Our study presents some limitations. First, it was retrospective,

included a heterogenous cohort, and was conducted at a single
center and on a single PET/CT scanner. Second, we included only
patients with 68Ga-DOTATOC–avid lesions, and using the liver
SUVmax as the cutoff, the SRETVwb was equal to zero in 5
patients. This finding is explained by the low lesion volume in
these patients, which did not impact their classification as good-
prognosis patients. This point is crucial, because the same asser-
tion should not be followed in patients with a high tumor burden
without 68Ga-DOTATOC uptake. In such a situation, the progno-
sis would be worse and 18F-FDG PET/CT should be performed
(5,23,24).

CONCLUSION

In our cohort, whole-body volumetric 68Ga-DOTATOC PET/CT
parameters (SRETVwb and TLSREwb) were associated with TTP
and OS. SRTB could add value to conventional clinical prognostic
parameters and other standard PET parameters (e.g., SUVmax) in
predicting a patient’s prognosis and guiding treatment decisions,
thus supporting the implementation of SRTB in clinical practice.
As previously mentioned, our results remain preliminary and appli-
cable to 68Ga-DOTATOC PET/CT but need to be validated in pro-
spective studies and explored with other 68Ga-peptides.
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KEY POINTS

QUESTION: Can whole-body volumetric parameters extracted
from 68Ga-DOTATOC PET/CT be useful in assessing the
prognosis of WD NETs?

PERTINENT FINDINGS: In our cohort, whole-body volumetric
68Ga-DOTATOC PET/CT parameters (SRETV and TLSRE) were
associated with TTP and OS. SRETVwb was the only independent
prognostic parameter, regardless of Ki-67 percentage, TNM stage
at the time of PET, and treatment history (naïve vs. previous
treatments) before PET scanning.

IMPLICATIONS FOR PATIENT CARE: In the future, whole-body
volumetric 68Ga-DOTATOC PET/CT parameters may add value to
conventional prognostic parameters in predicting the prognosis of
patients with WD NETs.
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Correlation of 68Ga-FAPi-46 PET Biodistribution with FAP
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Fibroblast activation protein (FAP)–expressing cancer-associated fibro-
blasts confer treatment resistance and promote metastasis and immu-
nosuppression. Because FAP is overexpressed in many cancers,
radiolabeled molecules targeting FAP are studied for their use as pan-
cancer theranostic agents. This study aimed to establish the spectrum
of FAP expression across various cancers by immunohistochemistry
and to explore whether 68Ga FAP inhibitor (FAPi)–46 PET biodistribution
faithfully reflects FAP expression from resected cancer and non-cancer
specimens. Methods: We conducted a FAP expression screening
using immunohistochemistry on a pancancer human tissue microar-
ray (141 patients, 14 different types of cancer) and an interim analysis
of a prospective exploratory imaging trial in cancer patients. Volun-
teer patients underwent 1 whole-body 68Ga-FAPi-46 PET/CT scan
and, subsequently, surgical resection of their primary tumor or
metastasis. 68Ga-FAPi-46 PET SUVmax and SUVmean was correlated
with FAP immunohistochemistry score in cancer and tumor-adjacent
non-cancer tissues for each patient. Results: FAP was expressed
across all 14 cancer types on tissue microarray with variable intensity
and frequency, ranging from 25% to 100% (mean, 76.6% 6 25.3%).
Strong FAP expression was observed in 50%–100% of cancers of
the bile duct, bladder, colon, esophagus, stomach, lung, oropharynx,
ovary, and pancreas. Fifteen patients with various cancer types (colo-
rectal [n54], head and neck [n5 3], pancreas [n5 2], breast [n52],
stomach [n51], esophagus [n52], and uterus [n5 1]) underwent
surgery after their 68Ga-FAPi-46 PET/CT scan within a mean interval
of 16.1 6 14.4 d. 68Ga-FAPi-46 SUVs and immunohistochemistry
scores were higher in cancer than in tumor-adjacent non-cancer
tissue: mean SUVmax 7.7 versus 1.6 (P,0.001), mean SUVmean

6.2 versus 1.0 (P,0.001), and mean FAP immunohistochemistry
score 2.8 versus 0.9 (P, 0.001). FAP immunohistochemistry scores
strongly correlated with 68Ga-FAPi 46 SUVmax and SUVmean:
r5 0.781 (95% CI, 0.376–0.936; P, 0.001) and r50.783 (95% CI,
0.379–0.936; P,0.001), respectively. Conclusion: In this interim
analysis of a prospective exploratory imaging trial, 68Ga-FAPi-46 PET
biodistribution across multiple cancers strongly correlated with FAP
tissue expression. These findings support further exploration of FAPi
PET as a pancancer imaging biomarker for FAP expression and as a
stratification tool for FAP-targeted therapies.

KeyWords: cancer; PET/CT; fibroblast activation protein; immunohis-
tochemistry; 68Ga-FAPi-46
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Fibroblast activation protein (FAP) is strongly expressed on
cancer-associated fibroblasts and is a key player in tumor progres-
sion (1). High FAP expression is restricted almost exclusively to
cancer-associated fibroblasts and serves as an independent negative
prognostic factor for multiple types of cancer (2). In vivo depletion
of FAP-positive stromal cells inhibits tumor growth by decreasing
cancer support, increasing antitumor immunity, and limiting stro-
mal barrier effects (3–5). However, targeting the enzymatic activity
of FAP with antibodies does not yield beneficial clinical effects
(6,7). Recently, FAP inhibitor (FAPi)–targeting ligands labeled
with radioisotopes for PET imaging (e.g., 68Ga and 18F for PET)
and therapy (e.g., 177Lu and 90Y) have been introduced (8,9). The
high tumor uptake that was observed with FAPi PET imaging in
various cancers suggests that radiolabeled FAPi compounds have
promising potential for diagnostic and therapeutic applications (10).
In this prospective translational, exploratory study, we aimed at

assessing the utility of FAPi PET imaging as a pancancer imaging
biomarker for FAP expression. We first surveyed tissue microar-
rays (TMAs) of 141 patients with 14 cancer types for the presence
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and degree of FAP expression by immunohistochemistry (11).
A cohort of surgical patients representing 10 of those cancer types
was then tested to determine the correlation between 68Ga-FAPi-46
PET biodistribution and FAP immunohistochemistry expression in
excised tumor tissue.

MATERIALS AND METHODS

TMA Screening
FAP expression in human tumor tissue was assessed using a pan-

cancer TMA obtained from the University of Virginia. This TMA
included 141 patients with 14 different types of cancer (bile duct, blad-
der, breast, colon, esophagus, stomach, liver, lung, ovary, oropharynx,
pancreas, prostate, kidney, and uterus; 6–14 tumors per tissue type). Nor-
mal tissues present on the TMA were also evaluated (5–8 samples per
tissue type). After deparaffinization and rehydration, heat-induced antigen
retrieval (sodium citrate, 0.05% polysorbate 20, pH 6.0) was performed
for 20 min using a vegetable steamer followed by quenching of endoge-
nous peroxidase activity (3% hydrogen peroxide, 10 min). Primary anti-
body incubation with a 1:50 dilution of rabbit monoclonal anti-FAP
a-[EPR20021] (ab207178; Abcam) was performed overnight at 4!C.
Detection was performed using the ultraView Universal DAB Detection
Kit (K3467; DAKO) per the manufacturer’s instructions. An experienced
surgical pathologist (DWD) confirmed the histologic diagnoses and per-
formed a immunohistochemistry analysis using a semiquantitative visual
scoring system (0, negative staining; 1, weak staining; 2, strong staining).

Clinical Study Design and Participants
We conducted a prospective exploratory biodistribution study of 68Ga-

FAPI-46 PET imaging under the Radioactive Drug Research Committee
Program (title 21 of Code of Federal Regulations, section 361.1). The
primary objective was to define the biodistribution of 68Ga-FAPi-46 PET
in normal and cancer tissues and further correlate with tissue expression
as determined by FAP immunohistochemistry. Volunteer cancer patients
scheduled to undergo surgical resection of a primary tumor or metastasis
were eligible (the inclusion and exclusion criteria are in Supplemental
Table 1; supplemental materials are available at http://jnm.snmjournals.
org). The type of surgery depended on the location and disease as deter-
mined by clinical standard-of-care explorations. 68Ga-FAPi-46 PET/CT
imaging findings did not impact the therapy plan, and surgery was per-
formed independently of the results of the scan findings. The study was
approved by the UCLA Institutional Review Board (approval 19-
000756) and registered on ClinicalTrials.gov (NCT04147494). All
patients provided oral and written informed consent.

We present here the results of an interim analysis that was man-
dated by the UCLA Jonsson Comprehensive Cancer Center Internal
Scientific Peer Review Committee and Data Safety Monitoring Board
after completed enrollment of 15 patients.

FAPi PET/CT Image Acquisition
68Ga-FAPi-46 was used as the FAP-targeted radioligand (8). The

mean injected activity was 184 6 3 MBq (range, 174–185 MBq). The
mean uptake time was 63 6 10 min (range, 54–96 min). Images were
acquired using 64-detector PET/CT scanners (Biograph 64 mCT
[n5 7] or Biograph 64 TruePoint [n5 8]; Siemens Healthcare). Unen-
hanced CT (120 kV, 80 mAs) was performed for attenuation correc-
tion and anatomic correlation of the PET findings. PET images were
acquired from vertex to mid thigh, using an emission time of 2–4 min
per bed position, depending on patient body weight. All PET images
were reconstructed using correction for attenuation, dead time, random
events, and scatter. PET images were reconstructed using an iterative
algorithm (ordered-subset expectation maximization).

FAPi PET/CT Image Analysis
Images were analyzed in consensus by 2 readers (MRB, JCa) blinded

to the histopathology and immunohistochemistry results. The readers had
access to all medical records and other imaging modality results available
to facilitate tumor localization. Image analysis was performed with
OsiriX (Pixmeo) (12). The readers quantified the 68Ga-FAPi-46 PET
uptake in cancer tissue and tumor-adjacent non-cancer tissue by placing
volumes of interest in the tumor lesions and the surrounding normal tissue
in the same organ. The readers adapted the size of the volume of interest
visually to best encompass the structure of interest and to preclude over-
lapping of activity between the cancer and non-cancer volumes of inter-
est. Anatomic CT information was used to avoid activity spillover from
other organs. SUVmean, SUVmax, and lesion size byCTwere recorded.

Histopathology and Immunohistochemistry Analysis
Clinical pathology reports were used to collect final pathology diag-

noses and pathologic TNM staging. Representative sections of normal
and tumor tissue from surgical resection specimens were obtained
from the UCLA Department of Pathology through the UCLA Transla-
tional Pathology Core Laboratory. FAP immunohistochemistry stain-
ing was performed as described above.

All hematoxylin and eosin slides from each surgical pathology case
were evaluated to select representative sections consisting of normal and
tumor tissue for immunohistochemistry evaluation. One representative sec-
tion that best reflected the overall tumor histology (i.e., histologic type and
grade, relative stroma and tumor cell component), that included sampling
of both the edge and the central portions of the tumor mass, and that con-
tained surrounding adjacent normal tissue (.5 mm distance from malig-
nant cells) was selected for each patient. Immunohistochemistry stains
were independently scored by 2 pathologists (DWD, SWF) who did not
know each other’s scores, the clinical information, or the PET imaging
results. A semiquantitative approach adapted from a prior study was used
(13). Briefly, FAP expression was assessed globally across the entire
cross-sectional area of tumor and adjacent nonmalignant tissue without
any specific focus on invasive fronts or areas of active tumor growth. The
tumor compartment was defined on the basis of morphologic assessments
as the geographic area where malignant cells were present, as well as the
immediately adjacent area of intratumoral and peritumoral stromal
response. A score of 0 was defined as complete absence of staining or
weak staining in less than 10% of the area under assessment. A score of 1
was defined as weak expression in greater than 10% of the area under
assessment. A score of 2 was defined as moderate or strong expression in
10%–50% of the area under assessment. A score of 3 was defined as mod-
erate or strong expression in more than 50% of the area under assessment.

Cross-Sectional Correlation Analysis of the FAPi PET Signal
and FAP Immunohistochemistry Staining

The 68Ga-FAPi-46 PET SUV and the FAP immunohistochemistry
score of cancer and tumor-adjacent non-cancer tissue were evaluated for
correlation on a per-patient basis: for each tumor lesion, the 68Ga-FAPi-
46 PET SUV of the lesion was evaluated for correlation with the immu-
nohistochemistry score of the tumor compartment on the selected
pathology slide, and the 68Ga-FAPi-46 PET SUV of the normal tissue
surrounding the tumor lesion was evaluated for correlation with the
immunohistochemistry score of the tumor-adjacent non-cancer tissue
available on the same pathology slide as that containing the tumor lesion.

Statistics
Patient characteristics and study variables were summarized using

mean, SD, ranges, or frequency (%) as appropriate. To test for differ-
ences in expression levels of both immunohistochemistry and PET
measures between cancer and non-cancer tissues, the 2 groups were
compared using P values from a generalized-estimating-equation
model (to properly account for the repeated-measures design of the
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study) (14). For assessing the association between immunohistochem-
istry and PET findings, we computed repeated-measures correlation
coefficients. Interreader agreement for the immunohistochemistry
scoring was assessed using Cohen k-statistics. P values of less than
0.05 were considered statistically significant. Analyses were per-
formed using SAS (version 0.4; SAS Institute) and R (version 3.6.1,
Rmcorr package; www.r-project.org). Because of the exploratory
nature of this study and the Radioactive Drug Research Committee–
mandated limit of 30 patients, with an interim analysis after 15
patients mandated by the UCLA Institutional Review Board, a power
analysis for sample size was not performed.

RESULTS

TMA Analysis
Representative FAP immunohistochemistry scoring by cancer

type performed in the TMA is shown in Figure 1. FAP expression
was present in 80.9% (114/141) of tumors. Of the 114 positive
tumors, FAP expression was stromal in 108, epithelial in 1, and
mixed in 5 (lung cancer [n5 1], ovarian cancer [n5 1], oropharynx
[n5 1], pancreatic [n5 1], and uterine cancer [n5 1]). No stroma
was present for evaluation in 1 case of ovarian cancer (0.7%).
Although there was variability in the intensity and frequency of

FAP expression, FAP was positive in more than 50% of cases from
11 of 14 cancer types. Strong FAP expression was observed in
50%–100% of cancers from the bile duct, bladder, colon,

esophagus, stomach, lung, oropharynx, ovary, and pancreas. Liver,
prostate, and renal cell cancer were the 3 tumor types with the low-
est FAP expression.
This TMA survey provided a rationale for the design of the sub-

sequent clinical PET imaging study.

PET Imaging Study Cohort
Between December 2019 and May 2020, 15 patients (8 men

and 7 women; mean age, 60.7 6 10.5 y) with 7 different cancer
types (colorectal [n5 4], head and neck [n5 3], pancreatic
[n5 2], breast [n5 2], gastric [n5 1], esophageal [n5 2], and
uterine [n5 1] cancer) were enrolled. Supplemental Table 2 sum-
marizes the demographics and clinical characteristics of the study
population. All 15 patients underwent 68Ga-FAPi-46 PET/CT and
subsequent surgery within 16.1 6 14.4 d (range, 1–50 d) after the
scan. Two patients had tumors deemed unresectable at the time of
surgery (gastric linitis plastica with duodenal extension, patient 3;
pancreatic cancer with venous involvement, patient 14).

68Ga-FAPi-46 PET Biodistribution in Cancer Lesions, Normal
Organs, and Non-Cancer Tissues
The 68Ga-FAPi-46 biodistribution as determined by SUVmean in

normal organs is described in Supplemental Table 3 and Supple-
mental Figure 1. The 68Ga-FAPi-46 SUVs and the size of the can-
cer lesions are provided in Supplemental Tables 4 (primary

tumors) and 5 (metastases).
Normal Organs and Non-Cancer Tissues.

The highest normal-organ 68Ga-FAPi-46
PET signals were in the urinary bladder
(because of urinary excretion) and the
uterus (because of normal myometrial FAP
expression). Other organs with notable
68Ga-FAPi-46 uptake included the subman-
dibular glands, Waldeyer ring, pancreas,
and kidneys (average SUVmean, 2.5).
68Ga-FAPi-46 uptake higher than in normal
tissues was noted in 3 lesions (SUVmax of
4.4, 2.4, and 2.6) that subsequently revealed
a benign pathology, including an elastofi-
broma dorsi (patient 3) and 2 areas of fibro-
sis or scarring in breast tissue (patient 11).
Cancer Tissues. The average 68Ga-FAPi-

46 SUVmean and SUVmax was 7.2 6 4.4
(range, 1.5–15.2) and 8.6 6 5.2 (range, 1.7–
19), respectively, in primary tumors (n5
15) and 4.3 6 2.9 (range, 2.1–8.8) and
5.3 6 3.6 (range, 2.7–10.8), respectively, in
metastases (n5 6). The cancer types with
the highest uptake were those of the pan-
creas, stomach, colon, and uterus. The low-
est uptake was in 2 patients with a complete
response to neoadjuvant therapy (patients 13
and 15) and thus low FAP expression

Immunohistochemistry Findings
Histologic sections from 13 patients

who underwent tumor resection were ana-
lyzed. Normal tissue adjacent to tumors
and tumor tissue from individual histologic
sections were available for immunohisto-
chemistry in 13 of 15 (87%) and 11 of 15

FIGURE 1. FAP expression by immunohistochemistry in 14 cancer types and normal tissues (TMA
analysis). (A) Quantification of FAP expression per cancer type. FAP intensity was evaluated using
semiquantitative visual scoring system that accounts for staining intensity (0, negative; 1, weak; 2,
strong). (B) FAP immunohistochemistry expression on representative tissue core from indicated can-
cer or normal tissue type.
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patients (73%), respectively. Primary tumor, metastasis, or both
primary tumor and metastasis were evaluated in 7 of 11 (63%), 2
of 11 (18%), and 2 of 11 (18%) cases, respectively. The FAP scor-
ing between the 2 pathologists was in almost perfect agreement
(k5 0.89).
Primary Tumors. The highest FAP immunohistochemistry

scores were observed in pancreatic, esophageal, and breast cancer.
FAP staining was confined exclusively to the tumor-associated
stromal compartment in most patients (12/13; 92.3%) and ranged
from weak to strong expression (1–3). The staining intensity was
the greatest in stromal areas within and immediately adjacent to
(peritumoral) the malignant epithelial compartment of tumors as
shown in a case example in Figure 2 (patient 10).
Metastatic Lesions. All 4 evaluated metastatic lesions (3 lymph

nodes and 1 liver metastasis) were positive for FAP, including
stromal staining in 3 of the 4 and malignant epithelial cell staining
in 1 of the 4 (uterine squamous cell carcinoma involving a left pel-
vic lymph node, patient 8). FAP staining was equivalent between
primary and metastatic lesions in 2 patients with tissue available
for comparative analysis (patients 6 and 15, Supplemental Fig. 2).
Tumor-Adjacent Non-Cancer Tissues. Staining was absent or

weak in most normal tissues (71.4% negative, 25% weak, 3.6%
moderate) and observed primarily in capillary and small-vessel
endothelium. FAP expression was moderate in a concurrently
resected benign elastofibroma dorsi (patient 3) and was moderate to
strong in 2 areas of radial scarring and biopsy site changes in benign
breast tissue without cancer (patient 11, Supplemental Fig. 3).

Correlation of 68Ga-FAPi-46 PET Signal and FAP
Immunohistochemistry Staining in Cancer and
Tumor-Adjacent Non-Cancer Tissues (Per-Patient Analysis)
Supplemental Figures 4–16 depict each patient case with an

available cross-sectional correlation analysis of the 68Ga-FAPi-46
PET signal and FAP immunohistochemistry staining score.

68Ga-FAPi-46 SUVmax and SUVmean, and the FAP immuno-
histochemistry score, were higher in cancer tissue than in

tumor-adjacent non-cancer tissue: mean SUVmax was 7.7 (95%
CI, 5.1–10.3) versus 1.6 (95% CI, 0.9–2.2; P, 0.001), respec-
tively; mean SUVmean was 6.2 (95% CI, 4.0–8.3) versus 1.0 (95%
CI, 0.7–1.3; P, 0.001), respectively; and mean FAP immunohisto-
chemistry score was 2.8 (95% CI, 2.6–3.0; P, 0.001) versus 0.9
(95% CI, 0.4–1.4; P, 0.001), respectively (Fig. 3).
The FAP immunohistochemistry score correlated positively

both with 68Ga-FAPi-46 SUVmax across cancer and tumor-
adjacent non-cancer tissues (r5 0.781 [95% CI, 0.376–0.936],
P, 0.001) and with SUVmean (r5 0.783 [95% CI, 0.379–0.936],
P, 0.001) (Fig. 4). FAP immunohistochemistry scores of 0, 1, 2,
and 3 corresponded to a mean 68Ga-FAPi-46 SUVmax of 1.2 (95%
CI, 0.8–1.6), 1.9 (95% CI, 0.4–3.3), 3.9 (95% CI, 2.8–4.9), and 7.4
(95% CI, 4.5–10.3), respectively. CT size tended to correlate posi-
tively with SUVmax (Spearman r5 0.57; P5 0.054) and SUVmean

(Spearman r5 0.54; P5 0.068).

DISCUSSION

In this translational study, we aimed to establish the spectrum
of FAP expression across various cancers by immunohistochemis-
try and to explore whether 68Ga-FAPi-46 PET biodistribution
faithfully reflects FAP expression in cancer patients. We report
here the results of a TMA analysis from 141 patients with 14 dif-
ferent types of cancer and of an interim analysis of a prospective
exploratory imaging trial that included 15 patients. FAP was
expressed across all cancer types with variable intensity and fre-
quency. We established a positive and significant correlation
between FAP-target expression and FAPi PET SUVs.
Cancer-associated fibroblasts are key constituents of the tumor

stroma that can support an immunosuppressive microenvironment
and tumor cell growth, progression, and metastatic potential (1).
Depleting the stroma can improve delivery of drugs or systemi-
cally applied radiation and enhance cancer immune responses
(15). Thus, FAP expressed by cancer-associated fibroblasts is an
attractive diagnostic and therapeutic target (16). Target specificity

and tumor-specific uptake are critical deter-
minants of the accuracy and efficacy of
PET probes for diagnosis and therapy (17).
FAP frequently is strongly expressed in
solid tumors, with only limited expression
in normal tissues, making it an attractive
theranostic target (10).
FAPi PET imaging has reported high

tumor-to-background characteristics (10).
However, FAPi PET human biodistribution
in cancer has not been validated against
tumor FAP expression as assessed by immu-
nohistochemistry in a pancancer approach.
Recently, a study showed a strong associ-
ation between tumor 68Ga-FAPi-46 PET
uptake intensity and histopathologic FAP
expression in sarcoma tumors (18). Here,
we first screened TMAs from 14 cancers for
FAP expression to guide patient selection
for the exploratory imaging trial. Guided by
our initial TMA screening, we intentionally
selected multiple cancer types to validate the
pancancer approach. In the interim analysis
of this prospective exploratory trial, the bio-
distribution of 68Ga-FAPi-46 PET correlated

FIGURE 2. Matched 68Ga-FAPI-46 PET/CT and immunohistochemistry results for patient 10,
56-y-old woman with sigmoid colon adenocarcinoma who underwent colorectal anterior resection
(ypT4b N0 M0). In area corresponding to resected mass as shown by yellow arrows (PET maximum-
intensity projection [A], axial CT [B, top], axial PET/CT [B, middle], and axial PET [B, bottom]), 68Ga-
FAPi-46 PET/CT showed intense uptake (SUVmax, 15.9; SUVmean, 12.8). FAP immunohistochemistry
on representative histologic sections demonstrated absent to weak FAP expression seen predomi-
nantly as vessel endothelial cell staining in normal tissue (C, top) and strong FAP expression in intra-
tumoral and peritumoral stromal (C, bottom). White arrows depict normal region resected.
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strongly with FAP expression in cancer versus normal tissues across
7 different cancer types, supporting its potential role as a pancancer
predictive biomarker for FAP-targeted therapies. In a subset of
patients, the 68Ga-FAPi-46 SUVmax of metastasis was also compara-
ble to that of their primary tumor, suggesting that FAP expression
may be consistent across primary and metastatic lesions within indi-
vidual patients, which has important implications for its role as a
theranostic in the setting of advanced disease (19).
These findings support further exploration of 68Ga-FAPi-46 as a

potential pancancer imaging biomarker for FAP expression. This
use could find application as an enrichment biomarker or patient
selection tool for clinical trials and as a potential predictor of treat-
ment response in the clinic. Extensive emerging data implicate
FAP-positive cells as important accomplices involved in cancer
progression and metastases. Evaluating FAP-targeting small-
molecule inhibitors, antibodies, bispecific T-cell engagers, and
radioligand therapy requires a means for verifying whole-body
target expression (20).
The main limitation of the study was the small sample size.

This was an exploratory study, and local oversight committees
(Internal Scientific Peer Review Committee, Data Safety Monitor-
ing Board) mandated an interim analysis after the first 15 patients.
This interim analysis revealed a strong correlation between immu-
nohistochemistry and PET findings in 14 patients, which provided
the motivation to publish the data.
Another major limitation was the intratumor heterogeneity and

sampling bias inherent in the histopathology and immunochemis-
try analysis. Unfortunately, autoradiography was not possible in

this exploratory study because
a second administration of
68Ga-FAPi-46 just before sur-
gery was not practical. We
performed an evaluation of
all hematoxylin and eosin
slides from each surgical
pathology case to select the
section best representing the
overall tumor histology or
its surrounding tumor-adjacent
non-cancer tissue.

A perfect anatomic match
between tumor SUV measure-
ments and immunohistochem-
istry scores was unfortunately
not possible because tumors
were not resected in a defined
orientation (unlike in prostate
cancer). Therefore, we collect-
ed the SUVmax and SUVmean

of the whole tumor lesion.
Another limitation is that

visual immunohistochemistry
scoring by pathologists is
semiquantitative only, is sub-
jective, and produces ordinal
rather than continuous vari-
able data. Computer-aided
analysis with automatic im-
munohistochemistry scoring
may overcome these limitations. However, even with semiquanti-
tative ordinal data, the correlation of immunohistochemistry scor-
ing with SUV was strong. Furthermore, the interreader scores
between the 2 pathologists was in near-perfect agreement.

CONCLUSION

In this interim analysis of a prospective exploratory imaging
trial, 68Ga-FAPi-46 PET biodistribution correlated strongly with
FAP expression in cancer and tumor-adjacent non-cancer tissues
across multiple cancer types. These data support the use of 68Ga-
FAPi-46 PET as a pancancer predictive biomarker and stratifica-
tion tool for FAP-targeted therapeutic approaches and lay the
foundation for future evaluation of FAPi ligands labeled with ther-
apeutic isotopes in clinical trials.
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KEY POINTS

QUESTION: Is FAPi PET imaging a reliable biomarker of FAP
expression in cancer and tumor-adjacent non-cancer tissues?

PERTINENT FINDINGS: In this translational study using TMA
and an interim analysis of a prospective exploratory imaging trial
in 15 surgical oncology patients, the FAPi PET uptake and FAP
expression per immunohistochemistry correlated strongly in
cancer and tumor-adjacent non-cancer tissue.

IMPLICATIONS FOR PATIENT CARE: FAPi PET uptake
correlates strongly with FAP expression in cancer patients,
and FAPi PET may thus serve as a predictive biomarker for
FAP-targeted therapeutic approaches.
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The Quest for an Accurate Functional Tumor Volume with
68Ga-DOTATATE PET/CT
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68Ga-labeled somatostatin analog (SSA) PET/CT is now a standard-of-
care component in the management of neuroendocrine tumors (NETs).
However, treatment response for NETs is still assessed with morpho-
logic size measurements from other modalities, which can result in
inaccuracy about the disease burden. Functional tumor volume (FTV)
acquired from SSA PET/CT has been suggested as a possible metric,
but no validated measurement tool to measure FTV exists. We tested
the precision of multiple FTV computational approaches compared
with morphologic volume measurements to identify a candidate for
incorporation into future FTV studies to assess tumor burden more
completely and accurately. Methods: The clinical and imaging data of
327 NET patients were collected at Memorial Sloan Kettering Cancer
Center between December 2016 and April 2018. Patients were required
to have SSA PET/CT and dedicated CT scans within 6 wk and were
excluded if they had any intervention between scans. When paired
studies were evaluated, 150 correlating lesions demonstrated SSA.
Lesions were excluded if they contained necrotic components or were
lobulated. This exclusion resulted in 94 lesions in 20 patients. The FTV
for each lesion was evaluated with a hand-drawn assessment and
3 automated techniques: 50% threshold from SUVmax, 42% threshold
from SUVmax, and background-subtracted lesion activity. These meas-
urements were compared with volume calculated from morphologic
volumemeasurements. Results: The FTV calculation methods showed
varying correlations with morphologic volume measurements. FTV
using a 42% threshold had a 0.706 correlation, hand-drawn volume
from PET imaging had a 0.657 correlation, FTV using a 50% threshold
had a 0.645 correlation, and background-subtracted lesion activity
had a 0.596 correlation. The Bland–Altman plots indicated that all
FTV methods had a positive mean difference from morphologic vol-
ume, with a 50% threshold showing the smallest mean difference.
Conclusion: FTV determined with thresholding of SUVmax demon-
strated the strongest correlation with traditional morphologic lesion vol-
ume assessment and the least bias. This method was more accurate
than FTV calculated from hand-drawn volume assessments. Threshold-
based automated FTV assessment promises to better determine dis-
ease extent and prognosis in patients with NETs.

KeyWords: functional tumor volume; neuroendocrine tumors; somato-
statin analogs; PET/CT
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Neuroendocrine tumors (NETs) encompass a group of diverse
neoplasms that typically originate from the gastrointestinal tract,
the pancreas, and the bronchopulmonary tract. Although they can
have varying presentations, they have similar histopathologic fea-
tures and may secrete biologically active compounds (1). Given a
general lack of awareness of NETs and their slow-growing nature,
diagnosis is missed 20%–40% of the time or is made only at a later
stage because of detectable findings such as tumor mass effects or
biomarker secretions. At this stage, metastatic disease is typically
present, and curative options are no longer feasible (2). Common
treatments include locoregional treatments and conventional che-
motherapy. Recently, peptide receptor radionuclide therapy with
radiolabeled somatostatin analogs (SSAs) has been approved as an
additional treatment option for inoperable or metastatic gastroenter-
opancreatic NETs (2,3).
Imaging plays a pivotal role in diagnosis, staging, treatment

selection, and follow-up of NETs (4). A combination of somato-
statin receptor imaging and morphologic cross-sectional CT or
MRI is now performed to acquire all clinically relevant informa-
tion. Somatostatin receptor imaging targets the high density of
somatostatin receptors that predominate on the cell membranes
of low-grade NETs. In recent years, the use of PET/CT with 68Ga-
labeled SSAs, such as 68Ga-DOTATATE PET/CT, has demon-
strated sensitivity and resolution superior to that of conventional
111In-octreotide scanning. This modality is now Food and Drug
Administration–approved, has become an accepted standard-of-
care imaging modality (5–7), and has substantially improved the
identification and management of NETs.
Despite the introduction of SSA PET/CT, the clinical and

research response of NETs to treatment is still assessed with mor-
phologic size measurements, such as RECIST 1.1, that are obtained
solely with CT and MRI. Morphologic assessment can exclude
many sites of disease identifiable only on SSA PET/CT. Addition-
ally, morphologic size measurements have limited applicability for
slow-growing lesions such as NETs. This can result in underesti-
mation of therapeutic effects and can inaccurately bias management
decisions (8–10). Some lesion assessments, such as the Choi crite-
ria, attempt to correct for these variables, but the dependance on
CT or MRI still limits disease assessment for many patients with
low-grade NETs (11–13).
Because the inclusion of SSA PET/CT better evaluates the full

extent of NET disease, a measurement technique using these PET
imaging data can provide a more complete and accurate disease
assessment for NETs. Prior literature has suggested that functional
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tumor volume (FTV) is a possible suitable metric (14,15) and has
shown promise of prognostic utility for FTV in NETs (15–19). How-
ever, no validated approach has yet been developed to calculate FTV
in SSA PET/CT imaging. In prior investigations, the method to cal-
culate FTV has varied and was often chosen arbitrarily on the basis
of prior approaches and techniques with 18F-FDG PET/CT. For
example, Abdulrezzak et al. (16) and Toriihara et al. (17) used a
50% threshold of SUVmax, Ohnana et al. (18) used a 41% threshold
of SUVmax, and Tirosh et al. (15) used a patient-customized method
to subtract background uptake.
The development and validation of an algorithm or analytic pro-

cess that most accurately measures FTV using SSA PET/CT imag-
ing data would help standardize these prognostic assessments and
more accurately identify the full extent of low-grade NET disease,
which can be indolent on CT or MRI. This standardization could
help create a more reproducible and accurate biomarker to identify
patients most at risk for disease progression and to help manage
treatment decisions.
We have selected some of the techniques previously used to com-

pute tumor volume from SSA PET/CT to assess which method best
approximates and correlates with morphologic size measurements,
which are the current standard of practice. One of these measure-
ment techniques is computing tumor volume using a threshold (rang-
ing from 40% to 50%) related to the respective lesion’s SUVmax to
remove background uptake (20). We chose to test thresholds of 42%
and 50%, as these have been used in prior studies evaluating tumor
volume for both 18F-FDG PET/CT and SSA PET/CT. Another
method uses customized background-based estimation—including
background-subtracted lesion activity (BSL)—that surrounds each
lesion with a single volume of interest (VOI) and then analyzes the
resultant histogram of that VOI to remove any background uptake
for each lesion (21,22). In this study, our aim was to evaluate these
different FTV measurement methods with SSA PET/CT and com-
pare these results with lesion volumes calculated from morphologic
size measurements.

MATERIALS AND METHODS

Patient and Lesion Selection
The institutional review board approved this retrospective single-

center study and waived the informed consent requirement.
The Memorial Sloan Kettering Cancer Center (MSKCC) GE

Healthcare PACS was retrospectively searched for patients who had
undergone 68Ga-DOTATATE PET/CT between December 2016 and
May 2018. This search identified 327 patients with NETs cared for by
our service. The clinical, histopathologic, and imaging data of these
patients were obtained and organized. We then restricted our popula-
tion to the 211 patients who had undergone both 68Ga-DOTATATE
PET/CT and contrast-enhanced CT.

Additional clinical data were used to include only patients with
both a 68Ga-DOTATATE PET/CT and a triphasic contrast-enhanced
CT examination within 6 wk of each other. Also, to ensure that all
lesions demonstrated somatostatin avidity, the study included only
patients whose dictated nuclear medicine and radiology reports shows
concordant findings of neoplastic disease on SSA PET/CT and CT. In
addition, patients were excluded if they had any therapeutic interven-
tion between their SSA PET/CT and CT examinations. These criteria
resulted in 25 patients with paired SSA PET/CT and CT examinations
and concurrent findings.

The paired 68Ga-DOTATATE PET/CT and contrast-enhanced CT
examinations were evaluated; 150 lesions showed SSA uptake and
were clearly identifiable in all planes on CT imaging. Lesions were

then excluded if they either contained necrotic components or were
lobulated, as an accurate morphologic volume would be difficult to
calculate for these types of lesions from traditional morphologic size
assessments. Additionally, 1 lesion was excluded because no biopsy
results were obtained during that patient’s care at MSKCC. This
exclusion resulted in 94 clearly identifiable lesions from 20 patients.
Each of these ellipsoid lesions demonstrated a precise correlation
between the PET imaging and the contrast-enhanced CT imaging in
all dimensions.

Diagnostic Imaging Acquisition Protocols
All patients were examined with the routine 68Ga-DOTATATE

PET/CT clinical protocol on a GE Healthcare Discovery 690 or 710
PET/CT scanner. Both scanners use the same PET acquisition hard-
ware and software. Each patient received an intravenous injection of
68Ga-DOTATATE with a mean injected activity of 193.51 MBq
(range, 166.5–203.5 MBq) and were scanned after an average 64-min
delay (range, 60–75 min). The low-dose, unenhanced CT sequence
and PET sequence were obtained from the mid skull to the upper
thighs. The SUVs were normalized to the patient’s body weight. All
PET/CT scanners used at MSKCC are cross-calibrated for the SUV
measurement, allowing a valid comparison between SUVmax measure-
ments made on different scanners.

All patients were also examined with separate triple-phase contrast-
enhanced CT examinations performed with the routine MSKCC clinical
protocol. After oral and intravenous iodinated contrast administration,
multislice helical sections were obtained from the thoracic inlet to the
pubic symphysis. Imaging of the abdomen included a precontrast phase,
a timed arterial phase imaged 35 s after contrast injection, and a timed
portal phase imaged 80 s after contrast injection.

FTV Quantification Analysis
The FTV was determined as the sum of all voxels, within the identi-

fied VOI, whose uptake matched a predetermined guideline. All FTV
measurements and analyses were performed using VolumeShare soft-
ware, version 7, for the Advantage Workstation (GE Healthcare). Ini-
tially, a VOI was created to encircle each identifiable lesion on the
68Ga-DOTATATE PET/CT scan. Each VOI was created to select only
a single lesion and to minimize the amount of physiologically elevated
background uptake surrounding each lesion within the VOI.

Then, a hand-drawn volume was created to circumscribe each
lesion, using each lesion’s visible tumor activity as seen on the diag-
nostic PET images and excluding any surrounding regions of physio-
logically increased background activity.

The initial VOI of each lesion was then used to calculate the FTV
using thresholds. The first method summed the voxels that demon-
strated uptake matching or exceeding a threshold percentage of the
lesion’s SUVmax. For this method, 2 different thresholds were evalu-
ated, 42% and 50%.

Lastly, the BSL method was performed (21,22). For each lesion,
the imaging data from the initial VOI were transposed into a histogram
to calculate the BSL activity. The histograms represent the voxels of
the VOI as a function of SUVs. Then, the background activity sur-
rounding the lesion was removed by subtracting a gaussian fit over the
peak of the VOI’s histogram. Any negative values were reset to zero.
The remaining positive values in the histogram could be summed to
calculate the FTV based on BSL.

To establish a reference standard for lesion volume, the contrast-
enhanced CT examinations were used to measure the morphologic
volume of each lesion using the GE Healthcare PACS. Each lesion
was measured manually in 3 dimensions using the arterial and venous
phase sequences. For each lesion, the longest diameter on segmented
axial images was measured, followed by the longest perpendicular
diameter. A third, craniocaudal, diameter was then measured using
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segmented sagittal or coronal imaging sequences. Since only ellipsoi-
dal lesions were included, the morphologic volume could be calculated
as ⁴⁄₃ pabc. Figures 1 and 2 demonstrate example lesions with their
calculated FTVs and morphologic volumes.

Statistical Analysis
The Pearson correlation coefficient was used to evaluate the correla-

tion of morphologic lesion volume with the 4 approaches to FTV assess-
ment. Linear models with a random intercept were used to account for

FIGURE 2. Example lesion 2. (A) CT evaluation of hepatic metastasis,
with longest diameter of 2.3 cm (1) and longest perpendicular diameter of
1.8 cm (2). (B) PET evaluation of hepatic metastasis, with yellow represent-
ing 50% threshold segmentation; green, 42% threshold segmentation;
blue, manual segmentation; and red, BSL segmentation.

TABLE 1
Demographic and Histopathologic Data

Characteristic Data

Patients 20 (100%)

Sex

Female 13 (65%)

Male 7 (35%)

Age at 68Ga-DOTATATE PET (y)

Mean 6 SD 56 6 12

Range 28–78

NET primary tumor subtype (%)

Pancreatic 11 (55%)

Small intestine 5 (25%)

Other 3 (15%)

Unknown 1 (5%)

Gastroenteropancreatic NET grade

G1 (Ki-67 , 3%) 5 (29%)

G2 (Ki-67 5 3%–20%) 9 (53%)

G3 (Ki-67 . 20%) 3 (18%)

Local recurrence 1 (5%)

Metastases

No 2 (10%)

Yes 18 (90%)

Metastatic sites

Liver 18

Nodes 8

Bone 3

Adrenal 2

Mesenteric 2

Cardiac 1

Splenic 1

Clinical syndrome

Nonfunctioning tumor 12 (60%)

Functioning tumor 8 (40%)

Data are number, except for age.

TABLE 2
Medical and Surgical Treatments Before Imaging

Treatment n

Resection of primary tumor 9 (45%)

Additional treatments

Liver-directed therapy 7 (35%)

Chemotherapy 4 (20%)

Radiotherapy 1 (5%)

Peptide radionuclide receptor therapy 0

Treatment with cold SSA at time
of 68Ga-DOTATATE PET/CT

8 (40%)

FIGURE 1. Example lesion 1. (A) CT evaluation of lymph node, with lon-
gest diameter of 2.2 cm (1) and longest perpendicular diameter of 1.3 cm
(2). (B) PET evaluation of lymph node, with yellow representing 50% thresh-
old segmentation; green, 42% threshold segmentation; blue, manual seg-
mentation; and red, BSL segmentation.
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any intrapatient correlation between lesions from the same patient. Addi-
tionally, the FTVs measured by the 4 approaches were statistically com-
pared with morphologic volume by the included Bland–Altman plots.
A log transformation for the Bland–Altman plots was used to correct the
skewness in the distribution of the volumes.

RESULTS

Of the 20 patients, 65% were women and
35% were men. The mean age (6SD) at the
time of PET scanning was 56 6 12 y. The
primary tumor sites included pancreas for
11 patients (55%) and small intestine for 5
patients (25%). There was 1 patient with an
unknown primary (5%). Additionally, there
were 2 patients with a gastric primary and
1 patient with a renal primary (Table 1).
Metastases were detected in 18 patients

(90%). The most common metastatic site
was the liver, with 18 patients (90%). Other
common sites of metastasis were nodal for
8 patients (40%) and bone for 3 patients
(15%). A single patient had a local recur-
rence. Additionally, 2 patients had adrenal
metastasis, 2 had mesenteric metastasis, 1
had cardiac metastasis, and 1 had splenic
metastasis (Table 1).
According to the 2019 World Health

Organization classification grading system,
5 patients (29%) with gastroenteropancre-
atic NETs had G1 tumors (Ki-67, 3%),
9 (53%) had G2 tumors (Ki-675 3%–20%),
and 3 (18%) had G3 tumors (Ki-67. 20%).
Three patients had NET carcinoid tumors
without Ki-67 information (Table 1).
Only 8 patients had a clinical syndrome

(diarrhea or flushing) at the time of the

diagnosis, and only 8 patients were under treatment with cold
SSAs at the time of SSA PET/CT imaging. The patients had
undergone a variety of prior treatments, including primary resec-
tion in 9 patients, liver-directed therapies in 7, chemotherapy in 4,
and radiotherapy in 1 (Table 2).
In total, 94 lesions were analyzed for FTV. The mean SUVmax

of the lesions was 36.9 6 27.0. Most lesions were in the liver
(69). Additional sites of lesions included the lymph nodes (10),
pancreas (5), bones (5), small bowel (2), and mesentery (1), as well
as a perihepatic implant (2) (Table 3).
The different FTV calculation methods demonstrated varying

correlations to morphologic volume measurements for the full
population of 94 lesions. Calculating FTV using the 42% threshold
provided a 0.706 correlation. The hand-drawn volume from the
PET imaging provided a 0.657 correlation. The method using 50%
thresholding had a 0.645 correlation, and the BSL method had a
0.596 correlation (Fig. 3).
The Bland–Altman plots (Fig. 4) were well distributed across

0 for each FTV calculation method, but all 4 FTV methods had
positive mean difference when compared with morphologic vol-
ume. The FTV calculated using 50% thresholding showed the
smallest mean difference. This difference between FTV methods
and the morphologic volume is not affected by the size of the
lesion.

DISCUSSION

In our study, we evaluated different methods to calculate FTV
from SSA PET/CT and compared these with morphologic vol-
umes. An FTV calculated using thresholding methods related to
SUVmax outperformed other techniques and may more completely

TABLE 3
68Ga-DOTATATE–Avid Lesion Locations and

Measurements

Parameter Data

SUVmax

Mean 6 SD 36.9 6 27.0

Range 1.3–188.3

Lesions analyzed 94

Site of lesions

Liver 69 (73.4%)

Node 10 (10.6%)

Pancreas 5 (5.3%)

Bone 5 (5.3%)

Bowel 2 (2.1%)

Perihepatic implant 2 (2.1%)

Mesenteric node 1 (1.1%)

Data are number, except for SUVmax.

FIGURE 3. Correlation charts of FTV calculations to morphologic measurements. (A) Manual vol-
ume from PET imaging (VOLNM). (B) BSL (VOLBSL). (C) Threshold of 50% relative to SUVmax

(VOL50). (D) Threshold of 42% relative to SUVmax (VOL42).
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and accurately assess tumor burden for NETs than traditional mor-
phologic assessments.
Since the arrival of SSA PET/CT into the clinical sphere, there

have been attempts to understand how to best use it for patient man-
agement. Some have suggested that FTV may represent a better cor-
relation with prognosis than SUVmax by better capturing extent of
disease and response to therapy (14–19). But because there is no
consensus or validated FTV method with SSA PET/CT, we appro-
priated some previously used FTV methods. These include SUVmax

thresholding methods related to SUVmax, hand-drawn volumes, and
a BSL method described in prior published studies by MSKCC.
Use of the hand-drawn volumes for calculation of FTV performed

favorably, with a strong correlation to the morphologic volume.
Unfortunately, this technique also consistently demonstrated the larg-
est overestimation of lesion size compared with morphologic volume.
It is unclear whether this bias is due to the companion CT images of
the PET examination. An additional major limitation of this method
is the time required to manually circumscribe each lesion.
Although the FTV calculation based on the BSL technique

showed promise for 18F-FDG PET/CT in prior studies, we demon-
strated that this technique performed poorly for SSA PET/CT. This
technique had the lowest correlation between calculated FTV and
morphologic volume. Additionally, this technique greatly overesti-
mated lesion size compared with morphologic volume, suggesting
that the distribution of SSA uptake from the background parenchyma
cannot be completely estimated by a classic gaussian distribution.
Both FTVs computed on the basis of SUVmax thresholds showed

strong correlations with morphologic lesion volume, as well as

showing the smallest overall differences
from morphologic lesion volume. The 42%
threshold had the strongest correlation with
morphologic volume, including the hand-
drawn volume, and the second smallest
mean difference. The 50% threshold demon-
strated the smallest mean difference from
morphologic volume, or the smallest overes-
timation, and the third strongest correlation
with morphologic volume. This result sug-
gests that an FTV with thresholding values
may be the best candidate for an FTV mea-
surement technique to assess tumor burden
for low-grade NETs. Because use of the
42% and 50% thresholds was arbitrarily
chosen given their prior use for tumor
volume assessments in the literature, a
threshold set to a different percentage
could demonstrate a stronger correlation
with morphologic tumor volume, with less
bias or overestimation. As the 50% thresh-
old with least bias demonstrated a lower
correlation than the 42% threshold, it is pos-
sible that a second variable is needed to
adjust FTV to best approximate morphologic
volume. These results suggest that more
inquiry is likely needed to answer these
questions.
The main limitation of our study was our

exclusion of lesions with necrotic compo-
nents and with more complex 3-dimensional
volumes. These were excluded because of

the difficulty of calculating an accurate morphologic volume for these
lesions via CT imaging. Future studies are needed to evaluate
whether an FTV method based on an SUVmax threshold can be used
to accurately measure the SSA-positive portions of these types of
NET lesions.

CONCLUSION

Because SSA PET/CT can better evaluate the full extent of
NET disease than CT or MRI, a measurement technique using
these PET imaging data can provide a more complete and accurate
assessment of total disease. Our study demonstrated a strong cor-
relation between FTV calculated using SUVmax thresholding and
traditional morphologic lesion volumes. Measurements were also
more accurate using this method than using morphologic lesion
volumes. Additionally, this method was more accurate than FTV
calculated from hand-drawn volume assessments. This FTV
assessment technique is the best candidate for future evaluation
and for incorporation of total-body tumor volume algorithms to
more completely and accurately assess tumor burden and progno-
sis for NET patients.
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KEY POINTS

QUESTION: What is the best FTV measurement method for 68Ga
SSA PET/CT imaging of NETs?

PERTINENT FINDINGS: We found a strong correlation and the
smallest bias between FTV and traditional morphologic lesion
volume when using an SUVmax threshold on SSA PET/CT.
Additionally, this method of computation outperformed FTV
calculated from hand-drawn volume assessments with regard
to accuracy.

IMPLICATIONS FOR PATIENT CARE: FTV assessment based on
an SUVmax threshold is a promising basis for more accurate mea-
surement of tumor volume and should be further studied to create
FTV algorithms to better determine the extent of disease and the
prognosis.
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Burden in an Orthotopic Xenograft Murine Model of
Hepatocellular Carcinoma

Kevin P. Labadie1, Donald K. Hamlin2, Aimee Kenoyer3, Sara K. Daniel1, Alan F. Utria1, Andrew D. Ludwig1,
Heidi L. Kenerson1, Lily Li4, Jonathan G. Sham1, Delphine L. Chen5, Johnnie J. Orozco3, Raymond S. Yeung1,
Chris Orvig6, Yawen Li2, D. Scott Wilbur2, and James O. Park1

1Department of Surgery, University of Washington, Seattle, Washington; 2Department of Radiation Oncology, University of
Washington, Seattle, Washington; 3Clinical Research Division, Fred Hutchinson Cancer Research Center, Seattle, Washington; 4Life
Sciences Division, TRIUMF, and Medicinal Inorganic Chemistry Group, Department of Chemistry, University of British Columbia,
Vancouver, British Columbia, Canada; 5Department of Radiology, University of Washington, Seattle, Washington; 6Medicinal
Inorganic Chemistry Group, Department of Chemistry, University of British Columbia, Vancouver, British Columbia, Canada

Hepatocellular carcinoma (HCC) is a significant cause of morbidity and
mortality worldwide, with limited therapeutic options for advanced dis-
ease. Targeted a-therapy is an emerging class of targeted cancer therapy
in which a-particle–emitting radionuclides, such as 227Th, are delivered
specifically to cancer tissue. Glypican-3 (GPC3) is a cell surface glycopro-
tein highly expressed onHCC. In this study, we describe the development
and in vivo efficacy of a 227Th-labeledGPC3-targeting antibody conjugate
(227Th-octapa-aGPC3) for treatment of HCC in an orthotopic murine
model. Methods: The chelator p-SCN-Bn-H4octapa-NCS (octapa) was
conjugated to a GPC3-targeting antibody (aGPC3) for subsequent 227Th
radiolabeling (octapa-aGPC3). Conditions were varied to optimize radio-
labeling of 227Th. In vitro stability was evaluated by measuring the per-
centage of protein-bound 227Th by g-ray spectroscopy. An orthotopic
athymic Nu/J murine model using HepG2-Red-FLuc cells was devel-
oped. Biodistribution and blood clearance of 227Th-octapa-aGPC3 were
evaluated in tumor-bearing mice. The efficacy of 227Th-octapa-aGPC3
was assessed in tumor-bearing animals with serial measurement of
serum a-fetoprotein at 23 d after injection. Results: Octapa-conjugated
aGPC3 provided up to 70% 227Th labeling yield in 2 h at room tempera-
ture. In the presence of ascorbate, at least 97.8% of 227Th was bound to
aGPC3-octapa after 14 d in phosphate-buffered saline. In HepG2-Red-
FLuc tumor-bearing mice, highly specific GPC3 targeting was observed,
with significant 227Th-octapa-aGPC3 accumulation in the tumor over
time and minimal accumulation in normal tissue. Twenty-three days after
treatment, a significant reduction in tumor burden was observed in mice
receiving a 500 kBq/kg dose of 227Th-octapa-aGPC3 by tail-vein injec-
tion. No acute off-target toxicity was observed, and no animals died
before termination of the study. Conclusion: 227Th-octapa-aGPC3 was
observed to be stable in vitro; maintain high specificity for GPC3, with
favorable biodistribution in vivo; and result in significant antitumor activity
without significant acute off-target toxicity in an orthotopic murine model
of HCC.
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targeteda-therapy (TAT); radioimmunotherapy

J Nucl Med 2022; 63:1033–1038
DOI: 10.2967/jnumed.121.262562

Hepatocellular carcinoma (HCC) is a significant cause of
morbidity and mortality worldwide, particularly in advanced stages
(1–3). Although novel combination therapies are being developed
(e.g., immune checkpoint and tyrosine kinase inhibitors), these reg-
imens are limited by modest efficacy and significant adverse effects
(4–7). New therapies for advanced HCC are needed.
Targeted a-particle therapy is a promising new class of cancer

therapies that create double-stranded DNA breaks via a high linear
energy transfer and induce a cytotoxic T-lymphocyte–driven anti-
tumor immune response (8–12). 227Th (half-life, 18.7 d) is an
a-particle–emitting radionuclide that has been attached to mono-
clonal antibody conjugates using bifunctional octadentate ligands,
such as isothiocyanato-benzyl-DOTA and 3,2-hydroxypyridinone
derivatives (13). The decay scheme of 227Th is shown in Figure 1.
a-emitters are appealing for the treatment of solid tumors because
of the high radiation payload deposited over short distances (high
linear energy transfer), which minimizes the risk of off-target tox-
icity. 227Th-labeled antibody conjugates are currently being evalu-
ated in the treatment of several malignancies, including acute
myeloid leukemia, multiple myeloma, renal cell carcinoma, non-
Hodgkin lymphoma, mesothelin-positive mesothelioma, and
ovarian cancer (14–17). Glypican-3 (GPC3) is a cell surface gly-
coprotein highly expressed in HCC, making it a promising target
for novel therapeutic and diagnostic applications (18–23). To our
knowledge, no report of 227Th targeted a-particle therapy directed
at GPC3 for the treatment of HCC has been published to date.
The objective of this study was to develop a 227Th-labeled GPC3

antibody conjugate (227Th-octapa-aGPC3) and evaluate the radio-
labeling properties, in vivo biodistribution, and efficacy in a GPC3-
positive hepatic orthotopic xenograft murine model of HCC.

MATERIALS AND METHODS

Conjugation of aGPC3 and aBHV1 with Octapa
227Th(NO3)4 was purchased from Oak Ridge National Laboratory and

was purified from its decay daughters before use (24). The bifunctional
chelator p-SCN-Bn-H4octapa-NCS (octapa) was synthesized at the Uni-
versity of British Columbia (chemical structure shown in Supplemental
Fig. 1; supplemental materials are available at http://jnm.snmjournals.
org) (25,26). The anti-GPC3 antibody (aGPC3) was generated and
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produced at the Fred Hutchinson Research Center antibody core facility
as previously described (22,27). The isotype control (IgG1) antibody
against bovine herpes virus, aBHV1, was a generous gift from the
Orozco laboratory (28). The conjugation reaction was previously
described (25,26). Detailed information regarding conjugation and
radiolabeling is included in the supplemental methods.

227Th Radiolabeling of aGPC3-Octapa
The aGPC3-octapa conjugate with the highest octapa-to-aGPC3

ratio and highest antigen binding was used in 227Th-labeling reactions.
The radiolabeling yield was optimized by varying the reaction time,
pH, and temperature. Appropriate amounts of unlabeled monoclonal
antibody conjugates were added to the purified product to provide
18.5 kBq (0.5 mCi) and 70 mg of antibody per dose. The remaining
227Th-labeled aGPC3-octapa was used for in vitro stability studies.

In Vitro Stability of 227Th-Octapa-aGPC3
Solutions of 227Th-labeled monoclonal antibodies were incubated at

room temperature and pH 7.0 for 4 h, followed by refrigeration at 4!C,
in the presence or absence of ascorbate acid. At 4 h, 24 h, 3 d, 7 d, and
14 d, the percentage of protein-bound 227Th was determined by g-ray
spectroscopy, monitoring the 236-keV (12.9%) g-peak of 227Th. Stabil-
ity in serum and in the presence of an excess of metal ions such as
Ca21, Fe31, Mg21, Cu21, and Zn21 will be evaluated in future studies.

Development of Orthotopic Xenograft Model
GPC3-positive HepG2-Red-FLuc cells expressing luciferase were

purchased from PerkinElmer (Bioware, catalog number BW134280)
and were maintained in a monolayer at 37!C in Dulbecco modified
Eagle medium (Gibco) supplemented with 10% fetal bovine serum
(Gibco) in a humidified chamber with 5% CO2.

This study was performed in accordance with the University of Wash-
ington Office of Animal Welfare guidelines for the humane use of ani-
mals, and all procedures were reviewed and approved by the Institutional
Animal Care and Use Committee (protocol 4304-02). Experiments
were performed in compliance with the ARRIVE guidelines (Animal
Research: Reporting of In Vivo Experiments) (29). A hepatic subcap-
sular xenograft model was generated and described in the supplemen-
tal methods (23). To monitor orthotopic tumor growth, whole blood was
obtained from the animals by a submandibular bleed and the serum con-
centration of a-fetoprotein (AFP) was determined (30).

Biodistribution and Blood Clearance Studies
Tumor-bearing mice were injected with 227Th-octapa-aGPC3 or

227Th-octapa-aBHV1(70 mg, 500 kBq/kg). Tumors and normal organs
were harvested and weighed, and 227Th activity was measured by a
g-counter; the measured activity was a net sum of activity from all
daughters. The percentage injected dose of radioisotope per gram
(%ID/g) of blood, tumor, or organ was calculated after correcting for
radioactive decay using an aliquot of the injectate, as were the tumor–
to–normal-organ ratios of absorbed radioactivity.

After tumor-bearing mice were injected with 227Th-octapa-aGPC3
or 227Th-octapa-aBHV1 (70 mg, 500 kBq/kg), serial retroorbital blood
sampling was performed at 5, 15, 30, 60, 120, and 240 min and then
animals were necropsied at 24 h, 7 d, or 23 d after injection. Blood
samples were measured by a g-counter and corrected for 227Th activity.

227Th Radioimmunotherapy
After animals were confirmed to have tumors by IVIS imaging

(PerkinElmer), they were included in the study and serum AFP was
measured. Tumor-bearing animals were assigned to 1 of 4 experimen-
tal groups based on serum AFP measurements to ensure a comparable
tumor burden among cohorts. In an unmasked fashion, the animals
received either no treatment, aBHV1-octapa radiolabeled with a
500 kBq/kg dose of 227Th, or aGPC3-octapa radiolabeled with a 250
or 500 kBq/kg dose of 227Th via tail-vein injection without anesthesia.
Twenty-three days after injection, the animals were euthanized to eval-
uate for early antitumor effect of 227Th-octapaa-aGPC3. Serum was
obtained for AFP measurement, and randomly selected livers were
harvested and placed in 10% (w/v) neutral-buffered formalin.

Statistical Analysis
Statistical analysis was performed with Prism (version 8.0.0, Graph-

Pad Software). The D’Agostino and Pearson normality test was per-
formed to determine whether there was a gaussian distribution.
Continuous variables were expressed as medians and means and com-
pared by the Student t test or Mann–Whitney test. One-way ANOVA
or a Kruskal–Wallis test with Dunn multiple comparisons was per-
formed. In all cases, a P value of 0.05 or less was considered statisti-
cally significant.

RESULTS

GPC3 Conjugation with Octapa Is Highly Efficient
Octapa was conjugated to aGPC3 via reactions conducted using

5, 10, and 15 equivalents of octapa to determine the optimal conjuga-
tion ratio. The isoelectric points of the aGPC3-octapa shifted toward
the acidic isoelectric point as the number of equivalents offered
increased (Fig. 2). aGPC3-octapa 5 equivalents demonstrated a max-
imum shift of binding to GPC3-positive cells by flow cytometry
(Supplemental Fig. 2); however, it resulted in lower chelates per anti-
body than did the 10 equivalents. Therefore, a 10-equivalent conju-
gation ratio was used for subsequent experiments. The protein
recovery from the conjugation process was more than 85%, and the
final concentrations were 4.6 mg/mL and 4.75 mg/mL for aGPC3-
octapa and aBHV1-octapa, respectively. Mass spectral analysis of
aGPC3-octapa and aBHV1-octapa conjugates produced by reaction
of 10 equivalents of octapa indicated that there was an average of
3.3 octapa moieties on aGPC3 and 5 octapa moieties on aBHV1.

227Th-Labeled aGPC3-Octapa Is Stable In Vitro
Labeling conditions were optimized using aGPC3-octapa and small

quantities of 227Th in 0.1 M HNO3 (85.1–314.5 kBq, or 2.3–8.5 mCi).
The labeling yield increased from 16% to 25% to 37% as the reaction
time increased from 30 min to 1 h to 2 h, respectively, but did not sig-
nificantly increase after 2 h. Among the different reaction solutions

FIGURE 1. Decay scheme of 227Th.

1034 THE JOURNAL OF NUCLEAR MEDICINE & Vol. 63 & No. 7 & July 2022



and pH levels tested, the
highest consistent yields were
obtained when 200 mL of
0.05M sodium citrate with
1mM ethylenediaminetetra-
acetic acid (pH 5.5) was com-
bined with 5–10mL of 227Th
in 0.1 M HNO3 with the pH
adjusted to 5–5.5 using 1M
sodium citrate. To this, 200mg
of aGPC3-octapa (4.0mg/mL)
were added and allowed to
react for 2h at 37!C (43%–70%
radiochemical yield). Reac-
tions conducted at the ele-
vated temperature accounted
for only about 4% higher
yields; therefore, subsequent
reactions were conducted at
room temperature.
The in vitro stability of

the 227Th-labeled monoclonal
antibody–octapa conjugates was
evaluated with and without
ascorbic acid. Because the
g-counter cannot distinguish
227Th activity from its radio-
active progeny, g-spectros-
copy was used to analyze
radio–instant thin-layer chro-
matography strips from, and
determine the percentage of

antibody-bound, 227Th. After 14 d, at least 97.8% of 227Th was
observed to be bound to aGPC3-octapa in the presence of ascor-
bic acid (Fig. 3).

aGPC3-Octapa Maintains Ligand Binding In Vitro and In Vivo
The affinity of aGPC3-octapa for GPC3 was assessed with flow

cytometry using HepG2-Red-FLuc cells. aGPC3-octapa maintained
high affinity for GPC3, with only a modest reduction in binding affin-
ity compared with unconjugated aGPC3 (Fig. 4). In tumor-bearing
mice 24 h, 7 d, and 23 d after tail-vein injection of 227Th-octapa-
aGPC3, elevated levels of radioactivity were detected in the tumor
tissue compared with the surrounding liver and other organs (Fig. 5A;
Supplemental Table 1). The %ID/g of 227Th-octapa-aGPC3 remained
high in tumor tissue over 23 d (Fig. 5B). The %ID/g ratio of 227Th-
octapa-aGPC3 in tumor tissue compared with adjacent normal liver
parenchyma steadily increased over time (Fig. 5C). 227Th-octapa-
aBHV1, an irrelevant isotype antibody conjugate, did not significantly
bind to the tumor tissue (Supplemental Fig. 3).

227Th-octapa-aGPC3 did not significantly accumulate in normal
tissues at 1, 7, and 23 d after injection (Fig. 5A). The %ID/g of
227Th-octapa-aGPC3 was less than 5% in all tested normal tissues
by day 23 after injection. The primary mode of decay for 227Th is
a-decay, resulting in daughter 223Ra particles, a radionuclide that
preferentially accumulates in bone. Measurement of radioactivity
of the femur demonstrated low g-counts after injection with
227Th-octapa-aGPC3 compared with 227Th-octapa-aBHV1, for
which radioactivity was observed to accumulate in bone over
time. This observation is presumably due to the highly specific tar-
geting and preferential accumulation of 227Th-octapa-aGPC3 in the

tumor, resulting in lower circulating radioactivity for bone deposi-
tion. High-resolution g-ray spectroscopy was performed on select
tissues demonstrating radium accumulation in bone (Supplemental
Table 2), but further evaluation will be part of a future study.
Blood radioactivity cleared more rapidly after 227Th-octapa-

aGPC3 injection than after 227Th-octapa-aBHV1, with serum half-
lives of 14 and 17 h, respectively. This more rapid clearance may be
secondary to increased accumulation of the radioimmunoconjugate in
the tumor over time (Fig. 6).

227Th-Octapa-aGPC3 Reduces Tumor Burden in Murine Model
To assess the efficacy, tumor-bearing mice received either no treat-

ment, a 500 kBq/kg dose of 227Th-octapa-aBHV1, or a 250 or 500
kBq/kg dose of 227Th-octapa-aGPC3 by tail-vein injection. Serum AFP
was significantly lower in mice treated with 227Th-octapa-aGPC3 than
in control groups 23 d after therapy administration (Fig. 7). The treat-
ment effect was most pronounced after therapy with a 500 kBq/kg dose
of 227Th-octapa-aGPC3, although a modest effect was observed after
therapy with 250 kBq/kg. AFP increased significantly after therapy
with a 500 kBq/kg dose of 227Th-octapa-aBHV1, indicating that

FIGURE 2. Conjugation with octapa
to aGPC3: stained isoelectric focus-
ing gel showing isoelectric point
changes in unconjugated GPC3 mAb
(right lane), when 5, 10, and 15 equiv-
alents of octapa reagent are reacted
with aGPC3 mAb.

FIGURE 3. Stability of 227Th-labeled mAbs in vitro: percentage bound
thorium of aBHV1-octapa and aGPC3-octapa incubated in phosphate-
buffered saline over 14 d with and without ascorbic acid (AA).

FIGURE 4. Binding affinity for GPC3 in vitro maintained by aGPC3-
octapa: in vitro GPC3 binding assessed by flow cytometry on human
HepG2-Red-FLuc cells with unconjugated aGPC3 (blue) and aGPC3-
octapa (red), compared with unstained control (black). Three biologic repli-
cate samples are shown.
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GPC3-targeted thorium delivery induced tumor cell killing rather
than the presence of systemically circulating antibody-bound
227Th.
To assess for organ-specific toxicity after administration of the

227Th radioimmunoconjugates, serum markers of end organ dys-
function were collected 23 d after injection, and no significant
aberrations were identified in comparison to controls (Supplemen-
tal Fig. 4). No animals died before termination of the study.

DISCUSSION

In this report, we describe the development of a 227Th radioimmuno-
conjugate targeting GPC3 and demonstrated its in vivo efficacy in the
treatment of HCC in an orthotopic murine xenograft model. The 227Th-
octapa-aGPC3 radioimmunoconjugate was observed to be stable in vitro;
maintain its specificity for GPC3, with a favorable biodistribution; and
result in tumor reduction without undesired significant acute toxicity.
These findings add to previous studies establishing the basis for a

GPC3-targeted theranostic platform whereby different radioimmu-
noconjugates can be used for diagnostic or surveillance imaging
and treatment (22,23,31,32). Such a platform could improve current
treatments of HCC by enabling earlier identification of disease or
recurrence, increase the accuracy of staging, and allow for more
targeted treatment with fewer systemic toxicities.

To radiolabel our antibody, we used a picolinic acid–containing
chelate, octapa, an octadentate acyclic ligand that enables
227Th radiolabeling of antibodies at room temperature, helping to
maintain the 3-dimensional conformation and immunoreactivity of the
conjugated targeting antibody (25,26). Optimization of the
reaction conditions resulted in efficient 227Th-labeling (#70%
radiolabeling yield) and a product with high radiochemical purity.
The high in vivo stability of the 227Th-octapa complex is demon-
strated by the low bone uptake throughout the 23-d study. In its
initial description, H4octapa was used to label trastuzumab
with 111In and 177Lu for imaging and therapy, respectively, of mice
bearing ovarian cancer xenografts (25,26). Previously 227Th has been
radiolabeled to antibodies using an octadentate hydroxypyridinone for
the treatment of CD33-positive myeloid leukemia, CD70-positive
renal cell carcinoma, and mesothelin-positive malignancies (13).
To our knowledge, this study is the first to describe picolinic acid
ligands as a new class of ligand for 227Th radiolabeling of antibody
conjugates.
We have previously described conjugating GPC3 with DOTA

chelate for 90Y radioimmunotherapy (22,23,33). 90Y produces
b-ionizing radiation, with lower energy and a longer pathlength
than for 227Th. These differences in properties are important, as a
higher energy transfer results in a lower median lethal dose, and a
shorter pathlength decreases the radius of tissues affected by the
radiation (10). a-therapies might be desirable over b-therapies if
highly specific targeting is possible. Although research into tar-
geted a-particle therapy for hematologic malignancies has focused
on 211At (half-life, 7.21 h), and a recent study for HCC described
using 225Ac (half-life, 9.92 d), we elected to use 227Th (half-life,
18.7 d) for its longer half-life, which we hypothesize is advanta-
geous in the treatment of solid tumors (31,34,35).
Administration of 227Th-octapa-aGPC3 led to highly specific tumor

uptake, rapid blood clearance, and robust antitumor activity without sig-
nificant acute toxicity. Within 1 d of injection of 227Th-octapa-aGPC3,

FIGURE 5. Comparative biodistribution of 227Th-octapa-aGPC3 and 227Th-octapa-aBHV1. (A) Tissue biodistribution of 227Th-octapa-aGPC3 in
tumor-bearing mice 1 d (n 5 7), 7 d (n 5 7), and 23 d (n 5 6) after injection. (B) 227Th accumulation in tumor tissue. (C) Tumor-to-liver ratio 1 d (n 5 7),
7 d (n5 5 for aBHV1 and 3 for aGPC3), and 23 d (n5 4) after injection with 227Th-octapa-aBHV1 or 227Th-octapa-aGPC3. Bar denotes mean; error bar
denotes SD.

FIGURE 6. Comparative blood clearance profiles in tumor-bearing mice
at 5, 15, 30, 60, 120, and 240 min; 24 h; and 7 and 23 d after injection with
227Th-radiolabeled aGPC3-octapa and aBHV1-octapa (n 5 4/time point).
Symbol denotes mean; error bar denotes SD.
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significant intratumoral accumulation was observed, compared with con-
trols. The tumor-to-liver ratio of 227Th-octapa-aGPC3 steadily increased
over time, and minimal off-target uptake was observed, indicating
highly specific targeting and clearance. We observed modest bone
uptake over time in the irrelevant isotype antibody control group, which
is expected given that 227Th daughter molecule 223Ra delivers radiation
to sites of increased osteoblastic metabolism (36).
The observed therapeutic effect of 227Th-octapa-aGPC3 was

dependent on antibody-targeted delivery of radiation, as evidenced
by the lack of therapeutic effect observed in the nontargeting
227Th-octapa-aBHV1 control group. Using an established marker
of tumor burden in our model, serum AFP, we observed the thera-
peutic effect after treatment with a 500 kBq/kg dose of 227Th-
aGPC3 to be consistent, with a reduction in serum AFP in all
animals except one (23). Interestingly, we observed a marked
increase in tumor burden in the aBHV1 control group. The mech-
anism of this finding is not understood but could be related to
bone marrow toxicity and suppression of alloreactive immune
cells, which are present in athymic mice (37,38).
No significant acute off-target toxicity was observed in our

study, with all animals surviving until study completion. There
was a moderate amount of radioactivity identified in the bone,
particularly in our control group. One of the challenges of
using a-particle emitters for therapy is the presence of multiple
radioactive daughter products that may dislocate from the tar-
get site. Although this may lead to cytopenias and marrow tox-
icity, data from human trials with similar radioisotopes are
reassuring. In the phase 3 ALSYMPACA trial, differences in
cytopenia rates were seen in patients with prior docetaxel dos-
ing, suggesting that differences in cumulative marrow damage
are more implicated than direct radioactive effects. A recently
published article describing aGPC3-targeted a-particle therapy
using 225Ac conjugated to the humanized monoclonal antibody
GC33 in a heterotopic murine xenograft model demonstrated
modest antitumor activity while observing significant bone marrow
suppression and toxicity (31). Although the experimental models
tested were different, we postulate that the difference in toxicity
between our studies is due to improved specificity of our antibody,
highlighting the importance of effective targeting for delivery of
the a-therapy.

There are several limitations to our
study. GPC3 expression in HCC is variable
and differs with the degree of differentia-
tion (39). Human HepG2-Red-FLuc cells
demonstrate high expression of GPC3 (40)
and may not recapitulate low- or intermedi-
ate-grade HCC. The studies were per-
formed on athymic mice that lack mature T
cells. Although competent leukocytes are
present in this model, it does not represent
the complex tumor microenvironment of
human HCC. We elected to omit a nonra-
diolabeled antibody conjugate control
group because of extensive prior work by
our group demonstrating that aGPC3 anti-
body alone does not lead to a robust antitu-
mor response (23). Tumor size was
measured indirectly in our model by serum
AFP. Direct tumor size measurements via
ultrasonography or bioluminescent imaging

were not performed because of the environmental health and
safety constraints at our core facilities with radioactive animals.
Some untreated animals showed a spontaneous reduction in AFP
and tumor size without treatment, possibly secondary to an
alloreactive response from native immune cells. Although
these animals existed in all groups, this observation requires
further investigation. More studies are warranted to evaluate the
potential toxicity of 227Th-octapa-aGPC3. One of the studies would
be to perform a dosimetry analysis to understand the radiation
dose from 227Th and its a-emitting decay progenies, especially
223Ra. Additionally, it is worth noting that radiation nephropathy
and other toxicities were not able to be fully assessed with only 23
d of monitoring (41). A longer period of observation in addition to
hematologic analysis, which was not performed because of lack
of appropriate experimental equipment, is planned for future
investigations.

CONCLUSION

We report the development of a GPC3-targeted 227Th conjugate
using octapa and demonstrate it to be stable in vitro; maintain high
specificity for GPC3, with favorable biodistribution in vivo; and
result in significant antitumor activity without undesirable acute tox-
icity. To our knowledge, this is the first description of a 227Th radio-
pharmaceutical targeting GPC3 and is a promising addition to the
theranostic approach to treating HCC.
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FIGURE 7. Reduction of tumor burden in murine model by 227Th-octapa-aGPC3: serum AFP
before (day 25) and 23 d after receiving no treatment (n 5 9) or tail-vein injection of 500 kBq/kg
dose of 227Th-octapa-aBHV1 (n 5 9) or 250 kBq/kg (n 5 10) or 500 kBq/kg dose of 227Th-octapa-
aGPC3 (n 5 12). Bar represents mean. Symbols denote individual mice. *P , 0.05 after unpaired
2-way ANOVA with Sidak multiple-comparison test.
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KEY POINTS

QUESTION: Does GPC3-targeted thorium radionuclide therapy
localize intratumorally and reduce tumor burden in a mouse
model?

PERTINENT FINDINGS: Thorium was reliably and efficiently
labeled to a GPC3-targeting antibody via an octapa chelator. This
radioimmunoconjugate maintained affinity for the target antigen
in vitro and in vivo. Significant levels of thorium accumulated intra-
tumorally. Orthotopic mice treated with GPC3-directed thorium
had significant reductions in their tumor burden compared with
control animals.

IMPLICATIONS FOR PATIENT CARE: This study identified a
new approach to treating HCC using a personalized and targeted
approach against a highly expressed antigen in HCC.
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223Ra is an a-emitter approved for the treatment of bone metastatic
prostate cancer (PCa), which exerts direct cytotoxicity toward PCa cells
near the bone interface, whereas cells positioned in the core respond
poorly because of short a-particle penetrance. b1 integrin (b1I) interfer-
ence has been shown to increase radiosensitivity and significantly
enhance external-beam radiation efficiency. We hypothesized that tar-
geting b1I would improve 223Ra outcome. Methods: We tested the
effect of combining 223Ra and anti-b1I antibody treatment in PC3 and
C4-2B PCa cell models expressing high and low b1I levels, respectively.
In vivo tumor growth was evaluated through bioluminescence. Cellular
and molecular determinants of response were analyzed by ex vivo
3-dimensional imaging of bone lesions and by proteomic analysis and
were further confirmed by computational modeling and in vitro func-
tional analysis in tissue-engineered bone mimetic systems. Results:
Interference with b1I combined with 223Ra reduced PC3 cell growth in
bone and significantly improved overall mouse survival, whereas no
change was achieved in C4-2B tumors. Anti-b1I treatment decreased
the PC3 tumor cell mitosis index and spatially expanded 223Ra lethal
effects 2-fold, in vivo and in silico. Regression was paralleled by
decreased expression of radioresistance mediators. Conclusion: Tar-
geting b1I significantly improves 223Ra outcome and points toward
combinatorial application in PCa tumors with high b1I expression.
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Prostate cancer (PCa) is the fifth leading cause of death from
cancer worldwide and the most common malignancy in elderly
men (1). Androgen receptor signaling inhibitors and chemotherapy
are effective in local tumors, with a 99% survival rate at 5 y from
diagnosis but responses of short duration for advanced metastatic
disease (,30% survival at 5 y) (1). Bone is the most frequent site
for PCa distant colonization, as identified in 84% of the patients
with metastatic lesions (2). The interactions between cancer and
bone-resident cells disrupt the finely balanced biology of bone,

leading to symptomatic remodeling, spinal cord compression, frac-
tures, limited mobility, and ultimately the patient’s death (3,4).

223Ra, a bone-targeted radionuclide, has recently been approved for
the treatment of advanced metastatic PCa patients with bone lesions
(5). This a-emitter accumulates in mineralized bone tissue because of
its calcium-mimetic properties and is enriched in areas with high bone
turnover (6,7). The short penetration range of a-particles (,100 mm)
minimizes the impact on the healthy bone marrow tissue, thus reduc-
ing side effects associated with treatment with b-emitters (6,8). 223Ra
low systemic toxicity coupled to improved survival and significant
delay of first symptomatic skeletal events led to clinical testing in other
neoplasias in bone, including multiple myeloma; renal cell carcinoma;
and breast, lung, and thyroid cancer (9).
Recently, we demonstrated that 223Ra kills with maximum effi-

ciency PCa cells proximal to the bone surface (within 100 mm),
whereas it leaves the distant core unperturbed (7). On the basis of
this strictly zonal toxicity, 223Ra therapy was more effective when
applied to lesions of limited size (7). As an alternative, the combi-
nation of 223Ra with other agents that radiosensitize PCa cells
could enhance its efficacy.
The inhibition of integrin pathways increases the effectiveness of

external-beam radiation in multiple cancer types, including head and
neck, breast, and prostate, both locally and in metastatic sites (10–14).
Integrins are heterodimeric transmembrane receptors composed of
a- and b-subunits, which mediate interactions with extracellular
matrix ligands (15) and signaling cross-talk with growth factor recep-
tors (16). Through these combined functions, integrins support cell
growth, decrease cell death by promoting anchorage-dependent sur-
vival, and enable radioresistance mechanisms on exposure to ionizing
g-radiation, including induction of adhesion and survival signaling
and enhanced DNA repair (14,17,18). Anti-b1 integrin (b1I) targeting
improves irradiation treatment outcomes in breast cancer cells in
3-dimensional cultures and in vivo subcutaneous xenografts, reaching
efficacy comparable to high-dose radiotherapy (11). Blocking b1I in
PC3 PCa subcutaneous tumors further inhibits their growth on irradia-
tion (13). Consequently, targeting of b1I in combination with g-radia-
tion can increase response and reduce survival of cancer cells.

MATERIALS AND METHODS

In Vivo Studies
Animal studies were approved by the Institutional Animal Care and

Use Committee of the University of Texas M.D. Anderson Cancer
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Center and were performed according to the institutional guidelines
for animal care and handling. Luciferase-expressing PCa cells were
administered in the tibia as previously reported (7). Details on in vivo
studies are provided in the supplemental information.

Statistical Analysis
Statistical analysis was performed using Prism, version 8.0 (Graph-

Pad Software). An unpaired 2-sided Student t test was applied to ana-
lyze 2 populations, whereas 1-way ANOVA, followed by the Tukey
honestly-significant-difference post hoc test, was performed to com-
pare more than 2 populations. All statistical tests were 2-sided, and
statistical significance was considered for a P value of less than 0.05.
Data are shown as mean 6 SD.

Further experimental methods are detailed in the supplemental
information.

RESULTS

Expression of b1I and Consequences of Targeting, In Vitro
To define the relevance of anti-b1I targeting in PCa bone metasta-

sis, we confirmed its expression by interrogating transcriptomic data
from the Stand Up to Cancer/Prostate Cancer Foundation database,
which contains RNA sequence data derived from a cohort of 150
bone or soft-tissue biopsies (19). The b1I transcript showed hetero-
geneous expression in both sample types, with no significant differ-
ences (Fig. 1A), indicating that PCa bone metastases can retain b1I
expression at different levels. To recapitulate the role of b1I targeting
in PCa, we used PC3 and C4-2B cells as models for high or low b1I
expression (20), respectively, which was confirmed by flow cytome-
try and immunofluorescence analysis (Figs. 1B and 1C). For target-
ing, we used the antihuman b1I 4B4 blocking monoclonal antibody
(4B4-mAb), which sensitizes solid tumors to g-irradiation (21). To
explore the functional significance of b1I interference, we monitored
PCa cell growth in the presence of 4B4-mAb. PC3 cell proliferation
and mitotic index were significantly reduced by 4B4-mAb treatment
(Supplemental Fig. 1A; supplemental materials are available at http://

jnm.snmjournals.org), whereas C4-2B cell culture was not affected
by anti-b1I targeting (Supplemental Fig. 1B). These results suggest
that b1I is variably expressed in PCa patients and cell lines and that
its targeting has biologically active effects in a PCa subset endowed
with higher expression levels.

Effects of Combined 223Ra and Anti-b1I Treatment on PCa Cell
Growth in the Tibia
To determine the effects of 223Ra and anti-b1I combinatorial treat-

ment on PCa bone lesions, luciferase-expressing PC3 cells were
injected into mouse tibiae (n 5 13–19 tibiae/group), randomized at
day 3 after implantation and treated with a single dose of 223Ra (300
kBq/kg) and 4B4-mAb (100 mg/mouse), alone or in combination,
and tumor growth was monitored longitudinally by macroscopic bio-
luminescence imaging (Fig. 2A; Supplemental Fig. 2). 4B4-mAb
specifically targets human b1I without cross-reactivity to murine
integrins (22), thus allowing identification of direct effects exerted
on human tumor cells without perturbing the murine bone microen-
vironment. PC3 tumors retained b1I expression in vivo (Supplemen-
tal Fig. 3), and treatment with 4B4-mAb delayed their growth and
significantly extended mouse survival compared with control-treated
animals (Fig. 2B; Supplemental Fig. 2A). 223Ra treatment alone
extended survival more efficiently, and combinatorial treatment
further significantly improved mouse survival, with approximately
70% of mice still alive 40 d after treatment (Fig. 2B). No signs of
increased distress (including major weight loss, reduced hydration,
difficulties in breathing, aberrant behavior and movements, abdomi-
nal cavity swelling) were identified in mice treated with 223Ra or
4B4-mAb, alone or in combination.
When tested in C4-2B tumors implanted in bone (n 5 8–10

tibiae/group), 4B4-mAb improved neither survival nor the effi-
cacy of 223Ra (Fig. 2C; Supplemental Figure 2B), indicating
insensitivity to b1I targeting, probably due to low b1I expres-
sion levels in vivo (Supplemental Fig. 3). By comparison with
PC3 bone lesions, C4-2B tumors showed negligible growth until
day 21 after 223Ra treatment. To rule out the possibility that thera-
peutic improvement by 4B4-mAb treatment was confounded by
this strong response, a second cohort (n 5 9–12 tibiae/group)
received low-dose 223Ra treatment (100 kBq/kg) combined with
4B4-mAb. Reduced dosing of 223Ra resulted in accelerated
tumor progression, but similar to the high-dose regimen, 4B4-mAb
did not improve 223Ra outcome (Fig. 2D; Supplemental Fig. 2C).
These results suggest that combining b1I targeting and 223Ra treat-
ment improves efficacy of 223Ra in PCa tumors with higher b1I
expression.

223Ra and 4B4-mAb Zonal Toxicity in PCa Bone Lesions
To determine the cellular effects of combined 223Ra and 4B4-mAb

treatment on PC3 bone lesions, we monitored cytotoxicity exerted
by combinatorial therapy versus single treatments by single-cell
cytometry in transversal 3-dimensional bone sections captured at
the confocal microscope 4 d after treatment (Fig. 3A). PC3 lesions
were segmented, and the number of mitotic and apoptotic events
was quantified for subregions with a 100-, 200-, or greater than
200-mm distance from cortical bone (Fig. 3B), a corridor that fully
accommodates the short distance reached by a-particles (,100mm)
(8). PC3 tumor cells were easily distinguishable from resident bone
marrow cells on the basis of the large nuclear size and pattern of het-
erochromatin; also, mitotic figures and cell death were clearly
identifiable on the basis of their typical nuclear pattern (Supple-
mental Fig. 4). Control-treated lesions lacked a zonal increase

FIGURE 1. b1I expression, in vitro. (A) RNA expression of ITGB1 in
bones and soft-tissue metastasis, Stand Up to Cancer/Prostate Cancer
Foundation database. (B and C) Flow cytometry and immunofluorescence
analysis of b1I expression in PC3 and C4-2B cells. Experiment was
repeated twice. Bar5 50 mm; n.s.5 nonsignificant.
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in mitotic or apoptotic cells; 4B4-mAb induced a uniform
decrease in mitotic index throughout the tumor (Fig. 3C),
whereas 223Ra induced zonal toxicity with higher rates of cell
death next to the cortical bone (0–100mm) and a decreasing effect
at a greater distances (Fig. 3C), as described (7). The combination of
223Ra and 4B4-mAb improved zonal efficacy by decreasing the
mitosis-to-apoptosis ratio (Fig. 3C). This effect was mediated by
coupling of significantly increased levels of apoptosis with a signifi-
cant reduction in mitosis, compared with 223Ra alone (Fig. 3D).
These results suggest that both the spatial extension of 223Ra cyto-
toxic effects and a decrease in mitosis contribute to improved out-
come (Fig. 2B).
Enlargement of the tumor cell nucleus induced by genome

replication without cell division follows exposure to high doses
of ionizing radiation and is already visible during the first days
after irradiation (23–25). No changes in size were evident in
control- or 4B4-treated lesions at any distance from bone, as
quantified using ImageJ and StarDist software (26,27). 223Ra
induced a tumor cell nuclear size enlargement within 100 mm,
compared with both 100–200 mm and more than 200 mm of dis-
tance from bone, whereas the 223Ra-4B4 combination showed a
significantly increased size up to a 200-mm distance from bone,

confirming that a broader area was impacted
by radiation effects (Supplemental Figs. 5A
and 5B).
Overall, these results indicate that b1I

targeting decreases mitosis and sensitizes
PC3 cells to 223Ra by broadening the tumor
volume fraction that responds to radiation
therapy.

Sensitization of Tumor Cells to Radiation
Through 4B4-mAb Treatment
To address the ability of b1I interference

to radiosensitize for 223Ra, we implemented
PC3 cell treatment with ultra-low 223Ra
doses in a 3-dimensional in vitro bone
mimetic environment (BME). This system
consists of a polycaprolactone scaffold func-
tionalized by human mesenchymal stem
cells differentiated to bioactive osteoblasts
that produce a calcified bone matrix (Fig. 4A),
which incorporates 223Ra efficiently and sim-
ulates in vivo distribution (28). PCa tumor-
oids were seeded on BMEs and were treated
with 4B4-mAb or 223Ra (10 Bq/mL (28)),
and the response was evaluated longitudi-
nally by live-cell microscopy (Fig. 4A). Indi-
vidually, neither 223Ra nor 4B4-mAb as
single modalities significantly impaired PC3
viability or growth. When combined, how-
ever, they significantly decreased tumoroid
growth and increased the number of apo-
ptotic cells (Figs. 4B and 4C; Supplemental
Fig. 6). To further identify whether b- or
g-emission (which represent 3.6% and 1.1%
of 223Ra decay series, respectively (29))
may contribute to 223Ra-mediated cyto-
toxicity, we preadsorbed 223Ra at high
doses (1,600 Bq/mL) to BMEs, washed
them, and fit them in a Transwell system

(Corning) at more than a 1-mm distance from PC3 cells, ruling
out a-particles (Supplemental Fig. 7A). 223Ra was retained
within BMEs, with negligible release in the medium (,2%;
Supplemental Fig. 7B). However, PC3 cell growth was signifi-
cantly reduced in this large-distance culture by 223Ra alone
and was further diminished by 223Ra 1 4B4-mAb treatment
(Supplemental Fig. 7C). These data indicate that, besides a
direct short-range effect of a-particles, 223Ra cytotoxicity may
be supported by b- or g-emission, but considering the limited
fraction emitted (29), a minor contribution can be expected at
therapeutic doses.
Interestingly, functional proteomics (reverse-phase protein

array) performed on PC3 bone lesions treated with 4B4-mAb
showed that the top proteins mostly affected by b1I targeting
(Supplemental Table 1) were involved in tumor cell prolifera-
tion and radiosensitization, including lactate dehydrogenase-A
(30), bromodomain-containing protein 4 (31), and mitogen-
activated protein kinase (32). Lactate dehydrogenase-A overex-
pression in PCa has been linked to aggressive tumors with a
higher frequency of local relapse on radiotherapy treatments,
whereas its knockdown causes radiosensitization of PC3 cells
(30). Bromodomain-containing protein 4 plays a central role in

FIGURE 2. In vivo response of PCa cells in bone to anti-b1I (4B4) and 223Ra treatments. (A) Experi-
mental design and timeline of treatment schedule. (B) PC3 tumors, growth, and survival curve over
time (223Ra, 300 kBq/kg; 4B4-mAb, 100 mg/mouse; n 5 13–19 tumors). (C and D) C4-2B tumors,
growth curve, and survival curve over time (223Ra, 300 kBq/kg; 4B4-mAb, 100 mg/mouse; n 5 8–10
tumors [C]; 223Ra, 100 kBq/kg; 4B4-mAb, 100 mg/mouse; n 5 9–12 tumors [D]). *P , 0.05. ***P ,

0.001, 1-way ANOVA, followed by Tukey honestly-significant-difference post hoc test.
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the repair of DNA double-strand breaks,
and high expression is associated with
poor prognosis after PCa radiation ther-
apy (31). Mitogen-activated protein
kinase regulates the activation of the
mitogen-activated protein kinase/extracellu-
lar signal–regulated kinase pathway, thus
affecting the survival of nonadherent cells
(33), whereas its inhibition increases radio-
sensitivity of PCa xenografts via c-Myc
downregulation (32). Transcription factor
A, glutaminase, and fatty acid synthase
have been also linked to radioresistance
(34–36).
Overall, these results suggest that anti-

b1I treatment can sensitize tumor cells to
223Ra treatment.

Mathematic Modeling of 223Ra and
4B4-mAb Zonal Toxicity in PCa
Bone Lesions
Our analyses suggest that b1I interference

decreases mitosis rates, and when combined
with 223Ra treatment, increases apoptosis
along the bone interface. This dual effect
may translate into tumor growth reduction
and improved survival. To confirm whether
decreased mitosis combined with extended
zonal toxicity could mechanistically explain
in vivo outcome, we performed in silico
simulation based on an agent-based model
that recapitulates zonal toxicity of 223Ra on
tumors in bone (7,37). The agent-based
model was further developed to account
for the response to 4B4-mAb based on prob-
abilities of mitosis or apoptosis obtained
from 4B4-treated mice (Figs. 3C and 5A).
Tumor growth simulations in response to
4B4-mAb as a single agent or in combina-
tion with 223Ra were performed for up to
800 h in tumors of different sizes (1–9,800
cells; Figs. 5A and 5B). The responses to
combinatorial regimen and tumor size were
inversely correlated, with potent tumor rejec-
tion of single or few cells and further effi-
cacy improvement in bigger lesions that
responded poorly to 223Ra monotherapy
(e.g., initial size of 2,400 cells; Fig. 5B;
Supplemental Table 2). Control and 4B4-
treated lesions did not show any spatial cor-
relate for mitotic or apoptotic probabilities
(Fig. 5C; Supplemental Fig. 8), as expected.
223Ra treatment increased the apoptotic index
along the bone interface, in a time-dependent
manner accounting for 223Ra decay. Com-
bined 223Ra and 4B4-mAb broadened the
zone and duration of an elevated apopto-
tic index. These results confirm that 4B4-
mediated extension of 223Ra lethal effects
combined with mitosis reduction support
increased efficacy in vivo.

FIGURE 3. Cellular mechanisms of response to anti-b1I and 223Ra treatments. (A) Cartoon and time-
line. (B) Representative overviewmicrograph. Insert shows zoomed subregions segmented every 100 mm
from bone interface. Bar 5 100 mm. (C) Quantification of mitosis/apoptosis nucleus ratio for each treat-
ment condition. Data are mean 6 SD (n5 3 bones/treatment, 3–5 slices/bone). (D) Zonal comparison of
apoptotic and mitotic cells for 223Ra and 223Ra 1 4B4 treatments. *P , 0.05. **P , 0.01 by 1-way
ANOVA and honestly-significant-difference post hoc test. DAPI5 49,6-diamidino-2-phenylindole.

FIGURE 4. Effects of 4B4-mAb treatment on a-radiation sensitization. (A) Cartoon of experimental
pipeline. (B and C) Representative pictures of PC3 tumoroids treated with 4B4-mAb (15 mg/mL) and
223Ra (10 Bq/mL) alone or in combination (B); growth curve, with 3 independent experiments per-
formed (means 6 SD, 6 scaffolds/condition; C, left panel); and percentage of apoptotic cells after
treatment (means 6 SD, 6 scaffolds/treatment; C, right panel). Bar 5 100 mm. *P , 0.05 by 1-way
ANOVA and honestly-significant-difference post hoc test.
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DISCUSSION

Metastatic cancer to bone is a persistent clinical challenge and a
source of significant morbidity and mortality for patients afflicted
with PCa. The inefficiency of current clinical investigations can
be overcome, in part, by identifying new vulnerabilities and
markers that can be used to select patients and monitor therapy
response. We were motivated to perform this work to address
the promising but limited efficacy that recently emerged from
targeting bone metastasis by 223Ra. b1I interference increased
223Ra therapeutic outcome in tumors expressing higher levels of
b1I by decreasing tumor growth and improving mouse survival via
combined reduction of tumor cell mitosis and extension of 223Ra-
mediated zonal apoptosis. Although b1I interference increases the
efficacy of radiotherapy by means of external-beam radiation, we
here establish integrin targeting as an efficient radiosensitizing
strategy to improve the efficacy of a-particle–emitting bone-
seeking radioisotopes.
Activation of b1I occurs during PCa progression and has been

detected in 65% and 72% of primary PCa or lymph node speci-
mens compared with normal prostatic tissue (38). Variable expres-
sion of transcripts has been also identified in both soft-tissue and
bone metastatic patient samples (19). Accordingly, b1I is constitu-
tively activated in highly metastatic PC3 cells compared with low
metastatic C4-2B. Notably, b1I expression levels in PCa cells do
not correlate with their lytic function, as strongly osteoblastic
MDA PCa 118b tumors display higher expression levels of b1I
than do PC3 cells (20).
b1I represents a potential marker to select a subset of meta-

static patients who would benefit of cotargeting by 223Ra as a
novel therapeutic strategy. Here, we tested only 2 cell lines
endowed with b1I expression levels that differ by about 1 log
in vitro and 1.5–2 log in vivo. The resistance of C4-2B cells to
4B4-mAb treatment suggests that b1I expression levels can
correlate with targeting efficacy; however, we do not exclude
that further alternative mechanisms could support resistance to
this treatment. To better characterize this process and define a
threshold for effective targeting of malignant cells, expression of
b1I in vivo should be tested in a variety of PCa patient-derived xen-
ografts (39) followed by combined 223Ra/anti-b1I treatment and
response monitoring. Patient-derived xenografts have the advantage
of replicating the heterogeneity of human cancer biology with high
fidelity, thus more accurately modeling these aspects in translational
therapeutic studies. In this work, we identified the consequences of
specific tumor cell targeting by 4B4-mAb, which blocks exclusively
human b1I and does not cross-react with the mouse stroma.
Although being mechanistically informative about the direct effects
on the tumor compartment, this approach does not address the role
of targeting the bone environment. Besides in tumor cells, this
integrin is expressed by bone stromal and immune cells (40), the
targeting of which could further improve outcome, such as by inter-
fering with the vicious cycle that supports cancer progression. On
the other hand, stronger 223Ra-mediated effects on bone cells might
exacerbate bone remodeling or increase bone marrow toxicity,
which can be mitigated by administration of bisphosphonates or
granulocyte-stimulating factor, respectively. These studies would
require analysis in syngeneic or genetically engineered models
using an antimouse b1I antibody that targets both tumor and stro-
mal cells.
Combination of 4B4-mAb with 223Ra extended cancer cell

apoptosis beyond the spatial range expected to be reached by

a-particles (,100 mm). Reduced tumor density, caused by
death induction, may allow the a-particles to travel farther than
in a tighter, denser cellular matrix. In addition, we showed in a
high-dose setting, in vitro, that long-range cytotoxicity can be
in principle caused by 223Ra, but further biophysical analyses
are needed to dissect the relative contribution of a-, b-, or
g-radiation to the zonal cytotoxic effect achieved in bone at a
therapeutically administered dose. Lastly, enhanced bystander
effects may account for broadened zonal cytotoxicity by 223Ra.
Irradiation can induce a mutagenic response and cell activation,
followed by juxtracrine bystander signaling toward nonirradi-
ated neighboring cells through cell–cell interactions and
release of soluble factors, including reactive oxygen species,
toxic metabolites, and cytokines, which might be amplified by
b1I targeting (41,42). In line with these concepts, indirect
effects of 223Ra are supported by recent mouse and computa-
tional modeling, showing that a robust bystander effect compo-
nent was required to simulate results achieved in vivo whereas
a direct-effect component contributed modestly and was insuf-
ficient to explain in vivo outcome (43,44).
Interestingly, a humanized anti-b1I monoclonal antibody has

recently been developed for applications in patients and is cur-
rently being tested in a phase I clinical trial for glioblastoma (45).
Therefore, clinical b1I targeting combined with 223Ra may be a
realistic option in patients on identification of suitable candidates
based on its expression levels.

CONCLUSION

Targeting bone metastasis by 223Ra resulted in promising but
limited therapeutic efficacy due to short a-particle penetrance. Our

FIGURE 5. Mathematic modeling of 223Ra and 4B4 response. (A) Sche-
matic representation of in silico tumor lesions in bone. White dot 5 inter-
phase (IP) cell; red dot 5 apoptotic cell; cyan dot 5 mitotic cell. (B) In
silico simulations of tumor growth by lesions of different sizes in control,
4B4-mAb, 223Ra, or 223Ra 1 4B4 treated samples (data represent means
of 10 simulations). i #5 initial number of tumor cells. (C) Apoptotic index
(probability of apoptosis/probability of mitosis for each agent).
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work identified b1-integrin interference as the first cotargeting
strategy to improve 223Ra outcome.
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KEY POINTS

QUESTION: Can we improve the promising (but limited) effi-
cacy that recently resulted from targeting bone metastasis
by 223Ra?

PERTINENT FINDINGS: b1I interference combined with 223Ra
reduced PCa cell growth in bone and significantly improved
overall mouse survival. Targeting b1I significantly decreased the
tumor cell mitosis index and spatially doubled 223Ra lethal effects
through radiosensitization and reduction of radioresistance
mediators.

IMPLICATIONS FOR PATIENT CARE: b1I expression can
represent a biomarker to select a subset of metastatic
patients who would benefit from cotargeting by 223Ra; the
availability of a humanized anti-b1I monoclonal antibody
will soon make combinatorial testing in patients clinically
feasible.
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Affibody-Mediated PNA-Based Pretargeted Cotreatment
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Treatment of patients with human epidermal growth factor receptor 2
(HER2)–expressing tumors using the monoclonal antibody trastuzumab
increases survival. The Affibody-based peptide nucleic acid (PNA)–medi-
ated pretargeted radionuclide therapy has demonstrated efficacy against
HER2-expressing xenografts in mice. Structural studies suggest that Affi-
bodymolecules and trastuzumab bind to different epitopes on HER2. The
aim of this study was to test the hypothesis that a combination of PNA-
mediated pretargeted radionuclide therapy and trastuzumab treatment of
HER2-expressing xenografts can extend survival compared with mono-
therapies.Methods:Mutual interference of the primary pretargeting probe
ZHER2:342-SR-HP1 and trastuzumab in binding to HER2-expressing cell
lines was investigated in vitro. Experimental therapy evaluated the survival
of mice bearing HER2-expressing SKOV-3 xenografts after treatment with
vehicle, trastuzumab only, pretargeting using Affibody-PNA chimera
ZHER2:342-SR-HP1 and complementary probe 177Lu-HP2, and combina-
tion of trastuzumab and pretargeting. The ethical permit limited the study
to 90 d. The animals’weightsweremonitored during the study. After study
termination, samples of liver and kidneys were evaluated by a veterinary
pathologist for toxicity signs. Results: The presence of a large molar
excess of trastuzumab had no influence on the affinity of ZHER2:342-
SR-HP1 binding to HER2-expressing cells in vitro. The affinity of trastuzu-
mabwas not affected by a large excess of ZHER2:342-SR-HP1. Themedian
survival of mice treated with trastuzumab (75.5 d) was significantly longer
than the survival of mice treated with a vehicle (59.5 d). Median survival of
mice treated with pretargeting was not reached by day 90. Six mice of 10
in this group survived, and 2 had complete remission. All mice in the com-
bination treatment group survived, and tumors in 7 mice had disappeared
at study termination. There was no significant difference between animal
weights in the different treatment groups. No significant pathologic altera-
tions were detected in livers and kidneys of treated animals. Conclusion:
Treatment of mice bearing HER2-expressing xenografts with the combi-
nation of trastuzumab and Affibody-mediated PNA-based radionuclide
pretargeting significantly increased survival compared with monothera-
pies. Cotreatment was not toxic for normal tissues.

Key Words: trastuzumab; PNA pretargeting; Affibody molecules;
radionuclide therapy; HER2
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Human epidermal growth factor receptor 2 (HER2) is a trans-
membrane tyrosine kinase receptor overexpressed in about 20%–30%
of breast cancer (1), 18% of gastric and gastroesophageal cancer (2),
and 9%–32% of ovarian carcinoma cases (3). The humanized mono-
clonal antibody trastuzumab binds to domain IV in the extracellular
part of HER2. HER2-targeted therapy using trastuzumab together
with nontargeted chemotherapy is a standard combination for treat-
ment of patients with HER2-positive breast, gastric, and gastroesopha-
geal cancers (4–6). However, resistance to trastuzumab treatment is
often developed despite preserved HER2 expression (7).
In vitro studies have demonstrated that treatment with trastuzumab

increases the sensitivity of breast cancer cell lines to radiation (8,9).
Clinical data suggest that adding trastuzumab to local adjuvant radio-
therapy significantly reduces the risk of breast cancer locoregional
recurrence (10,11). It would also be attractive to combine radiation
therapy and trastuzumab medication in a systemic treatment of dissem-
inated HER2-expressing cancers. HER2-targeted radionuclide therapy
might be a solution for such a combination treatment. However, the
straightforward use of monoclonal antibodies labeled with cytotoxic
radionuclides is problematic for the treatment of solid tumors (12,13).
The slow clearance of bulky antibodies from the circulation results in
high exposure of the radiosensitive bone marrow, which prevents suffi-
cient delivery of radionuclides to tumors. The use of smaller targeting
agents such as Affibody (Affibody AB) molecules (7 kDa) might be
an alternative. Safety, tolerability, and excellent targeting of HER2-
expressing breast cancer metastases using Affibody molecules have
been confirmed in clinics (14). However, direct application of radiola-
beled Affibody molecules for radionuclide therapy is excluded because
of their high reabsorption in the kidneys (15). To avoid renal reabsorp-
tion, an Affibody-based pretargeting approach was investigated, and
peptide nucleic acid (PNA)–mediated pretargeting appeared to be the
most efficient of the tested strategies (16). PNAs are synthetic DNA
analogs with charge-neutral and flexible peptide-like backbones (Sup-
plemental Fig. 1A; supplemental materials are available at http://jnm.
snmjournals.org) and are highly stable in human serum and cellular
extracts (17). The pretargeting system is based on 2 complementary
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15-meric PNA probes: the primary HP1 probe and the secondary HP2
probe (18). The secondary HP2 probe contains both a DOTA chelator
and tyrosine, which enable labeling with a variety of radiometals and
radioiodine (16,19). The primary HP1 probe is site-specifically conju-
gated to the HER2-targeting Affibody molecule ZHER2:342, forming
the ZHER2:342-SR-HP1 Affibody-PNA chimera. A DOTA chelator is
also incorporated into ZHER2:342-SR-HP1, which enables labeling of
this agent for preclinical development and for imaging within thera-
nostic applications (20). The sequences of ZHER2:342-SR-HP1 and
HP2 are shown in Supplemental Figure 1B. This Affibody molecule–
based PNA-mediated approach reduced renal uptake 70-fold com-
pared with direct targeting using 177Lu-labeled parental Affibody
molecules (16). A schematic illustration of the PNA-mediated pretar-
geted therapy approach is shown in Supplemental Figure 1C. Experi-
mental therapy using ZHER2:342-SR-HP1/

177Lu-HP2 pretargeting
significantly increased the median survival of mice bearing HER2-
expressing xenografts without bone marrow and renal toxicity (21).
Importantly, structural studies (22) have shown that the epitope

of the anti-HER2 Affibody binding to HER2 is distant from the
epitope of trastuzumab (Fig. 1). This distance creates a precondi-
tion for independent binding of trastuzumab and the primary probe
without mutual interference and should enable cotreatment using
trastuzumab and Affibody-mediated pretargeting.
The goal of this study was to test the hypothesis that Affibody-

mediated PNA-based pretargeting cotreatment can improve the
survival of mice with HER2-expressing xenografts treated with
trastuzumab. We evaluated interference between the binding of
trastuzumab and ZHER2:342-SR-HP1 to HER2-expressing cancer
cell lines in vitro. Further, we compared the effect on tumor
growth and survival of mice treated by cotargeting with the effects
of treatment with trastuzumab and pretargeting alone.

MATERIALS AND METHODS

Carrier-free 177LuCl3 was purchased from Curium. HER2-expressing
ovarian cancer SKOV-3 and breast cancer BT474 cells were purchased
from the American Type Culture Collection. Cells were cultured at 37!C
in 5% CO2 in RPMI medium (Flow Laboratories) supplemented with
10% fetal calf serum, 2mM L-glutamine, 100 IU/mL penicillin, and
100mg/mL streptomycin.

Radiolabeling
The PNA probes (HP1 and HP2) and the HER2-binding Affibody

were produced, purified, and characterized (Supplemental Figs. 2–5) as de-
scribed earlier (18). The primary
probe ZHER2:342-SR-HP1 was
prepared from the HP1 probe
and the Affibody molecule using
an optimized conjugation proto-
col (23). The secondary probe
HP2 was radiolabeled with 177Lu
using a previously described
method (23). For in vitro ex-
periments, the primary probe
ZHER2:342-SR-HP1 was labeled
with 177Lu and trastuzumab
was labeled with 125I as previ-
ously described (24,25).

In Vitro Studies
To check whether trastuzu-

mab and ZHER2:342-SR-HP1
interfere with each other’s

binding to HER2-expressing cell lines in vitro, the following assay was
performed. Cells were seeded into cell culture dishes with a density of
106 cells per dish. Four sets of 3 dishes were used for each conjugate.
For blocking, nonlabeled ZHER2:342-SR-HP1, trastuzumab, or the control
anti-VEGF antibody bevacizumab (both from F. Hoffmann-La Roche)
were added to sets of 3 dishes each to obtain concentrations of 200 nM.
An equal volume of medium was added to the fourth set of dishes. After
incubation at room temperature for 15 min, 177Lu-ZHER2:342-SR-HP1 or
125I-trastuzumab was added to all dishes to obtain a concentration of
1 nM. The cells were incubated for 1 h at 37!C. Thereafter, the cells
were washed, the cells were detached by trypsin, and the cell-associated
radioactivity was measured.

To evaluate the mutual interference of the targeting agents further, the
affinity of their interaction with SKOV-3 cells in vitro was measured
using a LigandTracer Yellow instrument (Ridgeview Instruments AB) as
described earlier (19). Two concentrations of 177Lu-ZHER2:342-SR-HP1
(1 and 3 nM) were used to estimate an association rate. The measure-
ments were performed either in the presence of trastuzumab (70 nM) or
in its absence. The association rate of 125I-trastuzumab was measured
with concentrations of 1 and 3 nM, in the presence of ZHER2:342-SR-HP1
(140 nM) or in its absence. The calculations of affinities and their visuali-
zation were performed using the InteractionMap software (Ridgeview
Diagnostics AB). Experiments were performed in duplicate.

Experimental In Vivo Therapy
Animal experiments were performed in accordance with the national

legislation for work with laboratory animals. Approval was granted by
the Ethical Committee for Animal Research in Uppsala. According to
the ethical permit, the therapy should not continue longer than 90 d.

Female BALB/c nu/nu mice (Scanbur) were subcutaneously (abdomen
area) implanted with 107 SKOV-3 cells. The subcutaneous xenograft
model was selected because it permits more exact tumor volume measure-
ment than a disseminated tumor model. The mice were randomly divided
into 4 groups of 10 animals each. Treatment started 1 wk after tumor
implantation. The injected activity and number of injections were calcu-
lated using mouse dosimetry data (21) to provide the absorbed doses:
approximately 100 Gy to tumor, 20 Gy to kidney, and 1 G to bone mar-
row. Group A (control) was subcutaneously injected with 100 mL of 0.5%
bovine serum albumin in phosphate-buffered saline. Group B (trastuzumab
treatment) was subcutaneously (neck area) injected with 6 injections of
trastuzumab (4 mg/kg for 2 wk followed by 2 mg/kg weekly, that is, the
same dosing as in clinics (26)). Group C (radionuclide pretargeting treat-
ment) was intravenously injected with 100 mg (7.6 nmol) of ZHER2:342-
SR-HP1 and 16 h later with 3.5 mg (0.68 nmol/16 MBq) of 177Lu-HP2 in
a 100-mL solution containing 0.5% bovine serum albumin and 4 mg of
Gelofusine (Hausmann Laboratories Ltd.) once a week. In total, 6
injections were performed. Group D (cotreatment) was treated with
pretargeting (same as group C) in combination with trastuzumab (the
same as group B). The tumor volumes at the start of treatment were
916 25, 99 6 42, 91 6 34, and 97 6 30 mm3, for mice treated with
0.5% bovine serum albumin/phosphate-buffered saline, trastuzumab,
pretargeting, and combined trastuzumab and pretargeting, respectively
(no significant difference in ANOVA, Supplemental Fig. 6A).

Throughout the experiment, tumor volumes and body weights were
monitored twice per week. The tumor volumes were determined by
caliper measurement of the largest longitudinal (length) and transverse
(width) diameter and calculated by the following formula: tumor
volume 5 1=2 [length (mm)] 3 [width (mm)]2.

The animals were euthanized when tumors reached a size of 1,000 mm3

or became ulcerated, or if an animal’s weight dropped by more than
10% during 1 wk or by more than 15% since the study began. Ninety days
after treatment started, all animals were euthanized using xylazine/ketamine
anesthesia. After euthanasia, tumor, kidneys, and liver were excised
for subsequent histologic and immunohistochemistry evaluations.

FIGURE 1. Epitopes for binding of
trastuzumab (1) and ZHER2 Affibody
molecule (2) to extracellular domain of
HER2 (22).
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The evaluations were performed at the Swedish National Veterinary
Institute. The samples were formalin-fixed and paraffin-embedded.
Tumor sections (4 mm) were stained with hematoxylin and eosin for
histologic evaluation and using the HercepTest Kit (Agilent) to
determine HER2 expression.

Imaging During Experimental Therapy
To confirm efficient tumor pretargeting, SPECT/CT imaging of 2

mice from group C and 2 mice from group D was performed 24 h after
every injection of 177Lu-HP2. Imaging was performed using a nano-
Scan SPECT/CT device (Mediso Medical Imaging Systems) under
sevoflurane anesthesia as described earlier (21).

Statistical Analysis
Data were analyzed by an unpaired, 2-tailed t test or 1-way ANOVA

with Bonferroni adjustment for multiple comparisons. Survival data
were analyzed by a log-rank test. Tumor ulceration was considered to
be identical to the tumor size endpoint in the test. Prism (version 7.03
for Microsoft Windows; GraphPad Software) was used to determine
significant statistical differences (P , 0.05).

RESULTS

Radiolabeling
The correct molecular weights of the primary and secondary probes

were confirmed using mass spectrometry (Supplemental Figs. 2 and 3).
The purity of the probes was over 95% (Supplemental Figs. 4 and 5).
Radiolabeling of HP2 with 177Lu was achieved in high yields (.95%)
at a maximum molar activity of 23.5 MBq/nmol.

In Vitro Studies
The results of the mutual blocking assay of trastuzumab and

ZHER2:342-SR-HP1 to HER2-expressing cell lines are presented in
Figure 2. The cell-associated radioactivity of 125I-trastuzumab for
both HER2-expressing cell lines was significantly (P , 0.005)
decreased when HER2 receptors were saturated with nonlabeled tras-
tuzumab. No significant difference in binding was observed when
cells were saturated with the primary agent ZHER2:342-SR-HP1 or
bevacizumab (Fig. 2A). The cell-associated radioactivity of 177Lu-
ZHER2:342-SR-HP1 to both HER2-expressing cell lines was signifi-
cantly (P , 0.0001) decreased when HER2 receptors were saturated
with ZHER2:342-SR-HP1. The binding of 177Lu-ZHER2:342-SR-HP1
was also significantly decreased by pretreatment with trastuzumab
(P , 0.05). However, the decrease was much smaller in this case
and was at the same level after treatment with the control anti-VEGF
antibody bevacizumab (Fig. 2B).
The data concerning the effect of trastuzumab presence on the

binding affinity of 177Lu-ZHER2:342-SR-HP1 to HER2 receptors
are presented in Table 1 and Supplemental Figure 7. The data
concerning the influence of ZHER2:342-SR-HP1 presence on the
binding affinity of 125I-trastuzumab to HER2 receptors are pre-
sented in Table 2 and Supplemental Figure 8. No interference of
trastuzumab presence on the binding affinity of 177Lu-ZHER2:342-
SR-HP1, or of ZHER2:342-SR-HP1 presence on the binding affinity
of 125I-trastuzumab, to HER2 receptors was observed.

Experimental In Vivo Therapy
SPECT/CT imaging (Fig. 3) demonstrated efficient delivery of

177Lu to tumors. The tumor uptake in mice treated with both
pretargeting and trastuzumab was on the same level as in mice
treated with pretargeting alone (Supplemental Fig. 9). Six pretar-
geted treatment cycles did not decrease the maximum uptake of
177Lu-HP2 in tumors (Supplemental Fig. 9).

Information concerning tumor growth, body weight, and survival in
different groups of animals is presented in Figures 4 and 5. All treat-
ment modalities slowed the tumor growth rate. Seven days after the
first injection, the average tumor volume in all treatment groups was
significantly smaller than the average volume in the control group
(group A) (Supplemental Fig. 6B). The median survival was the short-
est in the control group (59.5 d), and all animals in this group were
euthanized by day 74 (Fig. 5A). The treatment with trastuzumab alone
(group B) significantly increased (P , 0.05) the median survival to
75.5 d (Fig. 5A). Two of 4 surviving mice had very small, less than
10 mm3, tumors. Pretargeted monotherapy (group C) was somewhat
more efficient than monotherapy with trastuzumab. The median sur-
vival in group C was not reached within the permitted experiment
time, but there was no significant difference between survival in
groups C and D (Figs. 4 and 5). Tumors in 2 of 6 surviving mice dis-
appeared completely at the time of euthanasia, and 1 mouse had a
tumor smaller than 10 mm3. The combination of pretargeting and tras-
tuzumab treatment (group D) was the most efficient, according to the
results of the log-rank test (Fig. 5A). All mice survived until study ter-
mination. Seven mice had complete remission at that moment, and 2
mice had a tumor smaller than 10 mm3. Still, the small tumors con-
tained viable tumor cells undergoing mitosis (Supplemental Fig. 10).

FIGURE 2. In vitro binding specificity of 125I-trastuzumab (A) and 177Lu-
ZHER2:342-SR-HP1 (B) on HER2-expressing SKOV-3 and BT-474 cells. For
both experiments, 1 nM of labeled conjugate and 200 nM of blocking
agents were used. Data are presented as average value from 3 samples6
SD. ZHP15 ZHER2:342-SR-HP1.
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Although tumors from groups A, B, and C retained HER2 expression
on a 31 level, the remaining tumors from group D had heterogeneous
HER2 expression (Supplemental Fig. 11).
When the outcomes were categorized as no response (animals

were euthanized before the study endpoint), response (animals with

visible tumors survived until the study endpoint), and remission (no
visible tumors at the study endpoint), a Pearson x2 test revealed sig-
nificant differences among all groups (Supplemental Fig. 12).
The therapy was well tolerated. The average weight of the ani-

mals in the treatment groups did not differ significantly (ANOVA,
P , 0.05) from the average weight in the control group at any
time point (Fig. 5B). According to the histopathology evaluation,
there was no evidence of renal toxicity in the treatment groups. No
structures of the renal parenchyma in the treated animals differed
from these structures in the kidneys of mice in the control group
(Supplemental Fig. 13). In some livers of mice from the treatment
groups, scattered mitoses were found among the hepatocytes, a
finding that could indicate an ongoing regenerative activity (Supple-
mental Fig. 14). In the livers of 2 mice from the combined-treatment
group, infiltrates of mononuclear leukocytes were observed in a
few portal areas. According to the pathologist, these changes were
very subtle.

DISCUSSION

Targeted therapies offer the advantage of a specific antitumor effect
and minimize systemic toxicity. Therefore, there is an apparent trend to
increase the targeted component in the treatment, such as by combining
trastuzumab and pertuzumab treatment already in the first-line therapy
of advanced breast cancer (27). In addition, the combination of 2 differ-
ent therapeutics with different mechanisms of action has a potential to
suppress resistance development (28). The use of radionuclide targeting
is an attractive addition to trastuzumab because this antibody sensitizes
the tumor to irradiation. Such a combination requires an absence of
mutual interference of targeting agents in the binding to HER2. Trastu-
zumab does not interfere with binding of the small monomeric form of
the anti-HER2 Affibody in vitro or in vivo (29). However, coupling of
HP1 makes the ZHER2:342-SR-HP1 chimera bulkier, and interference
could not be excluded. The results of the binding test (Fig. 2A) showed
that there was no significant decrease in cell-associated radioactivity of
125I-trastuzumab when HER2-expressing cancer cells were pretreated
with a large molar excess of ZHER2:342-SR-HP1. There was a small but
significant reduction of cell-bound radioactivity of 177Lu-ZHER2:342-SR-
HP1 when cells were pretreated with an excess of trastuzumab.

TABLE 2
Association Rate (ka), Dissociation Rate (kd), and Apparent Equilibrium Dissociation (KD) Constants for Interaction Between
125I-Trastuzumab and HER2-Expressing SKOV-3 Cells in Presence and Absence of ZHER2:342-SR-HP1 Determined Using

Interaction Map Analysis of LigandTracer Sensorgrams

Parameter ka [(1/M 3 s) 3 105] kd [(1/s) 3 1026] KD (pM)

125I-trastuzumab only 5.6 6 0.0 2 6 0.7 3.7 6 1.2
125I-trastuzumab with ZHER2:342-SR-HP1 4.5 6 0.2 1.9 6 0.1 4.4 6 0.7

FIGURE 3. Representative SPECT/CT images (maximum-intensity pro-
jections) of mouse from treatment group C and mouse from treatment
group D. Imaging was performed 24 h after first injection and sixth
injection of 177Lu-HP2. Arrows point at tumors. Linear relative scale
(arbitrary units normalized to a maximum count rate) is applied.

TABLE 1
Association Rate (ka), Dissociation Rate (kd), and Equilibrium Dissociation (KD) Constants for Interaction Between

177Lu-ZHER2:342-SR-HP1 and HER2-Expressing SKOV-3 Cells in Presence and Absence of Trastuzumab Determined
Using Interaction Map Analysis of LigandTracer Sensorgrams

Parameter ka [(1/M 3 s) 3 104] kd [(1/s) 3 1026] KD (pM)

177Lu-ZHER2:342-SR-HP1 only 3.5 6 0.4 2.6 6 0.6 78 6 28
177Lu-ZHER2:342-SR-HP1 with trastuzumab 3.5 6 0.3 2.90 6 0.04 85 6 7
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However, treatment with the control antibody bevacizumab (which
does not bind to HER2) had a similar effect. Thus, this phenomenon
should not be associated with the blocking of 177Lu-ZHER2:342-SR-HP1
binding to the target. The measurement by LigandTracer did not show
any impact of trastuzumab presence on the affinity of 177Lu-ZHER2:342-
SR-HP1 binding to HER2-expressing cells (Table 2; Supplemental
Fig. 7) or of ZHER2:342-SR-HP1 presence on the affinity of 125I-tras-
tuzumab binding (Table 2; Supplemental Fig. 8). No influence of
trastuzumab treatment on pretargeted delivery of 177Lu to tumors
was observed by SPECT imaging performed during therapy (Fig. 3;
Supplemental Fig. 9). The level of uptake was approximately the

same with and without trastuzumab. There-
fore, it is obvious from these experiments
that the primary agent and trastuzumab are
binding to different sites on HER2 receptors
without mutual interference.
The experimental therapy data (Figs. 4

and 5) suggested that the tested hypothesis is
correct. Trastuzumab as a monotherapy ex-
tended the median survival of mice from
59.5 d (vehicle-injected control) to 75.5 d.
The median survival for mice treated with
pretargeted radionuclide therapy was not
reached within the permitted time of the
therapy experiment but was apparently lon-
ger than 90 d. This treatment resulted in
complete disappearance of tumors in 2 ani-
mals of 10, whereas residual tumors re-
mained in all mice treated with trastuzumab.
The combination therapy was the most effi-
cient. It prevented tumor growth or ulcera-
tion more effectively than did pretargeting
therapy alone (Fig. 4). There was complete
remission in 7 animals of 10, and not a sin-
gle animal had to be euthanized. A heteroge-
neous HER2 expression in the remaining
tumors from this group indicates that down-
regulation of HER2 or a selection of clones
with low HER2 expression might be a mech-
anism of resistance (or at least a reason for
incomplete remission). At the same time, no
severe toxicity was detected in any of the
treatment groups. Noteworthy, SKOV-3 is

appreciably more radioresistant than 2 other cell lines with high
HER2 expression, SK-BR-3 and BT-474 (30), and can be considered
the worst-case model for radionuclide therapy.
A precondition for a successful combination treatment is an

additive effect of the drugs on tumors but different toxicity pro-
files. This requirement was fulfilled in the proposed therapy. No
toxicity of anti-HER2 Affibody molecules was detected in rodents
(31). No Affibody-caused toxicity has been found in clinical stud-
ies (14), nor has PNA toxicity has been found in clinics (32). The
only toxicity in the pretargeted radionuclide therapy is expected
from the radionuclide, and the kidneys are expected to be the

dose-limiting organ (21). The most severe
side effect of trastuzumab is cardiotoxicity
(33). Hence, the toxicity profiles of the
proposed therapeutics are different. Pathol-
ogy investigation did not reveal any serious
side effects in this study. HER2-targeted
therapy remains an area of intensive devel-
opment (34). As far as we know, our
approach is the only one that does not rely
on radioresistance of mice but keeps the
dose limits to both kidneys and bone mar-
row within limits accepted in clinics.

CONCLUSION

We have shown that combined injection of
the monoclonal antibody trastuzumab with
Affibody-mediated PNA-based pretargeting

FIGURE 4. Experimental therapy with tumor volume growth curves for individual mice in each
group. SKOV-3 cells were subcutaneously implanted into belly of nude BALB/c nu/nu-mice. Mice
were treated with 0.5% bovine serum albumin/phosphate-buffered saline (BSA/PBS) (control) (A),
trastuzumab only (B), pretargeting only (C), and combination of trastuzumab and pretargeting (D).
DMice were euthanized when volume of subcutaneous xenografts exceeded 1,000 mm3. XMice
were euthanized when bleeding ulcers on xenografts were observed.

FIGURE 5. (A) Survival of BALB/C nu/nu-mice with SKOV-3 xenografts treated with pretarget-
ing plus trastuzumab, pretargeting alone, trastuzumab alone, or 0.5% bovine serum albumin in
phosphate-buffered saline (0.5% BSA/PBS). (B) Average animal weight during therapy. Data are
presented as average value 6 SD. BSA 5 bovine serum albumin; PBS 5 phosphate-buffered
saline.
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significantly increased the median survival in mice bearing HER2-
expressing tumors compared with trastuzumab only. This makes the
combination of trastuzumab and pretargeting a promising candidate
for clinical translation.
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KEY POINTS

QUESTION: Does the addition of PNA-mediated Affibody-based
pretargeted therapy increase the efficacy of trastuzumab
treatment of HER2-expressing xenografts?

PERTINENT FINDINGS: The combination of PNA-mediated Affi-
body-based radionuclide pretargeting and trastuzumab therapy has
a stronger antitumor effect than either modality alone. The combi-
nation treatment is not associated with any additional toxicity.

IMPLICATIONS FOR PATIENT CARE: Data from this study
support further development of combination targeting therapy, which
might improve the survival of patients with HER2-expressing cancer.
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In Vivo 18F-Flortaucipir PET Does Not Accurately Support
the Staging of Progressive Supranuclear Palsy
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Progressive supranuclear palsy (PSP) is a neurodegenerative disorder
characterized by neuroglial tau pathology. A new staging system for
PSP pathology postmortem has been described and validated. We
used a data-driven approach to test whether postmortem pathologic
staging in PSP can be reproduced in vivo with 18F-flortaucipir PET.
Methods: Forty-two patients with probable PSP and 39 controls
underwent 18F-flortaucipir PET. Conditional inference tree analyses on
regional binding potential values identified absent/present pathology
thresholds to define in vivo staging. Following the postmortem staging
approach for PSP pathology, we evaluated the combinations of
absent/present pathology (or abnormal/normal PET signal) across all
regions to assign each participant to in vivo stages. ANOVA was
applied to analyze differences among means of disease severity
between stages. In vivo staging was compared with postmortem stag-
ing in 9 patients who also had postmortem confirmation of the diagno-
sis and stage.Results:Stage assignment was estimable in 41 patients:
10, 26, and 5 patients were classified in stage I/II, stage III/IV, and stage
V/VI, respectively, whereas 1 patient was not classifiable. Explorative
substaging identified 2 patients in stage I, 8 in stage II, 9 in stage III, 17
in stage IV, and 5 in stage V. However, the nominal 18F-flortaucipir–
derived stage was not associated with clinical severity and was not
indicative of pathology staging postmortem.Conclusion: 18F-flortau-
cipir PET in vivo does not correspond to neuropathologic staging in
PSP. This analytic approach, seeking tomirror in vivo neuropathology
staging with PET-to-autopsy correlational analyses, might enable
in vivo staging with next-generation tau PET tracers; however, further
evidence and comparisons with postmortem data are needed.

Key Words: progressive supranuclear palsy, 18F-flortaucipir, staging,
tau pathology, PET-to-autopsy studies

J Nucl Med 2022; 63:1052–1057
DOI: 10.2967/jnumed.121.262985

Progressive supranuclear palsy (PSP) is a severe neurodegen-
erative disorder resulting in diverse clinical phenotypes with
restricted eye movements, an akinetic–rigid syndrome, falls, and
cognitive and behavioral deficits (1). The neuropathology of PSP
is characterized by intracellular aggregates of 4-repeat tau in neu-
rons and glia (2–5); these aggregates are distributed in a progres-
sive sequence starting in the substantia nigra, globus pallidus and
subthalamic nucleus, then pons, striatum and the precentral gyrus
in the cerebral cortex, before reaching the cerebellum and frontal
cortex (6). Later, the neuroglial pathology might extend to the
occipital cortex (7).
A new neuropathologic staging system for PSP tau pathology

postmortem was recently introduced and independently validated
(7,8). This method confirms an association between pathology
stage and clinical severity before death. To stage disease severity
antemortem requires a different methodology. For the tauopathy
of Alzheimer disease, for example, 18F-flortaucipir PET can repro-
duce staging in vivo (9–16).
Here, we test whether regional binding of the radioligand 18F-

flortaucipir (also known as 18F-AV-1451), quantified using nondis-
placeable binding potential, can be used to replicate the staging of
PSP pathology in vivo. We validated the staging in 2 ways: corre-
lation with clinical severity at the time of 18F-flortaucipir PET and
neuropathologic staging of a subset of participants postmortem.

MATERIALS AND METHODS

Participants
We recruited 42 patients with a clinical diagnosis of probable PSP

using Movement Disorder Society PSP 2017 criteria (1) (19 women
and 23 men; mean age, 70.3 y [SD, 7.0 y; range, 50–84 y]; 35 with
PSP Richardson syndrome and 7 with other phenotypes) and included
data from 39 cognitively healthy controls (16 women and 23 men;
mean age, 65.8 y [SD, 8.2 y; range, 48–84 y]; mean revised Adden-
brooke’s Cognitive Examination score, 96.2 [SD, 2.9; range, 89–
100]). Disease severity was measured using the PSP rating scale
(PSPRS) (mean, 36.6 [SD, 14.2; range, 10–74]). To date, 9 of the 42
patients donated their brain to the Cambridge Brain Bank, after a
mean of 2.45 (SD, 0.98) years from PET. All of these patients had
postmortem pathologic confirmation of PSP pathology.

All participants underwent dynamic PET imaging for 90 min after
18F-flortaucipir injection (GE Signa PET/MRI for 22 patients; GE
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Discovery 690 PET/CT for 13 patients; GE
Advance PET for 7 patients; GE Signa PET/
MRI for 24 controls; GE Discovery 690 PET/
CT for 7 controls; GE Advance PET for 8 con-
trols) (all scanners were from GE Healthcare).
The sensitivity advantage of the PET/MRI
scanner was used to reduce the target injection
activity by 50% compared with that used in
the PET and PET/CT scans, leading to a com-
parable signal-to-noise ratio in the acquired
data across the scanners. Full details of the
imaging protocols were published elsewhere
(17,18). Seven of the 9 patients who donated
their brains underwent 18F-flortaucipir imaging
with GE Discovery 690 PET/CT; the other 2
were scanned with GE Advance PET.

Relevant approvals were granted by the
Cambridge Research Ethics Committee (refer-
ences: 13/EE/0104, 16/EE/0529, and 18/EE/
0059), the East of England–Essex Research
Ethics Committee (16/EE/0445), and the
Administration of Radioactive Substances
Advisory Committee. All participants provided
written informed consent in accordance with
the Declaration of Helsinki.

Determination of Regional
18F-Flortaucipir Binding

18F-flortaucipir nondisplaceable binding po-
tential was calculated in regions of interest
corresponding closely to those used for post-
mortem staging of PSP by Kovacs et al. (7):
globus pallidus, cerebellum (white matter and
dentate nucleus), middle frontal gyrus, and
occipital lobe (lingual gyrus and cuneus) (Sup-
plemental Fig. 1A) (supplemental materials are
available at http://jnm.snmjournals.org). The

striatum and subthalamic nucleus were ex-
cluded because of 18F-flortaucipir off-target
binding or challenges in defining the PET
signal. Regional values were quantified using
a modified version of the n30r83 Hammer-
smith atlas (http://brain-development.org/brain-
atlases/adult-brain-atlases/adult-brain-maximum-
probability-map-hammers-mith-atlas-n30r83-in-
mni-space/), which includes parcellation of the
brain stem and cerebellum, and a basis function
implementation of the simplified reference tis-
sue model (19), with cerebellar cortex gray
matter as the reference region. Before kinetic
modeling, regional PET data were corrected for
partial-volume effects from cerebrospinal fluid
by dividing the regional PET value by the mean
regional gray matter plus white matter fraction
determined from Statistical Parametric Mapping
(SPM12, https://www.fil.ion.ucl.ac.uk/spm/)
segmentation. Left and right regional nondis-
placeable binding potential values were aver-
aged bilaterally. Using regional mean and SD
values from controls, we calculated w-scores (z-
scores adjusted for the effect of covariates, Sup-
plemental Fig. 1B), accounting for phenotypic
and systematic differences, such as age and

FIGURE 1. In vivo staging rules. Step 1: in vivo stages are defined with cumulative evidence of
absence (region 5 0) or presence (region 5 1) of pathology in each of 5 regions considered, as
defined by region-specific thresholds (regional w-score . threshold 5 1; regional w-score # thresh-
old 5 0). Step 2: in vivo substages are defined within each step 1 stage, considering 3-level pathol-
ogy severity scale (0 5 none; 1 5 mild/moderate pathology; 2 5 moderate/severe pathology).
Regions: cerebellum (CER; white matter and dentate nucleus), middle frontal gyrus (FR), globus pal-
lidus (GP), and occipital lobe (OCC; lingual gyrus and cuneus).

FIGURE 2. In vivo staging based on data-driven thresholds. (A) Severity scores are reported for
each group of regions considered to define in vivo stages (step 1: 05 absent; 15 present) and sub-
stages (step 2: 0 5 none; 1 5 mild/moderate pathology; 2 5 moderate/severe pathology). (B and C)
Box plots of PSPRS scores by stages defined with step 1 (B) and step 2 (C). CER 5 cerebellum
(white matter and dentate nucleus); FR5middle frontal gyrus; GP5 globus pallidus; OCC5 occipi-
tal lobe (lingual gyrus and cuneus); PSP-CBS 5 PSP-corticobasal syndrome; PSP-F 5 PSP-frontal;
PSP-OM 5 PSP-oculomotor; PSP-PGF 5 PSP-progressive gait freezing; PSP-RS 5 PSP-Richard-
son syndrome.
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scanner type (PET/MRI vs. non-PET/MRI); see Malpetti et al. (17) for a
discussion on harmonization of PET and PET/CT data.

In Vivo Staging Based on 18F-Flortaucipir Binding
Data-Driven Severity Thresholds. To quantify pathology severity

in each region, we used a conditional inference tree analysis to define in
a data-driven manner region-specific 18F-flortaucipir binding thresholds
of w-scores, entering both patients and controls in the model. This
method is similar to that used previously for imaging-based pseudo-Braak
staging of Alzheimer disease (9). Specifically, region-specific thresholds
were identified using nonparametric binary recursive partitioning with the
function “ctree” in R (v. 4.0.0, R Core Team - R Foundation for Statisti-
cal Computing) and running this tree analysis on w-scores for each region
separately. Using these region-specific thresholds, we assigned binary
severity scores to individual regional w-scores (w-score # regional
threshold: 0 or absent; w-score. regional threshold: 1 or present).
In Vivo Staging. First, using the staging system described by

Kovacs et al. (7), which is based on cumulative and progressive pathol-
ogy severity, we evaluated the combination of absent/present values
across all 4 regions to assign each participant to stages I/II, III/IV, or
V/VI (step 1 on Fig. 1). Second—in an explorative analysis—within
each stage defined in the previous step, a 3-point pathology severity
system was applied to each region (w-score # regional threshold:
absent, coded as 0; w-score . regional threshold: mild/moderate
pathology, coded as 1; w-score . 2 times the threshold: moderate/
severe pathology, coded as 2), and 1 of the 6 stages was assigned
accordingly (stages I–VI; step 2 on Fig. 1). We repeated these staging
analyses with a second analytic approach, using a preselected number
of SD values from region-specific nondisplaceable binding potential
control means to define pathology severity (Supplemental Fig. 2).
ANOVA was applied to analyze differences among means of disease
severity (PSPRS) between stages.

Postmortem Diagnosis and Staging Based on
Immunohistochemistry

Tissue blocks of the left hemisphere were sampled according to
National Institute of Neurological Disorders and Stroke standard guid-
ance for neurodegenerative diseases from the brain stem, subcortical,
and cortical areas. These were evaluated for the initial pathologic diagno-
sis of PSP (hyperphosphorylated tau; AT8, MN1020; Thermo Scientific,
possible concomitant pathologies of amyloid b (clone 6F/3D, M0872;
Dako), a-synuclein (SA3400; Enzo Life Sciences), and TDP-43 (TIP-
PTD-P02; Cosmo Bio Co. Ltd.); and vascular pathology. Using the
previously described staging scheme (7,8), we evaluated neuronal and
oligodendroglial tau pathology in the globus pallidus, subthalamic
nucleus, and cerebellar white matter and dentate nucleus and astrocytic
tau pathology in the striatum, middle frontal gyrus, and occipital cor-
tex. The regional cytopathologies were rated on a 4-level system (none,
mild, moderate, and severe) using the guidelines proposed by Briggs et al.
(8). In vivo staging results with both data-driven and SD approaches
were compared with postmortem staging in the 9 patients who donated
their brain.

RESULTS

The conditional inference tree analysis identified region-specific
pathologic thresholds of 18F-flortaucipir binding for the globus
pallidus (w-score, .0.795), cerebellar white matter (w-score,
.0.783) and dentate nucleus (w-score, .0.845), and middle fron-
tal gyrus (w-score, .1.416). For the occipital lobe, the analysis
did not identify the threshold, so we used 1.645 as the w-score
critical value (P 5 0.05). A simple set of decision rules (Fig. 1)
enabled plausible Kovacs stages to be estimated in 41 patients
(Fig. 2A): 10 patients were classified in stage I/II because of

increased 18F-flortaucipir binding limited to the globus pallidus,
26 were classified in stage III/IV because of additional increased
18F-flortaucipir binding in the frontal or cerebellar regions, and
5 were classified in stage V/VI because of additional increased
18F-flortaucipir binding in the occipital lobe; 1 patient could not
be classified because no increased binding was found in the globus
pallidus. The explorative substaging (6 stages) identified 2 patients
in stage I (mild/moderate pathology in the globus pallidus), 8 in
stage II (moderate/severe pathology in the globus pallidus), 9 in
stage III (mild/moderate pathology in the frontal lobe or cerebel-
lum), 17 in stage IV (moderate/severe pathology in the frontal
lobe or cerebellum), and 5 in stage V (mild/moderate pathology in
the occipital lobe). When the same approach was applied to con-
trols, 31, 5, 1, and 2 participants were classified in no stage, stage
I, stage II, and stage III, respectively. Four patients (Fig. 2A,
patients 6, 35, 36, and 39) showed an atypical severity pattern that
was discordant with the description of Kovacs et al. (7).
Across all patients, the estimated in vivo stages did not relate to

clinical severity (P . 0.05 in an ANOVA) (Figs. 2B and 2C). In 8 of
the 9 patients who donated their brains, pathology stage as determined
by in vivo 18F-flortaucipir PET was less than or equal to that deter-
mined postmortem (Fig. 3). In vivo staging and postmortem staging
were not significantly correlated (Spearman r, 0.168; P 5 0.67). Cor-
relation analyses were also used to test the residuals of each staging

FIGURE 3. Comparison of in vivo and postmortem stages for 9 patients
who underwent 18F-flortaucipir PET and pathology autopsy. (A) Clinical
and staging details. (B) Single-subject (lines) comparisons of in vivo and
postmortem staging. (C) Graphical representation of the effect of interval
from PET to time of death (Time int) and clinical severity on association
between in vivo staging and postmortem staging. PSP-F 5 PSP-frontal;
PSP-RS5 PSP-Richardson syndrome.
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variable (in vivo and postmortem staging)
after regressing out clinical severity (PSPRS
scores) and the interval from PET to time
of death. The correlation was not sta-
tistically significant (Spearman r, 0.150;
P 5 0.70). Figure 4 shows examples of
18F-flortaucipir nondisplaceable binding
potential maps and corresponding postmor-
tem staining data for patients who were
classified in stage II (patient 4) and stage
IV (patient 26) by both in vivo staging and
postmortem staging.

DISCUSSION

The principal finding of the present study
was that 18F-flortaucipir PET does not pro-
vide accurate in vivo staging corresponding
to neuropathologic staging for PSP. The
nominal stage derived from 18F-flortaucipir
PET did not correlate with disease severity
or relate to staging postmortem.
As a result of the data-driven in vivo

staging system, compared with controls, we
observed higher 18F-flortaucipir binding in
the globus pallidus in all but 1 patient,
with a few patients showing increased 18F-
flortaucipir binding in the occipital cortex
(Fig. 2A). This regional distribution of
18F-flortaucipir binding was in line with
the pathologic description of PSP and with
what was previously described for 18F-
flortaucipir in PSP (13,17,18,20). Whereas
the 18F-flortaucipir binding patterns al-
lowed us to nominally apply PSP pathology
staging in vivo, the in vivo staging was not
systematically predictive of pathology stag-
ing postmortem. As expected because of the
time interval between the PET scan and
autopsy, in 8 of 9 cases with autopsy, the
individual in vivo staging was less than or
equal to the postmortem staging. However,
4 patients who were labeled as stage IV
in vivo were then classified in 4 different stages postmortem (Fig. 3).
Neither clinical severity nor the time interval between the PET scan
and death was useful for predicting the individual postmortem stage
from in vivo staging.
The number of patients with a positive signal for 18F-flortauci-

pir in the cerebellum (n 5 29) exceeded the number of patients
with a positive result for frontal 18F-flortaucipir binding (n 5
10). Although this finding might reflect earlier involvement of
the cerebellum in our cohort, regional differences in the density
of tau aggregates and predominant cytopathologies could con-
tribute to regional differences in tracer retention (11,13,21)—for
example, neuronal and oligodendroglial tau predominates in
the cerebellum, whereas astrocytic tau predominates in cortical
regions.
Off-target binding for 18F-flortaucipir is well characterized,

but this problem alone would still leave open the possibility of
quantifying tau pathology in areas without significant monoamine

oxidase levels or neuromelanin, such as the cerebellum and
medial frontal cerebral cortex (22). However, recent PET-to-
autopsy correlational studies suggested that 18F-flortaucipir PET
does not reliably correspond to postmortem tau pathology in non-
Alzheimer tauopathies (13,23). This finding suggests that 18F-
flortaucipir lacks sensitivity in non-Alzheimer tau pathology.
This characteristic might explain the underperformance of this
tracer in defining an in vivo classification that systematically
aligns with postmortem staging. Next-generation tau tracers
might prove to be more useful for tracking in vivo PSP pathology
progression because of a combination of good affinity for 4-repeat
tau and lower off-target binding to monoamine oxidases (i.e., 18F-
PI-2620 (24)). However, evidence from PET-to-autopsy studies
for these new ligands is needed, together with better segmentation
and signal detection from small regions. These features would be
particularly important for early-stage pathology detection and the
classification of stage I/II of the system of Kovacs et al. (7).

FIGURE 4. 18F-flortaucipir nondisplaceable binding potential (BPND) maps, postmortem staining,
and related clinical details for 2 patients classified in stage II (top) and stage IV (bottom) with both
in vivo staging and postmortem staging. Spatially normalized BPND maps are shown in radio-
logic format overlaid on ICBM MNI152 2009a T1 MRI template (https://www.bic.mni.mcgill.ca/
ServicesAtlases/ICBM152NLin2009). CER5 cerebellum; FR5middle frontal gyrus; GP5 globus pal-
lidus; OCC5 occipital lobe; PM stage5 postmortem stage; PSP-RS5 PSP-Richardson syndrome.
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CONCLUSION

We conclude that 18F-flortaucipir PET is not a useful marker of
the neuropathologic stage in PSP, despite increased binding and
some regional concordance between tau pathology and ligand
binding. This analytic approach, seeking to mirror in vivo neuro-
pathology staging with PET-to-autopsy correlational analyses,
could be applied to test next-generation tau PET tracers. However,
comparisons with postmortem data are also required.
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KEY POINTS

QUESTION: Can the novel postmortem pathologic staging of PSP
be reproduced in vivo with 18F-flortaucipir PET?

PERINENT FINDINGS: Conditional inference tree analyses were
performed on regional 18F-flortaucipir PET binding potential values
to define in vivo staging in 42 patients with probable PSP,
comparing the results in 9 participants with postmortem
confirmation of the diagnosis and stage. 18F-flortaucipir PET did
not provide accurate in vivo staging of PSP; in particular, the
nominal stage derived from 18F-flortaucipir PET did not correlate
with disease severity or relate to staging postmortem.

IMPLICATIONS FOR PATIENT CARE: This analytic approach,
seeking to mirror in vivo neuropathology staging with PET-to-
autopsy correlational analyses, might be more effective with
next-generation tau PET tracers.
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During the coronavirus disease 2019 (COVID-19) pandemic, Long
COVID syndrome, which impairs patients through cognitive deficits,
fatigue, and exhaustion, has become increasingly relevant. Its underly-
ing pathophysiology, however, is unknown. In this study, we assessed
cognitive profiles and regional cerebral glucose metabolism as a
biomarker of neuronal function in outpatients with long-term neurocog-
nitive symptoms after COVID-19. Methods: Outpatients seeking neu-
rologic counseling with neurocognitive symptoms persisting for more
than 3mo after polymerase chain reaction (PCR)–confirmed COVID-19
were included prospectively between June 16, 2020, and January 29,
2021. Patients (n5 31; age, 53.6 6 2.0 y) in the long-term phase after
COVID-19 (2026 58 d after positive PCR) were assessedwith a neuro-
psychologic test battery. Cerebral 18F-FDG PET imaging was per-
formed in 14 of 31 patients. Results: Patients self-reported impaired
attention, memory, and multitasking abilities (31/31), word-finding diffi-
culties (27/31), and fatigue (24/31). Twelve of 31 patients could not
return to the previous level of independence/employment. For all cogni-
tive domains, average group results of the neuropsychologic test bat-
tery showed no impairment, but deficits (z score,21.5) were present
on a single-patient level mainly in the domain of visual memory (in 7/31;
other domains # 2/31). Mean Montreal Cognitive Assessment perfor-
mance (27/30 points) was above the cutoff value for detection of cogni-
tive impairment (,26 points), although 9 of 31 patients performed
slightly below this level (23–25 points). In the subgroup of patients who
underwent 18F-FDG PET, we found no significant changes of regional
cerebral glucose metabolism. Conclusion: Long COVID patients self-
report uniform symptoms hampering their ability to work in a relevant
fraction. However, cognitive testing showedminor impairments only on
a single-patient level approximately 6 mo after the infection, whereas
functional imaging revealed no distinct pathologic changes. This clearly
deviates from previous findings in subacute COVID-19 patients, sug-
gesting that underlying neuronal causes are different and possibly
related to the high prevalence of fatigue.

Key Words: long COVID syndrome; cognition; fatigue; 18F-FDG PET;
Montreal Cognitive Assessment
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As the coronavirus disease 2019 (COVID-19) pandemic pro-
ceeds, the long-term consequences such as chronic neurocognitive
symptoms after infection with the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) are an increasingly recognized prob-
lem. A multitude of previously healthy patients self-report symptoms
such as brain-fog, memory loss (18%–40%), attentional problems
(16%–34%), and fatigue (60%–70%) months after the acute infection
has long subsided (1–6). The label “long COVID syndrome” has
recently been established for these symptoms in the aftermath of an
acute SARS-CoV-2 infection (7); however, the underlying patho-
physiology remains unclear.
We described impaired cognitive functions associated with fron-

toparietal hypometabolism (indicating cortical dysfunction) on 18F-
FDG PET (8) in COVID-19 patients approximately 1 mo after the
acute infection. When voxelwise principal components analysis is
used, a COVID-19–related spatial covariance pattern has emerged,
the expression of which tightly correlates with performance in the
Montreal Cognitive Assessment (MoCA). In a subgroup of these
patients, a long-term follow-up (6–7 mo after infection) revealed a
substantial but still incomplete recovery of cognitive deficits and
cortical dysfunction on 18F-FDG PET (9). Likewise, a predomi-
nantly frontal cortical hypometabolism, which improved during
follow-up after 6 mo, was detected in patients with COVID-19–
related encephalopathy (10). Deviating from these findings, regional
hypometabolism of limbic and paralimbic regions extending to the
brain stem and cerebellum (11) or hypometabolism of the right par-
ahippocampal gyrus and thalamus (12) has been described in
COVID-19 patients examined at 3–4 mo after symptom onset.
Postmortem neuropathologic examinations in COVID-19 patients

revealed pronounced glial activation and infiltration by cytotoxic T
lymphocytes in the brain stem and cerebellum (13), likely caused
by a systemic inflammatory response or a cytokine release (14).
Because the cortical gray matter is largely unaffected by inflammatory
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changes (8,13), reduction of cortical glucose metabolism in early
subacute patients (8–10) might be caused by a functional decou-
pling from afferents, which is in line with recovery of cognitive
deficits and cortical metabolism in long-term follow-up investiga-
tions (9,10,15).
Thus, the question arises whether alterations in cerebral glucose

metabolism are also present in patients with long COVID syn-
drome as a potential pathophysiologic correlate of the neurocogni-
tive symptoms. We present data from a prospective cohort of
outpatients about 6 mo after SARS-CoV-2 infection who self-
reported persistent subjective neurocognitive symptoms. Cognitive
performance and cerebral 18F-FDG PET were assessed to objectify
subjective symptoms and to investigate possible similarities to pre-
viously observed changes in early subacute patients.

MATERIALS AND METHODS

Participants
We report data from a monocentric, prospective cohort of 31 patients

(age, 53.6 6 12.0 y; 11 men, 20 women) who were admitted to the out-
patient clinic of the Department of Neurology and Clinical Neurosci-
ence of the University Hospital Freiburg between June 16, 2020, and
January 29, 2021 due to lasting neurocognitive symptoms in the chronic
phase (.3 mo) after COVID-19. Inclusion criteria were a history of
reverse transcription polymerase chain reaction (rt-PCR)–confirmed
SARS-CoV-2 infection, presence of new subjective neurocognitive
symptoms persisting for longer than 3 mo after positive rt-PCR, and
age . 18 y. Exclusion criteria were any preexisting neurodegenerative
disorders. One patient refused to participate. Detailed demographic data
are provided in Supplemental Table 1 (supplemental materials are avail-
able at http://jnm.snmjournals.org).

Importantly, the current long COVID cohort shares no overlap with
previous studies on COVID-19 from our group (8,9). In these, sub-
acute inpatients (3–4 wk post-COVID) were screened independently
from subjective complaints and included if they met inclusion criteria
(most importantly, at least 2 new neurologic symptoms to qualify for
PET) (8). A subset of 8 patients was furthermore eligible for a follow-
up (9). In contrast, the present cohort results from self-referral because
of new neurocognitive symptoms, which may not necessarily be veri-
fied by further examinations (see the section “Cognitive Functions”).

The present study was approved by the local ethics committee of
the University Medical Center Freiburg (EK 211/20) and complies
with the Helsinki Declaration of 1975, as revised in 2008. Written
informed consent was obtained from all patients.

General Examination
General neurologic deficits were examined in a complete neurologic

assessment by a board-certified neurologist (.5 y of training). The
degree of actual disability was graded as follows: 0, no relevant
restrictions; 1, relevant restrictions but able to work; 2, reduction of
work quota necessary; 3, inability to work or restriction of daily life
activities. Disease severity during the acute stage was scored accord-
ing to a modified version of the German definitions (16): 1, no signs
of pneumonia; 2, pneumonia, outpatient treatment; 3, pneumonia,
inpatient treatment; 4, acute respiratory distress syndrome, endotra-
cheal ventilation in intensive care unit. A subgroup of 6 patients
received structural MRI (supplemental methods).

Cognitive Functions
All patients were examined with a 50-min cognitive battery admin-

istered in German (native language) in a set order by a trained neuro-
psychologist. The neuropsychologic test battery comprised the
Hopkins Verbal Learning Test-Revised (HVLT (17)), Brief Visuospa-
tial Memory Test-Revised (BVMT-R (18)), Digit Span forward/

reverse (19), Trail Making Test part A/B (20), Color-Word Interfer-
ence Test (FWIT (21), Symbol-Digit Modalities Test (SDMT (22)),
and a semantic and letter fluency test (23). Individual raw scores were
z-transformed based on the normative sample as reported in the man-
uals. Results were stratified by age and education where available. In
the case of the FWIT, raw scores were assigned a T score, which then
was transformed into a z score. z scores for each domain and a com-
posite z score that represents overall cognitive functions of the patients
were calculated by averaging the z sores based on Lazar et al. (24)
with minor adjustments. The threshold for impaired performance was
defined as 1.5 SDs below the normative mean (24). Additionally, the
MoCA (version 7.1, www.mocatest.org (25)) was applied (maximum
achievable score 5 30, higher scores indicating better performance).
The cutoff score for cognitive impairment was defined as performance
below 26 (25). A correction for years of education (YoE) was per-
formed (11 point in case of # 12 YoE). Fatigue was assessed using
the W€urzburg Fatigue Inventory in Multiple Sclerosis (WEIMuS
(26)), a self-rating questionnaire for symptoms of physical and cogni-
tive fatigue. In addition, the Geriatric Depression Scale-15 (GDS (27))
was included. Scores for the MoCA, fatigue, and the GDS were not
included in the composite score.

18F-FDG PET Imaging
Cerebral 18F-FDG PET was recommended to all patients on the

basis of clinical indication for diagnosis of persistent unexplained cog-
nitive impairment (including the exclusion of other causes) based on
previous reports on altered cerebral glucose metabolism in COVID-19
patients (8,10–12). Imaging was performed in 14 of 31 patients on
average 197.9 6 61.1 d after manifestation of COVID-19 as indicated
by the first positive PCR. PET scans (10-min duration) were acquired
on a fully digital Vereos PET/CT scanner (Philips Healthcare) 50 min
after intravenous injection of 211 6 9 MBq of 18F-FDG under eugly-
cemic conditions at rest (eyes open, reduced ambient noise). All indi-
vidual scans were read as part of the clinical routine by 2 experienced
nuclear medicine physicians (.20 and 5 y of experience in brain
PET) using highly standardized displays of 30 transaxial 18F-FDG
PET slices (hot metal color scale; maximum and minimum thresholds
set to 1.8 [100%] and 0.09 [5%], respectively, after voxelwise data
normalization to mean uptake in brain parenchyma) and voxel-based
statistical analyses using 3-dimensional stereotactic surface projections
(3D-SSP/Neurostat (28)) and appropriate age-matched controls.

Group analyses were performed as previously described (8): after
spatial normalization and smoothing (isotropic gaussian kernel, 10 mm
in full width at half maximum), the pattern expression score (PES) of
the previously established COVID-19–related spatial covariance pat-
tern was derived by the topographic profile rating algorithm, reflecting
the expression of the established pattern in each individual’s data.
For statistical comparison, we also assessed the PES of the COVID-
19–related covariance pattern in control patients (n 5 45; age, 63.0 6

9.1 y; age range, 50–85 y; 27 men, 18 women) scanned under identical
conditions (8). As confirmatory analysis, a voxelwise analysis of
covariance (ANCOVA) with age and sex as covariates was calculated
with statistical parametric mapping (SPM) for comparison of long
COVID and control patients. For count rate normalization, we used
proportional scaling of each individual’s 18F-FDG PET data to the
mean uptake in a brain parenchyma mask (SPM tissue probability map,
white and gray matter probability . 50% excluding cerebrospinal fluid
with probability . 30%). A false-discovery rate (FDR)–corrected P ,

0.05 was used as a statistical threshold. The correlation between mean
z scores of the domains (attention, executive function, processing
speed, verbal and visual memory), composite z score, MoCA, WEI-
MuS cognitive and physical fatigue scores, and voxelwise 18F-FDG
uptake was analyzed by SPM-based regression analyses. FDR-cor-
rected P , 0.05 and uncorrected P , 0.005 (cluster size . 30 voxels)
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were used as statistical thresholds. All processing steps were imple-
mented with an in-house pipeline using MATLAB (The MathWorks,
Inc.) and SPM (SPM12; The Wellcome Centre for Human Neuroimag-
ing, UCL Queen Square Institute of Neurology) software.

Statistical Analysis
Statistical analyses were performed using SPSS Statistics, version

27 (IBM) and R (https://www.R-project.org/). Shapiro–Wilk and
Kolmogorov–Smirnov tests were used to confirm normal distribution.
Correlations between demographic and clinical data and neurocogni-
tive test scores were exploratorily assessed with the Spearman rank
correlation test. For group comparisons of neurocognitive test scores,
1-sample t or Mann–Whitney U tests were performed. The group dif-
ference of the PES of long COVID patients and control patients was
tested with an ANCOVA including age and sex as covariates. The
strength of the relationship between the PES of the COVID-19–related
covariance pattern and the results from cognitive assessments was esti-
mated with a Spearman rank partial correlation test adjusted for the
patient’s age.

RESULTS

The neurologic examination (202.3 6 57.5 d after first positive
COVID-19 PCR) revealed no focal deficit related to SARS-CoV-2
infection. On the contrary, all patients complained about difficul-
ties in attention, memory, and multitasking abilities. Moreover, 24
of 31 (77%) complained about fatigue. Three of 31 (10%) patients
reduced their work quota due to these symptoms; 9 of 31 (29%)
patients were unable to work or restricted their activities of
daily living at the time of examination. Actual disability was
significantly correlated with severity of initial disease (R 5
0.38; P 5 0.03). Basic clinical data are summarized in Supple-
mental Table 2.
Six of 31 patients underwent cerebral MRI (4 with contrast

enhancement). On visual assessment, microembolic subacute corti-
cal infarction was observed in the left occipital lobe in 1 patient
(65-y-old man), and slight microangiopathic changes correspond-
ing to Fazekas 2 were present in a 61-y-old female patient. No
other structural changes, and in particular no sign of atrophy, acute
encephalitis, or leptomeningeal enhancement, were found.

Cognitive Functions
The mean z scores of verbal and visual memory domains and

composite z score were not significantly different from zero (all
P . 0.1). The mean z scores for executive functions (P , 0.05),
attention (P , 0.01), and processing speed (P , 0.01) were even
higher than zero and, in total, almost half of the patients (n 5 15,
49%) were completely unimpaired in the neurocognitive test bat-
tery (Supplemental Table 3). However, some patients exhibited
mild to moderate impairments in single domains: the most fre-
quently impaired domain was visual memory (7/31 [23%] patients;
other domains # 2/31 [#7%]). Impaired individual tests on a sin-
gle-subject level were most frequently observed for verbal and
visual memory tests (number of impaired patients 3–7 [10%–23%]
and 4–8 [13%–26%], respectively; Supplemental Table 3).
Although the mean group MoCA performance (26.6 6 2.2

points) was above the cutoff (25), mild impairment was detected
in 9 patients (29%; range, 23–25 points). The greatest variance
was observed for the recall task of the MoCA (3.2 6 1.6 points,
16/31 patients scoring below 4 points). The group of patients with
an impaired MoCA test did not differ in terms of age or delay
between infection and examination from the rest of the cohort
(both P . 0.5).

On a self-rating questionnaire, 61% (n 5 19) revealed overall
symptoms of fatigue. On a subscore level, 67% (n 5 21) were
above the cutoff for cognitive fatigue and 42% (n 5 13) were
above the cutoff for physical fatigue (Supplemental Table 4). The
GDS (3.9 6 2.6) indicated no relevant level of depression in
the present patient cohort; only 4 individuals slightly exceeded the
cutoff value (range, 8–10 points) indicating mild depressive symp-
toms (Supplemental Table 4) (27).
Performance on MoCA was correlated with the composite

z score of the neurocognitive test battery (R 5 0.53; P , 0.05). In
turn, self-rated fatigue (WEIMuS sum score) correlated signifi-
cantly with self-rated depression (GDS, albeit in a subclinical
range; R 5 0.61; P , 0.001). MoCA test scores and the overall
composite z score did not correlate with self-rated depression or
any aspect of self-rated fatigue. Except for positive correlations of
initial disease severity with physical fatigue (R 5 0.37; P , 0.05),
clinical parameters such as disease severity and degree of actual
disability did not correlate with performance on cognitive and
other tests.

18F-FDG PET Imaging
Patients undergoing 18F-FDG PET did not differ from those

who did not in terms of epidemiologic variables (age, sex) or
results of the neuropsychologic test battery (all P . 0.05, Supple-
mental Tables 1–4). Clinical routine assessments of each patient’s
18F-FDG PET scan revealed no distinct pathologic findings (Fig.
1). In particular, none of the patients exhibited a frontoparietal pre-
dominant hypometabolic pattern previously described in subacute
COVID-19 inpatients (8). Likewise, PET scans suggested no alter-
native diagnoses (e.g., encephalitis, neurodegenerative dementia)
in any case.
Group-averaged 18F-FDG PET scans in long COVID and con-

trol patients are shown in Figure 2. None of the patients expressed
the previously established COVID-19–related spatial covariance
pattern, with individual PES ranging from 27 to 260. There was

FIGURE 1. Individual results of voxelwise statistical analysis of 18F-FDG
PET data with NeuroSTAT/3D-SSP (stereotactic surface projection).
Shown are lateral and superior views of brain. Metabolic deficits com-
pared with age-matched control subjects are color-coded as z scores.
Z5 z score.
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no significant group difference in PES between long COVID
patients (236.7 6 17.3) and control patients (211.3 6 29.2) after
adjustment for age and sex (ANCOVA, factor group: P 5 0.14).
In contrast to our previous studies in COVID-19 inpatients with

novel neurologic symptoms in the subacute stage (8) and at follow-
up (9), no significant relationship between MoCA and PES was
found (R 5 20.17, P . 0.5). There was also no significant correla-
tion of PES with fatigue, composite or domains z scores (all P .

0.5). Confirmatory voxelwise SPM analyses yielded no regions with
significantly (FDR-corrected P , 0.05) different glucose metabo-
lism (neither hyper- nor hypometabolism) in long COVID patients
compared with control patients. Moreover, no association to MoCA,
domain z scores, composite z score, or WEIMuS fatigue scores
were found by voxelwise regression analyses (FDR-corrected P ,

0.05). No relevant findings were observed at an exploratory statisti-
cal threshold of uncorrected P, 0.005.

DISCUSSION

The present study reports a prospective assessment of 31 patients
self-presenting to our outpatient clinic because of neurocognitive
symptoms more than 6 mo after a SARS-CoV-2 infection with
long COVID syndrome. Although 39% of patients report a relevant
disability at work and everyday life due to these symptoms, an
exhaustive assessment including a detailed cognitive battery
showed only mild impairment in individual patients, and cerebral
18F-FDG PET failed to reveal a distinct pathologic signature.
Cognitive profiles in our sample revealed an overall normal to

higher-than-normal performance in all cognitive domains (verbal
memory, visual memory, processing speed, attention, executive
function) and on MoCA (average score 27/30, cutoff value for
detection of any cognitive impairment , 26/30 (25)). However,
impairments were present on a single-patient level, especially in
the domain of visual memory (Supplemental Table 3). Further-
more, 9 of 31 (29%) patients performed below the MoCA cutoff
value, indicating mild cognitive impairments.
These results indicate that in some patients with long COVID, dis-

crete neurocognitive impairments may be present, which is in line
with findings from other studies: deficits in verbal and visual mem-
ory, executive functions, verbal fluency, attention, and language
were reported 6–9 mo after the infection, which were correlated in

their expression with the initial degree of
severity (29). Another study reported mild
deficits in episodic memory function (up to
6 mo after the infection) and vigilance and
motivation deficits (up to 9 mo after the
infection); the deficits normalized after the
corresponding period of time (15). This, in
combination with the longitudinal assess-
ment of COVID-19 patients from our group
(8,9), suggests that the cognitive deficits are
subject to a dynamic process, which might
also explain why most patients are cogni-
tively unimpaired in the present long-term
study.
It has to be noted that a rather liberal

threshold for definition of impaired cogni-
tion was used (1.5 SD , normative mean).
This threshold corresponds to a 1-sided
P value of about 0.07, which increases the
risk of false-positive results and is only

slightly below the frequency of impaired observations on detailed
tests (Supplemental Table 3: 45/496, 9.1%). That impaired scales
accumulated in verbal and visual memory tests is not surprising,
as the Hopkins verbal learning test and BVMT are especially chal-
lenging and susceptible for attentional fluctuations (24,28). Such
fluctuations may also explain why more patients showed impair-
ments in the recognition (i.e., 8/31) when compared with the delayed
recall part (i.e., 4/31) of the BVMT—although the latter usually
detects deficits with a higher sensitivity (30). Although the compre-
hensive neuropsychologic test battery indicated slight deficits at the
level of individual patients, affection of MoCA performance seemed
to be more severely pronounced. This could also be explained by
motivational deficits, attentional fluctuations and exhaustion as the
MoCA was performed at the end of the test battery.

Previous studies in subacute COVID-19 patients showed deficits
in executive and attentional functions, memory, and visuospatial
functions that point to a cortical dysfunction with a frontoparietal
emphasis (4,29,31). As a correlate of impaired cognitive functions,
we recently described a predominantly frontoparietal cortical
hypometabolism on 18F-FDG PET in subacute COVID-19 patients
(8,9). Thus, we also performed 18F-FDG PET in the present sam-
ple of patients with neurocognitive long COVID syndrome to
objectify changes of regional neuronal function by an approach
that is independent of the patients’ test compliance and can be ana-
lyzed completely observer-independent. Individual 18F-FDG PET
reads did not reveal any distinct pathologic finding, including pos-
sible alternative diagnoses, in any of the patients. We also ana-
lyzed the PES of the previously established COVID-19–related
metabolic covariance pattern. However, whereas this pattern
tightly correlated to MoCA performance and was still elevated at
trend level compared with control patients at follow-up in our
studies in COVID-19 inpatients (at the subacute stage and 6 mo
later) (8,9), none of the patients with long COVID syndrome
exhibited this pattern. Notably, this also includes 4 of 14 patients
showing impaired performance on MoCA who underwent 18F-
FDG PET. To exclude the possibility that the COVID-19–related
metabolic covariance pattern established in subacute inpatients is
simply not appropriate for patients with long COVID syndrome,
we also conducted a conventional SPM group analysis, which,
again, showed no pathologic finding. Even for a subgroup of
patients with abnormal MoCA scores (n 5 4), we did not find any

FIGURE 2. 18F-FDG PET in patients with long COVID syndrome. (A and B) Transaxial sections of
group averaged, spatially normalized 18F-FDG PET scans in patients with long COVID syndrome (A)
and control patients (B). (C) The pattern expression score (PES; *adjusted for age and sex, for illus-
tration purposes) of previously established COVID-19–related spatial covariance pattern was not sig-
nificantly different between patients with long COVID syndrome and control patients. Box plots
(gray), as well as individual values for COVID-19 patients (red) and the control cohort (green), are
displayed.
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relevant differences in glucose metabolism compared with the
remaining patients or the control cohort (voxelwise SPM group
analysis, exploratory threshold of P , 0.005, data not shown).
Although we cannot exclude the possibility that long COVID–
associated changes of neuronal activity are too subtle to be cap-
tured by an 18F-FDG PET group analysis, we consider this
unlikely. Indeed, 18F-FDG PET is a well-established marker of
neuronal dysfunction for prodromal stages of neurologic diseases
of similar cognitive impact. Thus, together with the in large parts
unimpaired cognitive battery across the entire group of patients, it
appears reasonable that factors other than the cortical hypometabo-
lism observed in patients during the early subacute stage after an
infection (8) contribute to the symptoms in neurocognitive long
COVID syndrome.
Our results have to be compared with other recent studies that

used cerebral 18F-FDG PET for the assessment of COVID-
19–associated metabolic changes. A frontal and, to a lesser extent,
temporoparietal cortical hypometabolism, which improved during
follow-up at 1 and 6 mo, was detected by Kas et al. (10), which is
in line with our observations (8,9). Of note, different from our pre-
vious cohort (8,9) patients included in the aforementioned study
(10) suffered from COVID-19–related encephalopathy including
delirium, seizures, myocloni, and focal neurologic signs, whereas
such severe symptoms were absent in the patients of our subacute
cohort (8,9). Clearly deviating from those studies and the present
study, a profile of hypometabolism in limbic and paralimbic
regions extending to the brain stem and cerebellum was reported
for patients with putative long COVID (including decreasing glu-
cose metabolism of the right temporal lobe with longer time after
first COVID-19 symptoms) (11). Factors such as pooling of vari-
able time points of examination (about 1–5 mo after COVID-19,
on average 96 6 31 d) and the use of cortical regions for count
rate normalization of PET data may have contributed to these dis-
cordant findings that are also counterintuitive regarding recovery
from COVID-related cognitive deficits in longitudinal investiga-
tions (9,15) (a detailed discussion appears in Meyer et al. (32)).
Sollini et al. (12) described a hypometabolism particularly of the
right parahippocampal gyrus and thalamus in long COVID
patients examined at about 3–4 mo after symptom onset. Again,
technical factors may explain different findings (e.g., extraction of
brain scans from whole-body examination, which may yield infe-
rior data quality if whole-body PET acquisition parameters are not
matched to brain acquisitions; retrospective use of brain images of
oncologic patients as control data, which limits standardization of
behavior/sensory input during 18F-FDG uptake; and liberal statisti-
cal thresholds such as P , 0.005 on the voxel level). Finally, a
thorough qualitative and quantitative assessment of cognitive pro-
files and correlation to changes in cerebral glucose metabolism
was not pursued by other studies (10–12), which underlines the
particular value of the present work.
The lack of significant findings on 18F-FDG PET and only mild

impairments on neuropsychologic testing is in contrast to the
severe and lasting disability reported by the patients (e.g., cogni-
tive symptoms, inability to work). Moreover, neither MoCA per-
formance nor the composite z score of the neurocognitive test
battery correlated with disability. On the other hand and in line
with other reports in long COVID (33,34), fatigue was particularly
prevalent in our cohort (61%, WEIMuS sumscore). Fatigue is a
common sequela of systemic viral infections (35,36) and systemic
inflammatory diseases (37) and has been related to immune dysre-
gulation processes (38,39) as in the systemic inflammatory

response and cytokine release (14) in COVID-19. Fatigue has also
been linked to the myalgic encephalomyelitis/chronic fatigue syn-
drome (5) in long COVID, which is characterized by functional
impairment (e.g., disability to work) in a considerable number of
patients (40). Taken together, it is tempting to speculate that the
pathophysiologic background of self-reported cognitive symptoms,
disability, and even mild impairments in the neuropsychologic test
battery in single patients is primarily caused by fatigue.
As a limitation of the present study, only patients self-present-

ing with long-lasting symptoms were included in our cohort,
thereby potentially presenting a small subgroup of COVID-19
patients. However, deficits reported in our cohort are corroborated
by the rate of previously reported deficits (2,3), and the fraction of
patients that were still unable to work 3–4 mo after infection
reported previously (2) is in accordance with our cohort (i.e., 32%
vs. 39%). As an inherent problem of studies like ours, no data are
available concerning the premorbid cognitive and neuropsycho-
logic status of the patients. Thus, we cannot comment on a possi-
ble particular vulnerability or preexisting deficits, which is of
particular interest if the detected impairment is small and inconsis-
tent. Furthermore, the number of subjects is relatively small,
which precluded in-depth multivariate statistical analyses and lim-
ited the possibility to make reliable statements about the frequency
of cognitive deficits in long COVID patients. For instance, in con-
trast to the general observation that male sex is a risk factor for
severe disease courses in COVID-19 (41), female sex seems to be
slightly overrepresented in the present study. Longitudinal studies
are needed to define the prognosis of neurocognitive symptoms in
patients with long COVID syndrome. In this regard, the lack of
long-lasting alterations of cerebral functioning on 18F-FDG PET
would be compatible with a favorable outcome.
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KEY POINTS

QUESTION: Long-term neurocognitive symptoms after COVID-19
are an increasingly recognized problem—is the underlying patho-
physiology a residual state of cortical dysfunction detected in sub-
acute patients?

PERTINENT FINDINGS: In patients (n 5 31) in the long-term
phase after COVID-19 (202.3 6 57.5 d after positive PCR) with
self-reported symptoms of long COVID, an exhaustive neuropsy-
chologic test battery revealed slight impairments only in individual
cases, whereas fatigue was highly prevalent. Cerebral 18F-FDG
PET failed to reveal a distinct pathologic signature in the subgroup
of patients undergoing 18F-FDG PET (n 5 14).

IMPLICATIONS FOR PATIENT CARE: The findings deviate from
previous reports in patients in the early subacute stage of COVID-
19 and suggest that underlying causes of long COVID might be
related to fatigue but not to persistent cortical dysfunction.
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11C-Pittsburgh compound B (PiB) PET/CT visualizes the amount of
myocardial amyloid deposit and can be used to prognosticate patients
with amyloid light-chain (AL) cardiac amyloidosis (CA). However,
whether 11C-PiB PET/CT has any independent additional prognostic
value beyond the commonly used biomarkers remains unknown.
Methods: This prospective study was on a cohort of 58 consecutive
patients with AL CA who underwent 11C-PiB PET/CT. The patients
were stratified into 2 groups on the basis of a visual assessment of
whether there was myocardial 11C-PiB uptake on PET/CT. The primary
endpoint was 1-y overall mortality. The independent prognostic utility
of 11C-PiB PET/CT was analyzed using net reclassification improve-
ment and integrated discrimination improvement. Results: Among the
58 patients enrolled, 35 were positive for myocardial 11C-PiB uptake
on PET/CT. Patients with myocardial 11C-PiB PET uptake had a worse
1-y overall survival rate than those without (81.8% vs. 45.5%, P 5

0.003 by log-rank test). In the multivariate analysis, positivity for myo-
cardial 11C-PiB uptake on PET/CT was an independent predictor of
1-y mortality (adjusted hazard ratio, 3.382; 95% CI, 1.011–11.316; P5

0.048). In analysis of 3 subgroups of patients—those with a troponin
I level of at least 0.1 ng/mL, those with an N-terminal pro-B-type natri-
uretic peptide (NT-proBNP) level of at least 1,800 pg/mL, and those
with a difference of at least 180 mg/L between free light chains (the
3 commonly used biomarkers and their thresholds for staging in AL
amyloidosis)—Kaplan–Meier curves showed for all 3 subgroups that
patients positive for myocardial 11C-PiB uptake on PET/CT had a
worse prognosis than those who were negative. Additionally, when the
results of 11C-PiB PET/CT were added to these 3 biomarkers, the per-
formance of 1-y mortality prediction significantly improved by net
reclassification improvement (troponin I, 0.861; NT-proBNP, 0.914;
difference between free light chains, 0.987) and by integrated discrimi-
nation improvement (0.200, 0.156, and 0.108, respectively). Conclu-
sion: 11C-PiB PET/CT is a strong independent predictor of 1-y overall
mortality and provides incremental prognostic benefits beyond the
3 commonly used biomarkers of AL amyloidosis staging. Considering
the recent development of numerous amyloid-targeting molecular
imaging agents, further investigations are warranted on whether PET/
CT should be included in risk stratification for patients with AL CA.

Key Words: 11C-Pittsburgh compound B PET; cardiac amyloidosis;
survival; risk stratification
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Amyloidosis is a rare group of disorders caused by the accu-
mulation of proteinaceous fibrils in certain organs that compro-
mises their structure and function (1). Cardiac amyloidosis (CA)
refers to the myocardial deposition of amyloid fibrils, of which the
immunoglobulin amyloid light chain (AL) and transthyretin are the
most common types (2). Cardiac involvement is the major determi-
nant of prognosis in AL amyloidosis patients; therefore, accurate
evaluation of the degree of involvement is crucial for prognostica-
tion (3).
Endomyocardial biopsy is commonly used for the evaluation of

CA, for which the presence of AL proteins can be evaluated,
together with its degree of deposition (4). However, endomyocar-
dial biopsy involves invasive removal of the myocardial tissue and
does not provide information on disease activity or the hemody-
namic consequences. In contrast, biomarkers such as serum cardiac
troponins and N-terminal pro-B-type natriuretic peptide (NT-
proBNP)/BNP, which are associated with the hemodynamic burden
to the heart, are used for cardiac staging, albeit not specific for CA
(5–7). The absolute difference between the involved and unin-
volved free light chains (dFLC), as a parameter for hematologic
disease burden, is also incorporated into the staging system and
improves the risk stratification of AL amyloidosis patients (8).
Additionally, imaging markers such as left ventricular strain on
speckle-tracking echocardiography and the gadolinium enhance-
ment pattern on cardiovascular MRI are helpful for the prognostica-
tion of AL amyloidosis patients (9–14).
To date, advances in nuclear imaging have allowed a more spe-

cific, noninvasive approach to the diagnosis and prognostication of
CA (15). We and others have shown that 11C-Pittsburgh compound
B (PiB) PET/CT may be used for diagnosis of AL CA by reflecting
the amount of myocardial amyloid deposited and that this amount
is associated with patient prognosis (16–18). However, for a new
imaging test to be clinically useful, verification is needed of whether
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it has any independent additional prognostic value beyond the com-
monly used conventional prognosticators. In this study, we aimed to
determine whether 11C-PiB PET/CT could provide independent
incremental prognostic value over serum biomarkers in patients
with AL CA.

MATERIALS AND METHODS

Study Population
This prospective study was on a cohort of patients with AL CA

diagnosed at Seoul National University Hospital between 2012 and
2019. Cardiac involvement of AL amyloidosis was diagnosed with
confirmation by monoclonal gammopathy in the peripheral blood and
lineage-restricted expansion of plasma cells in the bone marrow,
together with either a positive endomyocardial biopsy result or a car-
diac imaging–based diagnosis with histologic confirmation of amyloid
infiltration by noncardiac biopsies (average left ventricular wall thick-
ness $ 12 mm on echocardiography with no identifiable cause; unex-
plained low voltage QRS amplitude , 0.5 mV in the limb leads of the
12-lead electrocardiogram; typical features of CA on cardiovascular
MRI, including diffuse late gadolinium enhancement and myocardial
extracellular volume expansion) (19–21).

The endomyocardial biopsy was performed in a standard manner
(22). Deposition of amyloid in the myocardium was confirmed by pos-
itive amyloid P staining by immunohistochemistry and by apple-green
birefringence by Congo-red staining (23).

The study complied with the declaration of Helsinki and was
approved by the Institutional Review Boards. All subjects signed an
informed-consent form.

11C-PiB PET/CT Protocol and Image Interpretation
11C-PiB PET/CT was performed using a dedicated PET/CT machine

(Biograph 40; Siemens Medical Solutions). After low-dose CT scan-
ning, 11C-PiB (555 MBq) was injected intravenously. Thirty minutes
later, a 3-dimensional PET/CT scan was obtained at 3 min per bed
position, with a spatial resolution of 4.2 mm. The detailed 11C-PiB
PET/CT protocol has been published elsewhere (16). Images were dis-
played in transaxial, coronal, and sagittal planes 5 mm thick. Because
the purpose of this study was not to analyze the diagnostic accuracy of
11C-PiB PET/CT for AL CA but to demonstrate the clinical utility of
11C-PiB PET/CT in AL CA—and taking into consideration our previ-
ous finding that static 11C-PiB PET/CT reflects the myocardial amyloid
load (17)—we used visual estimation of the static PET/CT images to
divide the study population into groups either positive or negative for
myocardial 11C-PiB uptake (Fig. 1) instead of using the quantified best
cutoff SUV as in our previous study (16,17). The 11C-PiB PET/CT
findings were considered positive when the myocardial 11C-PiB uptake
was visually discernible from the blood pool
(i.e., left ventricular cavity) (Supplemental
Fig. 1; supplemental materials are available
at http://jnm.snmjournals.org). The individual
images and interpretations of 11C-PiB PET/
CT for all participants are listed in Supple-
mental Figure 2. All images were interpreted
by a single expert masked to all other find-
ings; in ambiguous cases, another independent
observer participated in the visual analysis.

Echocardiography and Biomarker
Measurement

Two-dimensional echocardiography was per-
formed within 2 wk of PET/CT according to
current guidelines (24). We measured early dia-
stolic transmitral inflow velocity (E velocity)

and early diastolic mitral annular velocity (e’ velocity) at the septal annu-
lus by Doppler echocardiography to calculate the E/e’ ratio.

We collected data on the serum biomarkers retrospectively, based on
the electronic medical records. A serum free-light-chain assay was per-
formed at the initial diagnosis of amyloidosis, and dFLC was calculated
from these results. Serum NT-proBNP and troponin I were measured
within 1mo from 11C-PiB PET/CT. Subgroups were analyzed in patients
with serum biomarker values higher than the thresholds for each bio-
marker used in the revised Mayo staging system (troponin I$ 0.1 ng/mL,
NT-proBNP$ 1,800 pg/mL, and dFLC$ 180 mg/L) (8).

Outcome Ascertainment
The outcome of the study was all-cause death, confirmed either by

medical records or by reviewing the official nationwide data on death
certification provided by the National Statistical Office of Korea.
Patients were censored when they underwent heart transplantation.
Each patient was followed from the date of the 11C-PiB PET/CT scan
to either the date of death or up to 1 y.

Statistical Analysis
Continuous variables are described as mean 6 SD or as median and

interquartile range (IQR), and categoric variables are described as fre-
quencies and percentages. We compared continuous variables using
the Student t test or the Mann–Whitney U test after testing for normal-
ity with the Shapiro–Wilk test. We compared categoric variables
between the 2 groups using either the x2 test or the Fisher exact test.

We used the Kaplan–Meier estimate to describe and compare the sur-
vival curves between groups with the log-rank test. The proportional haz-
ards assumption was checked using a statistical test based on the
Schoenfeld residuals and their plots. Hazard ratios (HRs) with a 95% CI
were determined using the Cox proportional hazards regression. Covari-
ates with a P value of less than 0.05 on univariate Cox analysis were
included in the multivariable model. Time zero was defined as the time
of the 11C-PiB PET/CT scan. To determine the incremental predictive
value of 11C-PiB PET/CT in addition to the 3 conventional serum bio-
markers (troponin I, NT-proBNP, and dFLC), the net reclassification
improvement and the integrated discrimination improvement were com-
puted in regard to 1-y overall mortality (25).

All analyses used a 2-sided P value, and a P value of less than 0.05
was considered statistically significant. Statistical analyses were per-
formed with SPSS statistics, version 25.0 (IBM Corp.), or R program-
ming, version 4.0.5 (http://www.R-project.org).

RESULTS

Patient Characteristics
Among the 62 patients diagnosed with CA who underwent 11C-

PiB PET/CT, 58 were included in the final analysis, excluding

FIGURE 1. Representative positive vs. negative 11C-PiB PET/CT images. 11C-PiB PET/CT findings
were classified into either negative (top panels) or positive (bottom panels) based on visually esti-
mated retention of 11C-PiB in myocardium.
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those with non-AL CA (n 5 4). Among the 58 patients, 53 were
histologically diagnosed with CA by endomyocardial biopsy, and
the diagnosis in the remaining 5 was based on findings strongly
suggestive of CA on at least 2 noninvasive modalities, such as
echocardiography, cardiovascular MRI, or electrocardiography.
The average age was 64.0 6 9.1 y, and 43% were male. There
were 35 patients with a positive 11C-PiB PET/CT result. The base-
line demographic and clinical data are compared according to
myocardial 11C-PiB PET uptake in Table 1.
The average age was higher in patients with a positive 11C-PiB

PET/CT result than in those with a negative result (65.5 6 9.8 y vs.
61.7 6 7.6 y, P 5 0.121). The systolic blood pressure was lower in
patients with a positive 11C-PiB PET/CT result (median, 104.0 mmHg
[IQR, 92.5–114.0mm Hg] vs. 111.0 mm Hg [IQR, 104.5–122.5mm
Hg]; P5 0.034). During the 1-y follow-up, more patients with a nega-
tive 11C-PiB PET/CT result received autologous peripheral blood stem
cell transplantation (30.4% vs. 8.6%, P5 0.040). As for the echocardi-
ography data, there was no significant difference between the 2 groups,
except for E velocity (P 5 0.021), e’ velocity (P 5 0.043), and E/e’
ratio (P5 0.004).

Outcome Comparison According to the
11C-PiB PET/CT Results
During the 1-y follow-up, 23 patients died. Among 35 patients

with a positive 11C-PiB PET/CT result, 16 (54.3%) died, whereas 4
(17.4%) of those with a negative result died. In the entire cohort, the
1-y overall survival rate was 59.3%; the survival rates at 3 mo and
6mo were 77.2% and 59.3%, respectively (Fig. 2A). Kaplan–Meier
survival curves showed that the 1-y overall survival rate was signifi-
cantly worse in patients with a positive 11C-PiB PET/CT result
(81.8% vs. 45.5%; P 5 0.003 by log-rank test; Fig. 2B). In the
multivariate analysis, positivity for myocardial 11C-PiB PET
uptake was an independent predictor of 1-y overall survival
(adjusted HR, 3.382; 95% CI, 1.011–11.316; P 5 0.048) (Sup-
plemental Table 1).

Incremental Value of 11C-PiB PET/CT in Addition to Serum
Biomarkers for AL CA Prognostication
Among the 58 AL CA patients, 34, 39, and 47 had values avail-

able for troponin I (median, 0.14 ng/mL; IQR, 0.07–0.39 ng/mL),
NT-proBNP (median, 3,733 pg/mL; IQR, 1,117–7,232 pg/mL),

TABLE 1
Baseline Characteristics of Study Participants

Variable
Entire population

(n 5 58)
Negative 11C-PiB
PET/CT (n 5 23)

Positive 11C-PiB
PET/CT (n 5 35) P

Demographics

Age (y) 64.0 6 9.1 61.7 6 7.6 65.5 6 9.8 0.121

Male 25 (43.1%) 9 (39.1%) 16 (45.7%) 0.787

Systolic blood pressure (mm Hg) 109.5 (100.2–119.5) 111.0 (104.5–122.5) 104.0 (92.5–114.0) 0.034

Diastolic blood pressure (mm Hg) 68.0 6 7.5 68.5 6 7.7 67.6 6 7.5 0.663

Body mass index (kg/m2) 22.6 6 3.1 23.1 6 3.4 22.2 6 3.9 0.270

Comorbidities

Hypertension 13 (22.4%) 5 (21.7%) 8 (22.9%) 0.999

Diabetes 13 (22.4%) 2 (8.7%) 11 (31.4%) 0.087

Dyslipidemia 6 (10.3%) 1 (4.3%) 5 (14.3%) 0.386

End-stage renal disease 4 (6.8%) 2 (8.7%) 2 (5.7%) 0.999

Atrial fibrillation 5 (8.6%) 4 (17.4%) 1 (3.0%) 0.075

Chemotherapy 51 (87.9%) 22 (95.7%) 29 (82.9%) 0.224

Autologous PBSCT 10 (17.2%) 7 (30.4%) 3 (8.6%) 0.040

Echocardiography data

LV end-diastolic dimension (mm) 43.8 6 5.2 45.1 6 6.0 43.0 6 4.4 0.134

LV end-systolic dimension (mm) 28.8 6 5.2 29.2 6 6.0 28.5 6 4.7 0.640

LV mass index (kg/m2) 121.2 6 34.7 116.8 6 36.8 124.2 6 33.5 0.430

LV ejection fraction (%) 56.5 (52.0–62.0) 58.0 (51.5–66.5) 56.0 (52.5–60.5) 0.321

LV ejection fraction , 60% 19 (32.8%) 10 (43.5%) 9 (25.7%) 0.261

E velocity (m/s) 0.85 6 0.28 0.76 6 0.23 0.91 6 0.31 0.021

e’ velocity (cm/s) 4.1 6 1.1 4.4 6 1.0 3.8 6 1.1 0.043

E/e’ ratio 19.9 (14.9–29.5) 16.7 (13.4–21.0) 22.5 (17.0–33.3) 0.004

Estimated PASP (mm Hg) 38.0 (32.5–45.0) 37.0 (31.5–42.5) 40.5 (32.8–45.0) 0.441

Left atrial size (mm) 43.3 6 6.7 43.1 6 7.2 43.4 6 6.4 0.863

PBSCT 5 peripheral blood stem cell transplantation; LV 5 left ventricular; PASP 5 pulmonary arterial systolic pressure.
Data for continuous variables are mean 6 SD or median followed by IQ. Data for categoric variables are frequencies followed by

percentages. P values are for comparisons between positive and negative 11C-PiB PET/CT groups.
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and dFLC (median, 291.7 mg/L; IQR, 155.2–744.8 mg/L). There
were no statistically significant differences in the 3 serum bio-
markers between patients positive and patients negative for myo-
cardial 11C-PiB PET uptake (Fig. 3).
We performed a subgroup analysis on the subset of patients with

levels of troponin I, NT-proBNP, and dFLC higher than the thresh-
olds of the revised Mayo staging system (troponin I $ 0.1 ng/mL,
NT-proBNP $ 1,800 pg/mL, and dFLC $ 180 mg/L) (8)—the
subset of patients considered high-risk. Among the patients with a
higher level of troponin I, positivity for myocardial 11C-PiB PET
uptake was associated with worse overall survival during the 1-y
follow-up (P 5 0.013 by log-rank test, Fig. 4A [unadjusted HR,
8.884; 95% CI, 1.121–70.410; P 5 0.039]). This pattern was simi-
lar in the patients with a higher level of NT-proBNP (P 5 0.020
by log-rank test, Fig. 4B [unadjusted HR, 7.892; 95% CI,
1.011–61.610; P 5 0.049]) and in the patients with a higher level
of dFLC (P 5 0.050 by log-rank test, Fig. 4C [unadjusted HR.
5.923; 95% CI, 0.783–44.82; P 5 0.085). Additionally, the cardiac
staging system incorporating 11C-PiB PET/CT in combination with
the 2004 Mayo classification system (26) also significantly pre-
dicted 1-y overall survival (Supplemental Fig. 3).

To determine the incremental predictive value of 11C-PiB PET/
CT in regard to outcome, the net reclassification improvement and
integrated discrimination improvement were measured when the
results of 11C-PiB PET/CT were added to the 3 conventional bio-
markers (troponin I, NT-proBNP, and dFLC). Both the net reclas-
sification and the integrated discrimination for prediction of 1-y
overall survival showed a consistent significant improvement
when the results of 11C-PiB PET/CT were added (net reclassifi-
cation improvements of 0.861, 0.914, and 0.987, respectively
[all P , 0.01]; integrated discrimination improvements of
0.200, 0.156, and 0.108, respectively [all P , 0.05]) (Supple-
mental Table 2).

DISCUSSION

To our knowledge, this was the first study to prove that in
patients with AL CA, 11C-PiB PET/CT adds incremental prognos-
tic power to conventional serum biomarkers, including troponin I,
NT-proBNP, and dFLC. The main findings of the study were that
11C-PiB PET/CT predicts 1-y overall survival in patients with AL
CA; that positivity for 11C-PiB PET uptake in the myocardium is
a robust prognosticator capable of reclassifying subjects stratified
as high-risk on the basis of the conventional biomarkers; and that
compared with conventional biomarkers, 11C-PiB PET/CT pro-
vides additional independent prognostic information for predicting
1-y survival.

11C-PiB, the prototype PET amyloid tracer, is one of the most
studied and widely used amyloid b peptide imaging agents. 11C-
PiB PET was first used to image and quantify amyloid deposits in
Alzheimer dementia (27,28) and is effective in diagnosing CA and
predicting its prognosis as in our previous studies (16–18). How-
ever, the lack of evidence for an independent predictive power
apart from the previously well-validated biomarkers for cardiac
staging, such as troponin I, NT-pro BNP, and dFLC (8), limits the
clinical application of 11C-PiB PET/CT in these patients. The cur-
rent study expanded on our previous research and demonstrated the
clinical implications of 11C-PiB PET/CT as a risk predictor for AL
CA patients, independent of the commonly used biomarkers. Nota-
bly, we demonstrated that positivity for 11C-PiB PET uptake in the
myocardium remains one of the strongest independent predictors of
1-y overall survival.
Patients with AL CA have a dismal prognosis, with nearly half

dying within 1 y of the diagnosis as in the current study. There-
fore, previous cardiac staging systems have recommended using
cardiac biomarkers such as troponin I and NT-proBNP for risk
stratification of AL amyloidosis (7,8). However, circulating car-
diac biomarkers are not generally specific to AL CA and are also
elevated in heart failure of other etiologies (29). Given the strong
association between myocardial 11C-PiB PET uptake and worse
clinical outcome in AL CA patients, we propose that for more
accurate cardiac staging, 11C-PiB PET/CT be considered. The
prognostic power of 11C-PiB PET/CT was maintained even in
patients with higher levels of dFLC. Therefore, it is expected
that 11C-PiB PET/CT could play a greater role in risk prediction
of AL CA patients who are likely to be falsely considered high-
risk, possibly because of nonspecific elevations of the serum
biomarkers.
Among the biopsy-confirmed AL CA patients, there was a certain

proportion with very low myocardial uptake of 11C-PiB when using
SUVs as a measure of tracer uptake (16). In the current study, visual
assessment of the 11C-PiB PET/CT images demonstrated that a

FIGURE 2. Kaplan–Meier survival curves for 1-y overall survival in entire
AL CA population in current cohort (A) and according to myocardial
11C-PiB PET uptake as in Figure 1 (B).
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significant number of patients who may be quantified as positive
may actually have a negligible amount of myocardial 11C-PiB
PET uptake that could be considered negative in the visual
assessment, as is also supported by our previous work (17).
These patients with low or visually negative myocardial 11C-PiB
PET uptake had a significantly better prognosis than those with
strong uptake, suggesting that uptake reflects the amount of
amyloid deposited in the myocardium and can be used to deter-
mine the prognosis of patients with AL CA (17). Similarly, a
small pilot study of 9 patients diagnosed with CA found that car-
diac function and symptoms remained stable if there was no
myocardial 11C-PiB PET uptake but that the prognosis was poor
if there was uptake (30). Taking these findings together, it is
expected that myocardial 11C-PiB PET uptake is strongly related
to an advanced stage of disease. Further studies may be needed
on standardized protocols using quantitative or semiquantitative
methods to define the cutoffs that could be used to identify high-
risk groups.
To date, no imaging tool has been included in the cardiac stag-

ing of patients with AL amyloidosis. However, staging is essential
for prognostication, such as the identification of high-risk popula-
tions (31,32), and for optimal management. Given the need for

improved cardiac staging systems in AL amyloidosis, we provide
evidence for using 11C-PiB PET/CT to discriminate high-risk
patients. Furthermore, our findings warrant further investigation,
possibly by multicenter studies, into whether an additive imaging
study is needed to accurately predict the prognosis of AL CA
patients.
Our study was not without limitations. First, although the study

was prospective, the sample size was small, and there is therefore
a possibility of overfitting in the multivariate analysis. Second,
because troponin I, NT-proBNP, and dFLC levels were not mea-
sured for all patients, a selection bias may exist. Third, not all
patients with AL CA defined by clinically acceptable imaging-
based criteria underwent an endomyocardial biopsy. However, all
patients underwent noncardiac biopsies for histologic confirmation
of systemic amyloidosis, and the diagnosis of AL CA followed the
universally accepted diagnostic criteria. Finally, in contrast to
most studies, which have used dynamic 11C-PiB PET for early
detection of CA, we used static 11C-PiB PET/CT images because
these have been shown to be a good alternative (33). Additionally,
the static scan has the advantages of patient convenience, practica-
bility for routine clinical use, and the potential to evaluate the
whole body for amyloid deposits.

FIGURE 4. Kaplan–Meier survival curves for 1-y overall survival in patients with AL CA according to myocardial 11C-PiB PET uptake in patients with tro-
ponin I$ 0.1 ng/mL (A), NT-proBNP$ 1,800 pg/mL (B), and dFLC$ 180 mg/L (C).

FIGURE 3. Circulating biomarkers in patients with AL CA stratified by myocardial 11C-PiB PET uptake. Dot plot of each cardiac biomarker is according
to myocardial 11C-PiB PET uptake: troponin I (A), NT-proBNP (B), and dFLC (C).
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CONCLUSION

11C-PiB PET/CT is a strong, independent predictor of 1-y over-
all survival in patients with AL CA and is additive to well-vali-
dated serum biomarkers such as troponin I, NT-proBNP, and
dFLC. Therefore, 11C-PiB PET/CT may be useful as a novel imag-
ing marker for cardiac staging beyond established predictors in
AL CA. Considering the recent development of numerous amy-
loid-targeting molecular imaging agents, future prospective studies
are warranted on whether PET/CT should be included in risk strat-
ification for AL CA patients.
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KEY POINTS

QUESTION: Does 11C-PiB PET/CT provide independent
incremental prognostic value over conventional serum biomarkers
in patients with AL CA?

PERTINENT FINDINGS: 11C-PiB PET/CT was a strong
independent predictor of 1-y overall survival in patients with AL
CA and provided incremental prognostic benefits that were
additive to well-established serum biomarkers such as troponin I,
NT-proBNP, and dFLC.

IMPLICATIONS FOR PATIENT CARE: 11C-PiB PET/CT may be
useful as a novel imaging marker for cardiac staging beyond
established predictors in AL CA patients.
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In patients with novel coronavirus disease 2019 (COVID-19) referred for
lung scintigraphy because of suspected pulmonary embolism (PE),
there has been an ongoing debate within the nuclear medicine commu-
nity as to whether and when the ventilation imaging should be per-
formed. Indeed, whereas PE diagnosis typically relies on the recognition
of ventilation–perfusion (V/P) mismatched defects, the ventilation proce-
dure potentially increases the risk of contamination to health-care work-
ers. The primary aim of this study was to assess the role of ventilation
imaging when lung scintigraphy is performed because of suspected PE
in COVID-19 patients. The secondary aim was to describe practices
and imaging findings in this specific population. Methods: A national
registry was created in collaboration with the French Society of Nuclear
Medicine to collect lung scans performed on COVID-19 patients for
suspected PE. The practices of departments were assessed regarding
imaging protocols and aerosol precautions. A retrospective review of
V/P SPECT/CT scans was then conducted. Two physicians masked to
clinical information reviewed each case by sequentially viewing perfu-
sion SPECT, perfusion SPECT/CT, and V/P SPECT/CT images. The
scans were classified into 1 of the 4 following categories: patients for
whom PE could reasonably be excluded on the basis of perfusion
SPECT only, perfusion SPECT/CT, or V/P SPECT/CT and patients with
mismatched defects suggestive of PE according to the European Asso-
ciation of Nuclear Medicine criteria. Results: Data from 12 French
nuclear medicine departments were collected. Lung scans were per-
formed betweenMarch 2020 and April 2021. Personal protective equip-
ment and dedicated cleaning procedures were used in all departments.
Of the 145 V/Q SPECT/CT scans included in the central review, PE
could be excluded using only perfusion SPECT, perfusion SPECT/CT,
or V/P SPECT/CT in 27 (19%), 55 (38%), and 45 (31%) patients, respec-
tively. V/P SPECT/CT was positive for PE in 18 (12%) patients, including
12 (67%) with a low burden of PE (#10%). Conclusion: In this popula-
tion of COVID-19 patients assessed with lung scintigraphy, PE could
confidently be excluded without the ventilation imaging in only 57% of

patients. Ventilation imaging was required to confidently rule out PE in
31% of patients. Overall, the prevalence of PEwas low (12%).

Key Words: pulmonary embolism; ventilation perfusion scintigraphy;
SPECT; COVID-19
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A frequent complication of novel coronavirus disease 2019
(COVID-19) is coagulopathy, which manifests in the form of both
microthrombosis and venous thromboembolism (1). Lung ventila-
tion–perfusion (V/P) scintigraphy is a well-established test for diag-
nosis of pulmonary embolism (PE) (2). Diagnostic strategies based
on lung scintigraphy have been widely validated in large studies on
diagnostic accuracy (3) and management outcome (4–7), in which
interpretation of the lung scan was based on recognition of wedge-
shaped perfusion mismatched defects, that is, perfusion defects
with normal ventilation.
However, the ventilation procedure increases the potential risk of

contamination by the aerosol secretion and the expired air to health-
care workers and to other patients (8,9). As a result, a variety of strate-
gies has been proposed in the nuclear medicine literature regarding
performing lung scintigraphy on COVID-19 patients with suspected
acute PE (10). Some have proposed omitting the ventilation scan and
performing only perfusion scinigraphy or perfusion SPECT/CT
(11–14), arguing that this approach allows sufficient diagnostic
performance while reducing the risk of contamination. Others have
recommended systematically maintaining the standard V/P proce-
dure, with appropriate aerosol precautions for health-care workers
(15–17). The rational for this approach is that a wide proportion of
patients with confirmed COVID-19 infection and symptoms sug-
gestive of acute PE will have abnormal findings on the perfusion
scan and that not performing a ventilation scan is associated with
an unacceptably high risk of false-positive results. Finally, some
have proposed an intermediate approach with a standalone perfu-
sion planar or SPECT/CT scan, followed, only when necessary, by
a ventilation scan (18,19). However, although various conflicting
opinions and recommendations have been published on performing
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lung scintigraphy on COVID-19 patients, there are currently no
factual data on this specific population to support recommendations
to the nuclear medicine community.
The primary aim of this study was to assess the role of ventila-

tion imaging when performing lung scintigraphy for suspected PE
in COVID-19 patients. The secondary aim was to describe practi-
ces and imaging findings in this specific population.

MATERIALS AND METHODS

Collection of Data
A national registry was created at the initiative of the French Soci-

ety of Nuclear Medicine working group on lung scintigraphy to collect
lung scans performed on COVID-19 patients for suspected PE. In col-
laboration with the French Society of Nuclear Medicine, the informa-
tion was circulated to its memberships via 3 sets of e-mails in April,
June, and December 2020. Physicians who had notified the investiga-
tors that they had cases of COVID-19 were then contacted to partici-
pate in the study. The protocol was approved by the nuclear medicine
research ethics committee (CEMEN [Comit#e d’Ethique pour la Mede-
cine Nucl#eaire] 2021-01). Informed consent was obtained from all
participants.

Evaluation of Practices
The general practices of nuclear medicine facilities were assessed

using a standardized questionnaire. The questionnaire encompassed aero-
sol precautions for the health-care workers (type of mask, goggles,
gloves, long cap, gown), cleaning procedures, organizational adaptations
in the nuclear medicine facility, and imaging protocols for the perfor-
mance of lung scintigraphy on patients with confirmed COVID-19 and
suspected acute PE. Nuclear medicine facilities were also questioned
about any possible contamination of a health-care worker after managing
a patient with COVID-19 disease.

Individual data from patients with confirmed COVID-19 who under-
went lung scintigraphy for suspected acute PE were then collected.
These patients include those who underwent various acquisition proto-
cols, including planar scintigraphy (with or without ventilation), perfu-
sion SPECT/CT (without ventilation), or V/P SPECT/CT scans. Only
patients still considered contagious were analyzed, that is, patients for
whom the lung scan was typically performed within 14 d after initia-
tion of symptoms. For each patient, demographic information and lung
scan images were collected.

V/P SPECT/CT Central Review
To assess the role of ventilation imaging in COVID-19 patients

with suspected PE, a centralized retrospective review of scans with a
complete V/P SPECT/CT protocol was then conducted. Scans of
patients who underwent a planar or a perfusion SPECT/CT protocol
(without ventilation) were not included in this retrospective review. A
consensus reading of images was performed by 2 board-certified
nuclear medicine physicians masked to clinical information. Each case
was reviewed by sequentially using perfusion SPECT, perfusion
SPECT/CT, and V/P SPECT/CT images. First, only perfusion SPECT
images were used. Scans with normal perfusion were classified as neg-
ative for PE. Second, in patients with an abnormal result on perfusion
SPECT, CT images were added. Scans whose perfusion defects were
matched with CT findings were classified as negative for PE. Finally,
in patients with mismatched perfusion SPECT/CT defects, ventilation
SPECT images were added for interpretation. V/P SPECT/CT scans
were then interpreted as negative or positive for PE according to the
presence of V/P mismatched defects suggestive of acute PE according
to the European Association of Nuclear Medicine criteria (20,21).
Accordingly, scans were classified into 1 of the 4 following categories:
patients for whom PE could reasonably be excluded on the basis of

perfusion SPECT only, perfusion SPECT/CT, or V/P SPECT/CT and
patients with mismatched V/P defects suggestive of PE. In patients
with a positive V/Q SPECT/CT result, the number of segmental and
subsegmental mismatched defects was recorded.

RESULTS

Data from 183 patients with confirmed COVID-19 disease who
underwent lung scintigraphy for suspected acute PE between
March 2020 and April 2021 in 12 French nuclear medicine depart-
ments were collected.

Evaluation of Practices
The practices of the 12 nuclear medicine departments are presented

in Table 1. Personal protective equipment and dedicated cleaning and
disinfecting procedures were used in all departments. Scans were
formed in a dedicated room in 8 (67%) centers and at the end of the
day in 10 (83%). Eleven (92%) centers systematically performed a
ventilation scan before the perfusion acquisition. V/P SPECT/CT was
the first-line imaging procedure in 8 (75%) centers. Of the 12 nuclear
medicine facilities, there was no reported case of possible contamina-
tion of a health-care worker after managing a COVID-19 patient.
Of the 183 patients, 117 (64%) were female. The median age was

74 y (range, 15–102 y). Sixty-eight (37%) were older than 80 y, and
26 (14%) were older than 90 y. A ventilation scan was performed on
168 patients (92%), using Technegas (Cyclomedica Australia Pty.

TABLE 1
Practices of Nuclear Medicine Facilities

Practice Centers (n)

Aerosol precautions 12 (100%)

Mask 12 (100%)

Filtering facepiece 1 1 (8%)

Filtering facepiece 2 11 (92%)

Goggles 12 (100%)

Long cap 12 (100%)

Gloves 12 (100%)

Gown 12 (100%)

Specific COVID-19 cleaning and
disinfecting procedures

12 (100%)

Organizational adaptation in nuclear
medicine facility

Camera or room dedicated to COVID-19
patients

8 (67%)

Scans performed at end of day 10 (83%)

Dedicated circuit within nuclear
medicine department

3 (25%)

Standard lung scan protocol for COVID-19
patients

Systematic ventilation scan 11 (92%)

Technegas 8 (73%)
81mKr gas 3 (27%)

First-line imaging

Planar 3 (25%)

SPECT 0 (0%)

SPECT/CT 9 (75%)
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Ltd.) aerosol in 144 (86%) and 81mKr gas in 24 (14%). Twenty-four
(13%) had only a planar scan, and 159 (87%) had a SPECT/CT scan.

V/Q SPECT/CT Interpretation
In total, 145 complete V/P SPECT/CT scans were centrally

reviewed. Of them, PE could be excluded using only perfusion
SPECT, perfusion SPECT/CT, or V/P SPECT/CT in 27 (19%), 55
(38%), and 45 (31%) patients, respectively (Fig. 1). Examples of
negative perfusion SPECT/CT findings for which perfusion
defects matched chest CT findings of COVID-19 disease are
shown in Figure 2. Examples of false-positive results using the
perfusion SPECT/CT approach are presented in Figure 3. V/P
SPECT/CT imaging was positive for PE in 18 (12%) patients. The
burden of PE was 10% or less in 12 (67%) patients, more than
10% but no more than 20% in 4 (22%) patients, and more than
20% in 2 (11%) patients. Examples of positive V/P SPECT/CT
scans are shown in Figure 4.

DISCUSSION

In this population of COVID-19 patients assessed with lung
scintigraphy, PE could confidently be excluded without ventilation
in 57% of patients. In contrast, ventilation imaging was required
in the remaining 43% to confidently rule out (31%) or confirm
(12%) the PE diagnosis.
Interpretation of lung scans for PE typically relies on recogni-

tion of V/P mismatched defects (22). The sensitivity of the test—
that is, the ability to detect PE—relies on recognition of defects on
perfusion images. Normal findings on a perfusion scan have been
shown to safely rule out a PE diagnosis (4–7). However, there are
many nonthromboembolic lung diseases that may cause perfusion
defects. To increase the specificity—that is, the ability of the test
to detect whether a patient is free of disease—perfusion scintigraphy
has to be compared with ventilation images to differentiate V/P mis-
matched defects highly suggestive of acute PE from V/P matched
defects of other etiologies. With the advent of SPECT/CT cameras
has come a proposal to coregister SPECT data with a low-dose CT
scan to further increase the specificity of the test. Some groups have
proposed replacing the ventilation SPECT.
In our series, only 19% of COVID-19 patients had strictly normal

results on the perfusion SPECT scan. In this specific population of
COVID-19 patients with suspected acute PE, there is therefore a high

likelihood (nearly 4 in 5 chance) that an approach consisting of per-
forming only a perfusion lung scan, without CT images, will be
nondiagnostic. When perfusion SPECT images were coregistered
with a low-dose CT scan, 38% more scans became diagnostic, as all
perfusion defects could confidently be explained by non-PE morpho-
logic findings. Overall, perfusion SPECT/CT imaging would have
allowed confident exclusion of PE in 57% of COVID-19 patients,
without exposing the health-care workers to an increased risk of con-
tamination due to the ventilation procedure. Nevertheless, the benefit
of omitting the ventilation procedure should be balanced against the
risk of increasing the number of patient transfers through health-care
facilities and increasing the amount of contact between individuals.
In the remaining 43% of patients, a ventilation scan was required

to exclude (31%) or confirm (12%) the diagnosis of PE. Most
patients with a positive scan result did not have a massive PE with
multiple wedge-shaped perfusion defects highly suggestive of PE
irrespective of the ventilation scan. On the contrary, the ventilation

FIGURE 1. Results of central review. P5 perfusion.

FIGURE 2. Examples of negative perfusion SPECT/CT results, with
perfusion defects (arrows) matched with chest CT findings of COVID-19
disease. P5 perfusion.

FIGURE 3. Examples of false-positive perfusion SPECT/CT results. Per-
fusion SPECT images showed perfusion defects (arrows), without signifi-
cant abnormality on CT images. Perfusion SPECT/CT scans would
therefore have been read as positive for PE. However, ventilation SPECT
demonstrated matched defects. V/Q SPECT/CT scans were therefore
interpreted as negative for PE. P5 perfusion; V5 ventilation.
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study was helpful in most positive scans, which demonstrated only
1 or 2 segmental perfusion mismatched defects.
Our data confirm the high risk of a false-positive result when

omitting the ventilation scan. In a retrospective series of 393 patients
assessed by V/P SPECT imaging for suspected PE, 15% of patients
with a negative V/P SPECT result would have been wrongly diag-
nosed with PE using a perfusion SPECT/CT approach (23). In
another series of 81 patients, the specificity decreased from 100%
with V/P SPECT/CT to 51% with perfusion SPECT/CT (24). Simi-
larly, in a study of 93 patients, 17% of V/Q SPECT scans with nega-
tive results were falsely positive when compared with perfusion
SPECT/CT (25). The risk of false-positive results was even higher in
our population of COVID-19 patients, probably because most
patients had COVID-19 parenchymal lung disease and thus abnormal
lung perfusion. Also noteworthy is the age of the population, with a
median of 74 y, and with 37% of patients older than 80 y, increasing
the likelihood of abnormal perfusion from any lung disease.
A false-positive diagnostic test may have major consequences

for patients with suspected acute PE. Indeed, current clinical guide-
lines suggest extended anticoagulation in patients with no identifi-
able risk factor or with a minor transient or reversible risk factor
for the index PE event (2). Accordingly, a false-positive lung scin-
tigraphy result will mean lifelong anticoagulant therapy and its
risks of bleeding for many patients (15).
Surprisingly, the prevalence of positive scans was low (12%) in

this population of COVID-19 patients with suspected PE assessed
with V/Q SPECT/CT imaging. This prevalence is much lower
than that of PE across studies on V/Q SPECT in non–COVID-19
patients—a prevalence that ranges from 17% to 54% (median,
26%) (26). This prevalence is also low as compared with studies
assessing other imaging tests for PE (e.g., CT pulmonary angiog-
raphy or planar V/P scanning). In a metaanalysis performed before
the COVID-19 pandemic including 29,684 patients from 49 stud-
ies, the pooled prevalence of PE was 22.6% (27). As it is now

well established that COVID-19 predisposes patients to thrombotic
events (28), this prevalence probably means that there is more sus-
pected PE in COVID-19 patients than in non–COVID-19 patients,
likely resulting from the combination of poorly explained respira-
tory symptoms in patients at risk for venous thromboembolism.
Furthermore, in patients positive for PE, the burden of disease was
low, with only 11% of patients having a PE burden of more than
20%. It is likely that most patients admitted to intensive care units
or with signs of hemodynamic instability were referred for CT pul-
monary angiography rather than for lung scintigraphy (29).
An assessment of general practices showed a major trend among

the 12 French institutions. The typical examination was a V/P
SPECT/CT acquisition as commonly performed on non–COVID-19
patients (30), with personal protective equipment for the health-care
workers and dedicated cleaning procedures. Most institutions
obtained acquisitions on a dedicated camera at the end of the
day. No case of possible contamination of a health-care worker
after managing a COVID-19 patient was reported, although this
finding should be interpreted with caution.
Our study had some limitations. First, the results of the central

review were not compared with an independent reference standard,
and patient follow-up data were not collected. Accordingly, we
cannot assert that all patients with a negative scan result did not
have PE and that all patients with a positive scan result did have
PE. Despite these limitations resulting from the retrospective
design of this multicenter study based on a national registry, this
was, to our knowledge, the first large series that assessed the use-
fulness of the ventilation scan in COVID-19 patients. Major trends
have emerged with regard to the prevalence of PE and the propor-
tion of inconclusive results with the various lung scan protocols.
These results may assist nuclear physicians in the performance of
lung scintigraphy on COVID-19 patients with suspected acute PE,
according to their own local situation. Second, assessment of gen-
eral practices probably does not reflect the reality in nuclear medi-
cine facilities around the world. Indeed, the French Society of
Nuclear Medicine working group on lung scintigraphy recommended
that ventilation scans be performed on COVID-19 patients—a recom-
mendation that is likely to have influenced practices in France. Fur-
thermore, institutions that followed these recommendations may have
been more inclined to participate in the study. However, our results
show that the usual V/P SPECT/CT approach can be used in daily
practice on COVID-19 patients. In our series, there was no reported
case of possible contamination of a health-care worker after manag-
ing a COVID-19 patient. However, this finding was just observa-
tional, and we did not perform formal testing such as swabbing for
virus. Accordingly, we cannot draw any conclusions on the risk of
contamination. Third, according to the European Association of
Nuclear Medicine guidelines for lung scintigraphy (20) or the French
Society of Nuclear Medicine guidelines for lung scintigraphy proto-
cols (31), the CT was performed as a low-dose scan during continu-
ous shallow breathing. Accordingly, the CT scans do not fulfill the
criteria for diagnostic quality. Optimization of acquisition and recon-
struction parameters could enhance the diagnostic performance of the
CT scans. Finally, we performed a consensual interpretation of scans
and did not assess interobserver agreement.

CONCLUSION

In 57% of COVID-19 patients assessed with lung scintigraphy,
PE could be confidently excluded without a ventilation study.
This approach allows us to limit the risk of contamination to

FIGURE 4. Examples of positive V/P SPECT/CT results. Perfusion
SPECT images showed perfusion defects (arrows), whereas coregistered
ventilation SPECT images showed normal ventilation (mismatched V/P
defects). P5 perfusion; V5 ventilation.
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health-care workers but should be balanced against the risk of
increasing transfers of the remaining 43% of patients through
health-care facilities. Indeed, our study clearly confirmed the high
risk of false-positive results when omitting the ventilation study, a
risk that appears unacceptable given the risk of bleeding and the trend
toward an indefinite duration of anticoagulation in many patients.
Strategies should be adapted to each local situation, but providing the
best imaging test available should remain the priority. Ruling out PE
without the use of a ventilation scan is likely safe. However, confirm-
ing PE requires a ventilation scan. Otherwise, the referring physician
should be advised of the risk of a false-positive result.
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KEY POINTS

QUESTION: In COVID-19 patients assessed with lung scintigra-
phy for suspected acute PE, what is the role of the ventilation
scan?

PERTINENT FINDINGS: In a retrospective review of 145 V/P
SPECT/CT scans of COVID-19 patients referred for suspected
acute PE, PE could confidently be excluded without the ventilation
study in only 57% of patients. In contrast, the ventilation study
was required to confidently rule out PE in 31% of patients, con-
firming the high risk of false-positive results when omitting the
ventilation study.

IMPLICATIONS FOR PATIENT CARE: In COVID-19 patients,
confirming a diagnosis of PE with lung scintigraphy requires a
ventilation scan.
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Lung Dose Measured on Postradioembolization 90Y PET/CT
and Incidence of Radiation Pneumonitis
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Radiation pneumonitis is a rare but possibly fatal side effect of 90Y
radioembolization. It may occur 1–6mo after therapy, if a significant
part of the 90Y microspheres shunts to the lungs. In current clinical
practice, a predicted lung dose greater than 30 Gy is considered a cri-
terion to exclude patients from treatment. However, contrasting find-
ings regarding the occurrence of radiation pneumonitis and lung dose
were previously reported in the literature. In this study, the relationship
between the lung dose and the eventual occurrence of radiation pneu-
monitis after 90Y radioembolization was investigated. Methods: We
retrospectively analyzed 317 90Y liver radioembolization procedures
performed during an 8-y period (February 2012 to September 2020).
We calculated the predicted lung mean dose (LMD) using 99mTc-MAA
planar scintigraphy (LMDMAA) acquired during the planning phase and
left LMD (LMDY-90) using the 90Y PET/CT acquired after the treatment.
For the lung dose computation, we used the left lung as the represen-
tative lung volume, to compensate for scatter from the liver moving in
the craniocaudal direction because of breathing and mainly affecting
the right lung. Results: In total, 272 patients underwent 90Y proce-
dures, of which 63% were performed with glass microspheres and
37% with resin microspheres. The median injected activity was 1,974
MBq (range, 242–9,538 MBq). The median LMDMAA was 3.5 Gy
(range, 0.2–89.0 Gy). For 14 procedures, LMDMAA was more than
30 Gy. Median LMDY-90 was 1 Gy (range, 0.0–22.1 Gy). No patients
had an LMDY-90 of more than 30 Gy. Of the 3 patients with an LMDY-90

of more than 12 Gy, 2 patients (one with an LMDY-90 of 22.1 Gy and an
LMDMAA of 89 Gy; the other with an LMDY-90 of 17.7 Gy and an
LMDMAA of 34.1 Gy) developed radiation pneumonitis and conse-
quently died. The third patient, with an LMDY-90 of 18.4 Gy (LMDMAA,
29.1 Gy), died 2 mo after treatment, before the imaging evaluation,
because of progressive disease. Conclusion: The occurrence of radi-
ation pneumonitis as a consequence of a lung shunt after 90Y radio-
embolization is rare (,1%). No radiation pneumonitis developed in
patients with a measured LMDY-90 lower than 12 Gy.

Key Words: 90Y radioembolization; lung-dose; radiation pneumonitis;
90Y PET dosimetry; 99mTc-MAA lung dose predicted

J Nucl Med 2022; 63:1075–1080
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Radioembolization is a well-established treatment for primary
and metastatic liver malignancies (1). It is defined as percutaneous,
transarterial injection (2) of embolic particles (diameter, 20–
60mm) loaded with 90Y or 166Ho. Because hepatic tumors are

preferentially fed by the blood supply from the hepatic artery,
radioembolization preferentially deposits radioactive microspheres
in the peritumoral and intratumoral arterial vasculature through the
hepatic artery, relatively sparing normal liver parenchyma (3).
Three devices are commercially available: glass 90Y microspheres
(TheraSphere; Boston Scientific Corp.), resin 90Y microspheres
(SIR-spheres; SIRTeX Medical Limited), and poly-L-lactic acid
166Ho microspheres (QuiremSpheres; Quirem BV). If a significant
number of microspheres pass through tumor-associated arteriove-
nous shunts and lodge in the pulmonary vasculature, a dose-
dependent radiation-induced pneumonitis may ensue. Therefore,
the presence of significant hepatopulmonary shunting is a relative
contraindication for radioembolization. The current approach to
radioembolization with respect to radiation pneumonitis is driven
mainly by 2 seminal publications (4,5) that have strongly influ-
enced the guidance on lung dose limits after radioembolization.
On the basis of clinical evidence from these studies, a lung dose
limit of 30 Gy was recommended for a single radioembolization
treatment (6) and adopted in the instruction manuals for these
devices. For this reason, assessment of the lung shunt fraction
(LSF), which is a prediction of the eventual lung mean dose
(LMD) after the radioembolization treatment, is paramount before
administration of the radioactive particles.
For 90Y, this prediction is performed using 99mTc-macroaggre-

gated albumin (MAA). Despite being the current clinical practice,
99mTc-MAA planar scintigraphy is poor in predicting the dose to
the lungs, especially when computing the LSF (LSFMAA) and,
consequently, the predicted lung mean dose (LMDMAA). SPECT/
CT imaging can improve the LSF computation (7). However, dis-
crepancies between 90Y and 99mTc-MAA particles reduce the pre-
dictive value (8,9).
The aim of this study was to assess the occurrence of radiation

pneumonitis after 90Y liver radioembolization and perform lung
dosimetry on 90Y PET/CT to evaluate the currently assumed lung
dose restriction of less than 30 Gy. Although multiple studies on
lung dose after 90Y radioembolization have been reported, they all
focus on the 99mTc-MAA–based lung dose estimate during the
pretreatment phase. Conversely, this study retrospectively quanti-
fied the actual dose received by the lungs after 90Y radioemboliza-
tion, exploiting the potential of posttreatment PET/CT (10) and
accurate 90Y dosimetry (11). Knowledge of the actual dose would
provide a better insight into the lung dose after 90Y radioemboliza-
tion and the related occurrence of radiation pneumonitis.

MATERIALS AND METHODS

This single-center, retrospective analysis of all patients treated with
90Y radioembolization between February 2012 and September 2020
was approved by the ethical research committee, and the need for
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informed consent was waived. Before radioembolization treatment,
patient eligibility for treatment was assessed by a 99mTc-MAA injec-
tion in the hepatic artery, to assess the intrahepatic distribution and
potential extrahepatic deposition of activity (including lung shunting).
After the injection, planar g-camera scintigraphy (to compute LSFMAA)
and SPECT/CT (to visually assess extrahepatic depositions) were per-
formed. To assess the treatment outcome, posttreatment 90Y PET/CT
was performed on the same day as, or the day after, treatment. LMD
after 90Y radioembolization was assessed using the posttreatment 90Y
PET/CT.

90Y PET/CT Protocol
Images were acquired on a Biograph mCT or Biograph Vision 600

time-of-flight PET/CT scanner (Siemens Medical Solutions), with 40-
and 64-slice CT scanners, respectively. The images were reconstructed
using an iterative algorithm including model-based scatter correction,
which encompasses a point-spread-function model of the detector
response together with time-of-flight information. To correct for atten-
uation, a low-dose CT scan acquired right after the PET scan was
used. Both PET scanners and the reconstruction protocol were vali-
dated for 90Y quantitative imaging (12).

99mTc-MAA–Based LMD Predicted
To determine each patient’s eligibility, LMDMAA was calculated as

follows:

LMDMAA5
activityprescribedðGBqÞ 3 LSFMAA 3 50ðGy 3 kg=GBqÞ

lung mass ðkgÞ ,

where lung mass is assumed to be 1 kg and 50 [Gy 3 kg/GBq] is
the standard conversion factor for 90Y. LSFMAA was computed as
follows:

LSFMAA 5
countlungs

countlungs 1 countliver
3 100%:

The counts were computed using the geometric mean following
standard clinical practice (13). Lungs and liver were delineated on the
planar scintigrams by the imaging technicians.

90Y PET–Based LMD
To assess the LMD after treatment, lungs masks were automatically

segmented on the CT scans corresponding to the PET scans used for
dosimetric purposes, applying a freely available U-net that extracts the
right and left lungs separately (14). All masks were visually checked to
ensure correct segmentation. Since the right lung was affected by scat-
ter from the liver moving in the craniocaudal direction because of
breathing (Fig. 1), only the left lung was considered as representative
for computation of the LMD. The 90Y PET–based left LMD (LMDY-90)
was computed as follows:

LMDY-90

5
mean activity concentrationleft lung

Bq
mL

# !
3 5 3 1028 J 3 sð Þ

lung density ðkg=cm3Þ :

The mean activity concentration in the left lung volume of interest
(measured in Bq/mL) was computed as the mean of the voxel value
(Bq/mL) within the left lung mask. Lung density was assumed to be
2.6e24 (kg/mm3) (15), whereas 5e28 (J3 s) represents the deposited
energy due to b-decay of 1Bq of injected 90Y activity (16). The mean
activity concentration was corrected for 90Y decay considering the
time difference between the activity administration and the scanning.
Three commonly applied assumptions were adapted for this study.
First, the maximal range for 90Y b-particles in tissue is 1.2 cm, which
is on the same order of magnitude as the resolution of 90Y PET; thus,
it is assumed that the total energy is deposited within the voxel

of origin (17). Second, 90Y distributes uniformly in cases of lung
shunting. Third, lung density is the same for all patients.

90Y PET–Based LSF
Because LSFMAA is a poor predictor for actual lung shunting, in

this work LSF measured using 90Y PET/CT (LSFY-90) was computed
as a metric to evaluate differences among tumor type. LSFY-90 was
defined as the ratio between the activity in the lungs and the total
activity administered, as follows:

LSFY-905

mean activity concentrationlungs
Bq
mL

# !
3 lung volume ðmLÞ

activityprescribed Bqð Þ 3100%:

As was done for LMDY-90, the mean activity concentration in the
lungs was computed as the mean of the voxel value (Bq/mL) within
both lung masks. Lung volume was assumed to be the same among all
subjects, considering a lung mass of 1 kg and a lung density of 2.6e24

(kg/mL), previously assumed.

Statistical Analysis
The statistical variables under investigation to characterize radiation

pneumonitis were LMDMAA and LMDY-90. When assessing the even-
tual difference among tumor types or, in the case of hepatocellular car-
cinoma (HCC) patients, between the presence and absence of portal
hypertension and thrombus, we considered LSFY-90 in order to take
into account the difference in delivered activity. The normality of dis-
tribution was assessed visually and by a Q–Q plot. If variables were
not normally distributed, nonparametric tests were used for further
analysis.

The Mann–Whitney U test with an a-significance level of 0.05 was
used for HCC patients to assess whether the occurrence of thrombus
or portal hypertension caused a statistically significant difference in
left LMD.

FIGURE 1. Posttreatment 90Y PET/CT scan of 47-y-old man diagnosed
with colorectal cancer. LMD considering both lobes was 61 Gy. 90Y PET
image shows activity in right lung (blue contour) due to liver motion in cra-
niocaudal direction and rim field-of-view artifact and leading to right LMD
of 100 Gy, which was main contributor to LMD. Left LMD (computed
within green contour) was 3 Gy.
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The Kruskal–Wallis H test with an a-significance level of 0.05 was
used to determine whether statistical differences existed between dif-
ferent tumor types.

RESULTS

Patient Population
Patients and treatment characteristics are summarized in Table 1.

The institutional review board approved this retrospective study
and waived the need for informed consent. There were 170 men
and 102 women, who underwent a total of 317 90Y radioemboliza-
tion procedures (mean number of procedures per patient, 1.17;
range, 1–5). Most patients were treated for liver metastases of var-
ious origins, whereas 25% had HCC. Glass microspheres were
used for 200 treatments, and the remaining 117 procedures were
performed with resin microspheres. The median administered
activity per procedure was 2,278 MBq (range, 277–9,636 MBq)
and 1,877 MBq (range, 516–3,245 MBq) for glass and resin
microspheres, respectively. The median volume within the PET
field of view was 1,713 mL (392–7,851 mL) and 733 mL (range,
80–3,792 mL) for both lungs and the left lung, respectively.

Data Analysis
The median LMDMAA was 3.5 Gy (range, 0.2–89.0 Gy). For 14

patients, LMDMAA was greater than 30 Gy, above which 90Y
radioembolization is contraindicated (18). Nonetheless, after clini-
cal consideration by the treating physicians, these patients did
undergo 90Y radioembolization treatment.
The median posttreatment LMDY-90 was 1.0 Gy (range, 0.0–22.1

Gy), with 3 cases above 12 Gy. No cases of LMDY-90 above 30 Gy
were reported.
The median LSFY-90 was 4.13% (range, 0.27%–39.02%). Over-

all, according to the Kruskal–Wallis H test, no statistically signifi-
cant difference existed among tumor types (P 5 0.1). However,
pairwise comparison among tumor types returned a statistically
significant difference between patients with neuroendocrine tumor
and patients with colorectal cancer, HCC, or other conditions,
with P values of 0.008, 0.010, and 0.022, respectively. Statistically
significant P values for LSFY-90 from the pairwise comparison
among tumor types are reported in Table 2. A box plot depicting
the LSFY-90 per tumor type is shown in Figure 2.
LMDY-90 as a function of LMDMAA is reported in Figure 3. The

data suggest that radiation pneumonitis did not occur among sub-
jects with an LMDY-90 below 12 Gy. On the basis of this empiric
value and the 30-Gy limit for LMDMAA, the number of true-
negative, true-positive, false-negative, and false-positive cases is
reported in Figure 3.

Radiation Pneumonitis
Radiation pneumonitis did not occur in any subject with an

LMDY-90 below 12 Gy. Radiation pneumonitis occurred in 2
patients, both of whom were diagnosed with HCC and treated
with glass microspheres. The first patient had the highest LMDY-90

(22.1 Gy) of all subjects. This patient had no thrombus or portal
hypertension. During the pretreatment work-up, LMDMAA was
89.0 Gy (LSFMAA, 23%), and SPECT/CT showed no evidence of
extrahepatic depositions in the upper abdomen. The total adminis-
tered activity was 7,775 MBq. The second patient had an LMDY-90

of 17.7 Gy in the presence of both portal vein tumor thrombosis
and portal hypertension. LMDMAA was 34.1 Gy (LSFMAA, 50%),
and SPECT/CT showed no evidence of extrahepatic depositions
in the upper abdomen. The total administered activity was

TABLE 1
Baseline and Treatment Characteristics

Characteristic Data

Patients 272

Procedures 317

Sex

Male 170 (62.5%)

Female 102 (37.5%)

Mean age 64.56 (17–90)

Sphere type

Glass 200 (63%)

Resin 117 (37%)

Median administered activity (MBq)

Glass 2,278 (277–9,636)

Resin 1,877 (516–3,245)

Mean number of 90Y sessions 1.17 (1–5)

Tumor types

Colorectal cancer 104 (38%)

HCC 68 (25%)

Neuroendocrine tumor 45 (16%)

Cholangiocellular carcinoma 21 (8%)

Others 34 (13%)

Thrombus

Segmental right portal vein 9

Lobar left portal vein 4

Segmental right portal vein plus
lobar left portal vein

1

Tumor thrombosis, main portal vein 2

Tumor thrombosis, right hepatic vein 1

Portal hypertension 33

LSFMAA (%)

Mean 5.73 (0.49–50.44)

Median 3.87 (4.60)

Number of cases . 20% 11

LSFY-90 (%)

Mean 5.90 (0.27–39.02)

Median 4.13 (5.28)

Number of cases . 20% 7
99mTc-based prediction of LMD (Gy)

Mean 6.93 (0.17–89.03)

Median 3.52 (6.48)

Number of cases . 30 Gy 14
90Y PET–based left lung dose (Gy)

Mean 1.59 (0.02–22.14)

Median 0.95 (1.16)

Number of cases . 12 Gy 3

Median total lung volume (mL) 1,713 (392–7,851)

Median left lung volume (mL) 733 (80–3,792)

Qualitative data are number; continuous data are mean and
range or median and interquartile range.
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1,300 MBq. Details on this case were previously provided by Alsul-
tan et al. (11).
Another subject, with an LMDY-90 of 18.4 Gy (LMDMAA, 29.1

Gy; LSFMAA, 19%), died of progressive disease 2 mo after treat-
ment, before the evaluation scan could be done.

DISCUSSION

The 30-Gy limit on maximum absorbed dose to the lungs for a
single radioembolization treatment was based on clinical evidence
from 2 seminal publications (4,5) that have strongly influenced the
guidance on lung dose limits after radioembolization. This obser-
vational study showed that no patients with an LMDY-90 below
12 Gy developed any lung-dose–related side effects. Of the 14
patients who had an LMDMAA above 30 Gy, 2 developed radiation
pneumonitis. However, the 12 other patients with an LMDMAA

above 30 Gy did not develop any lung-dose–related side effects,
stressing the limitation of using 99mTc-MAA planar scintigraphy
in predicting 90Y lung shunts.

Radiation pneumonitis is a rare but potentially fatal side effect
of radioembolization. As summarized by Cremonesi et al. (19),
there have been various reports of the lung-dose–related side
effects of 90Y radioembolization, in an attempt to improve insight
on how to define the upper dose limit to the lungs. However,
although they all used the same approach to computing the lung
dose, namely multiplying the LSFMAA by the administered activity
to estimate the LMD, different values for the lung dose above
which radiation pneumonitis occurred were found (ranging
between 10 and 56 Gy). In line with the 12 false-positive cases re-
ported in this study (Fig. 3), Salem et al. (20) reported 58 patients
treated with cumulative or single-treatment lung doses exceeding
30 Gy, based on LSFMAA-derived calculations, who did not
develop any radiation pneumonitis or lung toxicity. These findings
further underline how 99mTc particles overestimate the actual lung
shunt. In contrast, Leung et al. (4) reported radiation pneumonitis
in 3 patients with a predicted LMD lower than 30 Gy. However,

TABLE 2
Matrix of Statistical Significance of Differences Between Tumor Types in Terms of LSFY-90

LSFY-90

Type Cholangiocellular carcinoma Colorectal cancer HCC Neuroendocrine tumor Others

Cholangiocellular carcinoma — 0.5 0.5 0.06 0.5

Colorectal cancer — 0.4 0.008* 0.5

HCC — 0.01* 0.4

Neuroendocrine tumor — 0.02*

Others —

*Statistically significant (P , 0.05).

FIGURE 2. Box plots depicting LSFY-90, together with corresponding
median, divided by tumor type. Statistically significant difference was
reported between neuroendocrine tumor patients and colorectal cancer
patients (P5 0.008), between neuroendocrine tumor and HCC patients
(P5 0.010), and between neuroendocrine tumor and patients in group
“others” (P5 0.022). CC5 cholangiocellular carcinoma; CRC5 colorectal
cancer; NET5 neuroendocrine tumor.

FIGURE 3. Distribution of LMDY-90 as function of corresponding
LMDMAA. On the basis of limit of 30 Gy for estimate of absorbed radiation
dose to lungs during pretreatment phase and 12 Gy for LMDY-90, below
which no radiation pneumonitis cases were reported, subjects were
divided into 4 quadrants: true-positive, false-positive, true-negative, and
false-negative. According to chosen limits, 12 false-positives were
detected. True-positive (red triangles) corresponds to 2 patients who
developed radiation pneumonitis, whereas false-negative (blue triangle)
corresponds to patient who died of progressive disease before follow-up.
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the absorbed doses taken from the literature were derived without
including attenuation correction and thus should be rescaled by an
average factor of 0.6 (21). For this reason, a straight comparison
with the results of the current study is difficult. In addition, in this
study, LMDY-90 was computed on the posttreatment 90Y PET and
considering only the left lung as representative of the lung volume.
In this study, the same difficulties were found in determining a
unique threshold for the 99mTc-MAA–based LMD estimate to
avoid radiation pneumonitis, confirming an issue well documented
in the literature. As an example, in a multicenter study, Braat et al.
(22) reported a patient with an LSFMAA of 3% who developed
radiation pneumonitis, whereas the patient with the highest
LSFMAA, 33%, did not develop radiation pneumonitis. These con-
tradictory findings in the literature underline the limits of 99mTc-
MAA LSF, and consequently lung dose estimate, as predictive of
90Y distribution (9), stressing the need for a more reliable and
robust method or particle. In recent years, some alternatives to
99mTc-MAA have been suggested. Kunnen et al. (23) demon-
strated in a phantom study that bremsstrahlung SPECT/CT, recon-
structed with a Monte Carlo algorithm, can estimate the LSF for a
90Y pretreatment procedure using a theoretically safe 90Y activity
of as low as 70 MBq. 166Ho scout microspheres (250 MBq; Quir-
emScout), already used as scout particles before 166Ho radioembo-
lization, were proposed as a surrogate of 90Y to determine
patients’ eligibility, thanks to its imaging possibility (24).
Both patients who developed radiation pneumonitis in this study

had HCC. Both cirrhosis and HCC have been associated with
increased arteriovenous shunting into the lungs, potentially caus-
ing increased lung doses (25). However, significant differences
were observed in LSFY-90 only for HCC patients when compared
with NET-diagnosed subjects (Fig. 2). In the subgroup of HCC
patients only, the presence of either a thrombus or portal hyperten-
sion did not play a statistically significant role in LSFY-90, suggest-
ing that these variables might be negligible when assessing the
lung-dose–related side effects of 90Y. Conversely, Ward et al.
(26), who reviewed 409 patients, reported a low but significant
correlation between increased hepatopulmonary shunt fraction
(measured using 99mTc-MAA planar scintigraphy) and HCC,
hepatic vein tumor thrombosis, and portal vein tumor thrombosis.
Several limitations apply to this study, apart from its retro-

spective and single-center nature. Considering the 99mTc-based
LMDMAA computation, the main limitation is use of a surrogate
model applying 99mTc-MAA particles as an approximation to 90Y
microsphere distribution. In addition, the lungs and liver were
delineated on planar scintigraphy without an anatomic reference
and assuming a fixed lung mass of 1 kg. Therefore, women, who
have a smaller organ mass (27,28) than men but the same lung
shunt, may have received a larger lung radiation dose for the same
treatment activity. Like the 90Y PET–based LMDY-90 computa-
tion, a constant value for lung density was used. However, as
reported by Kappadath et al. (29), use of a constant value might be
a limiting factor in an accurate estimate of LMDY-90. Although
this study relied on the assumption of lung homogeneity, given
that the lungs were not completely within the PET field of view
for some datasets, the distribution of microspheres in vivo is het-
erogeneous (17). The gravitational dependence of alveolar and
vascular pressures within the lung causes preferential distribution
of blood flow and, in parallel, microspheres to the bases of the
lung (30). In addition, microsphere irradiation is microscopically
nonuniform (31). However, if radiation pneumonitis occurs, the
assumption of a uniform distribution in the lung was visually

confirmed by the contrast-enhanced CT scan acquired during fol-
low-up. Regardless, these limitations reflect the current protocols
and treatment of patients. Moreover, radiation pneumonitis is a
rare side effect of radioembolization, with just 2 cases among the
317 procedures in this study—a number of events too limited for
any realistic statistical analysis.
Despite these limitations, a better predictive particle and a new

lung dose limit are essential to improve the current general method
of selecting patients, avoiding unjustified patient exclusion. Given
the proven value of posttreatment 90Y PET/CT (20), more insight
should be gained on the actual lung dose delivered than on the pre-
dicted one.

CONCLUSION

This observational study showed that radiation pneumonitis did
not occur among subjects with a left LMD below 12 Gy, defined
on posttreatment 90Y PET/CT. A 99mTc-MAA planar scintigra-
phy–based estimated cutoff of 30 Gy for lung dose is capricious
and, once encountered in pretreatment imaging, should be evalu-
ated with caution to prevent unjustified treatment exclusion.
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KEY POINTS

QUESTION: What is the LMD below which radiation pneumonitis
does not occur after 90Y radioembolization?

PERTINENT FINDINGS: This retrospective study showed that all
subjects with an LMD below 12 Gy, measured on posttreatment
90Y PET/CT, did not develop radiation pneumonitis.

IMPLICATIONS FOR PATIENT CARE: Our findings suggest
reconsideration of the current clinically used upper limit for LMD,
30 Gy.
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Preoperative localization of pathologic parathyroids is crucial for mini-
mally invasive treatment of primary hyperparathyroidism (PHPT). This
study compared contrast-enhanced 18F-fluorocholine PET/CT, cervical
ultrasonography (CU), and conventional scintigraphic imaging modali-
ties (MIBI scintigraphy, consisting of 99mTc-sestamibi/123I-sodium
iodide SPECT/CT, 99mTc-sestamibi/123I-sodium iodide planar subtrac-
tion imaging, and 99mTc-sestamibi planar dual-phase imaging), com-
bined and individually, for preoperative localization of hyperfunctional
parathyroids in PHPT. The gold standard was histologic examination.
Methods: Data from consecutive patients with clinically suspected
PHPT were retrospectively collected. All 3 imaging modalities were
systematically performed. The ability of 18F-fluorocholine PET/CT, CU,
and MIBI scintigraphy to identify a hyperfunctional parathyroid and
specify the side or identify an ectopic location was noted. Patients
underwent surgical exploration if at least 1 examination was positive.
The findings of CU 1 MIBI scintigraphy combined were considered
positive if CU and MIBI scintigraphy separately showed a hyperfunc-
tional parathyroid gland on the same side or in the same ectopic loca-
tion; any findings other than these were considered negative. The
composite judgment criterion for pathologic parathyroid was a combi-
nation of histologic analysis and normalization of parathyroid hormone
and calcium levels. Results: In total, 149 pathologic parathyroids were
found in 143 of the 144 included patients. 18F-fluorocholine PET/CT
diagnosed 148 of 149 pathologic parathyroids. Only 4 false-positives
and 1 false-negative were found. The 18F-fluorocholine PET/CT sensi-
tivity of 99.3% was superior to that of CU, at 75.2% (P, 0.0001); MIBI
scintigraphy, at 65.1% (P , 0.0001); and CU 1 MIBI scintigraphy, at
89.9%, (P5 0.0009). Five of the 5 ectopic locations were diagnosed by
18F-fluorocholine PET/CT, 2 of the 5 by MIBI scintigraphy, and none by
CU. Accuracy was better for 18F-fluorocholine PET/CT, at 98%, than
for CU, at 84% (P , 0.0001); MIBI scintigraphy, at 81% (P , 0.0001);
or CU1 MIBI scintigraphy, at 91% (P, 0.0001). Among the 72 (50%)
patients who had a negative CU1 MIBI scintigraphy result, 18F-fluoro-
choline PET/CT correctly identified hyperfunctional thyroids in 70
(97.2%). Average uptake in the 18F-fluorocholine PET/CT hyperfunc-
tional parathyroid was higher than that in the adjacent thyroid (SUVmax

adjusted for lean body mass, 6.45 vs. 2.15) (P , 0.0001). Conclusion:
The accuracy of 18F-fluorocholine PET/CT is higher than that of CU and

MIBI scintigraphy for localization of hyperfunctional parathyroids, justi-
fying the systematic use of 18F-fluorocholine PET/CT as the first-line
method for PHPT diagnosis.

Key Words: 18F-fluorocholine; primary hyperparathyroidism; parathy-
roid adenoma; 99mTc-sestamibi scintigraphy; cervical ultrasound
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Primary hyperparathyroidism (PHPT) is a pathology character-
ized by the presence of long-lasting hypercalcemia associated with
inappropriate hyperparathyroidism. Idiopathic parathyroid adenomas
are the most common cause of this pathology. PHPT treatment is
mainly surgical, consisting of resection of pathologic parathyroids
(1). Previously, parathyroids were located via an exploration of the 4
parathyroid sites. However, the currently favored technique is to iden-
tify and precisely locate the pathologic parathyroids by imaging in
order to propose a faster, safer targeted intervention.

For many years, the gold standard for preoperative localiza-
tion assessment has been cervical ultrasonography (CU) com-
bined with 99mTc-sestamibi (MIBI) scintigraphy (CU 1 MIBI
scintigraphy) to provide supplementary anatomic and functional
information. However, the results of these examinations are
negative or questionable in 10%–25% of cases (2,3), leading
to further surgical explorations, the results of which are often
equivocal, or to regular monitoring with repeated examinations.
Defining the best diagnostic tool to minimize negative or equivo-
cal identification is an important challenge in the surgical treat-
ment of PHPT.

18F-fluorocholine is a marker of membrane proliferation, ini-
tially used to detect cancerous tissue of prostate origin. This radio-
pharmaceutical can also be sensitively and intensely absorbed by
hyperfunctional parathyroid tissue. The preliminary data in the lit-
erature suggest that 18F-fluorocholine PET/CT would be beneficial
when CU 1 MIBI scintigraphy of a parathyroid adenoma gives
equivocal results (4). In practice, it has quickly become obvious
that 18F-fluorocholine PET/CT may have diagnostic value superior
to that of CU 1 MIBI scintigraphy and may soon become the gold
standard first-line method for PHPT.
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To test this hypothesis, we aimed to compare the diagnostic per-
formance of CU, MIBI scintigraphy, 18F-fluorocholine PET/CT,
and CU 1 MIBI scintigraphy for preoperative identification of
hyperfunctional parathyroids in PHPT.

MATERIALS AND METHODS

This was a single-center, retrospective study on patients included
from July 2016 to January 2020 at the ear, nose, and throat; endocri-
nology; and nuclear medicine departments of a French university hos-
pital. The institutional review board approved this retrospective study,
and the requirement to obtain informed consent was waived.

Patients
The study included adults who had been referred for surgical con-

sultation regarding PHPT and had at least 1 image indicating a hyper-
functional parathyroid gland on at least 1 of the imaging modalities
(CU, MIBI scintigraphy, or 18F-fluorocholine PET/CT) between July
2016 and January 2020. The participants formed a consecutive series.
PHPT was defined by hypercalcemia (.2.55 mmol/L) associated with
high serum parathyroid hormone (PTH) levels or inappropriate levels
in the absence of vitamin D deficiency. Patients who had an associated
nodular dystrophy of the thyroid were included, but any who had pre-
viously undergone surgery of the thyroid compartment were excluded,
as were any who had another pathologic condition that could modify
phosphocalcic metabolism, such as chronic renal failure, hyper- or
hypovitaminosis D, sarcoidosis, multiple endocrine neoplasia, or pro-
gressive neoplasia.

Over the 43-mo recruiting period, 157 patients with PHPT under-
went all imaging studies; 144 fulfilled the inclusion criteria by having
a positive target on at least 1 of the imaging modalities and underwent
surgery. The patient characteristics are described in Table 1. Briefly, we
included 26 men and 118 women, with a mean age of 63 y (25–92y)
and a mean preoperative PTH level of 143 pg/mL (39–849 pg/mL).

Preoperative Examinations
All patients underwent CU, MIBI scintigraphy, and 18F-fluorocho-

line PET/CT in no set order. For each examination, the presence or
absence of images suggestive of a hyperfunctional parathyroid gland
was noted, along with their position in the left and right thyroid beds
and ectopically. We did not differentiate the upper and lower posi-
tions. Questionable images were considered negative in the treatment
decision and in analysis of the results. The radiologists who evaluated
the images knew the results of the other examinations. Patients with-
out surgical targets on the 3 imaging modalities did not undergo sur-
gery and were not included in the study.
High-Resolution CU. CU was performed by an experienced radi-

ologist on an iU22 high-resolution ultrasound scanner (Philips) (first
used in 2012). The patient was examined supine, with the neck in
extension. CU was performed using high-frequency linear transducers
(7–12 MHz) for cervical examination over a field extending from the
angles of the mandible to the sternal notch. The upper mediastinum
was studied using an endocavitary probe for retrosternal exploration
(4.5–7.2 MHz probe). Transversal and longitudinal views were
obtained; images of regions of interest were recorded as video images.
The parathyroid glands were sought on the posterior side of the thy-
roid lobes and on all cervical and upper mediastinal ectopic sites.
A parathyroid was defined as pathologic (adenoma or hyperplasia) if
the gland was elongated or flattened, hypoechoic, and separated from
the thyroid parenchyma by a wall, which was mobile on swallowing
and well vascularized. The thyroid parenchyma was also analyzed,
and any possible dystrophy was described in detail.
Conventional Scintigraphic Imaging. Conventional (i.e., non-PET/

CT) scintigraphic imaging (MIBI scintigraphy) consisted of 99mTc-
sestamibi/123I sodium iodide SPECT/CT, 99mTc-sestamibi/123I-sodium
iodide subtraction imaging, and 99mTc-sestamibi dual-phase imaging.
A combined-imaging protocol was used, enabling same-day acquisition
of all 3 modalities. Scintigraphy was performed on a Discovery 670
imager (GE Healthcare). The g-camera was equipped, first, with a pin-
hole collimator allowing a cervical planar acquisition and, second, with
low-energy, high-resolution collimators allowing a cervicothoracic pla-
nar and tomography acquisition. A matrix of 2563 256 was used with,
for dual-isotope acquisition, a 10% energy window centered on 159 keV
(recommended for 123I), and a 15%–20% window centered on 140keV
(recommended for 99mTc). A 16-MBq dose of 123I was injected, fol-
lowed 2 h later by a 10 MBq/kg dose of 99mTc-sestamibi. Five minutes
after the last injection, a double-isotope planar pinhole cervical acquisi-
tion was performed for 10 min. After the collimator had been changed, a
cervicothoracic early planar double-isotope acquisition and a SPECT
double-isotope acquisition combined with cervicothoracic CT were per-
formed for 15 min. Ninety minutes later, another cervical planar
acquisition was done (delayed planar image of dual-phase protocol).
The following images were obtained: an early and delayed large
field-of-view planar image of the neck and mediastinum (from the
skull base to the heart base), a pinhole double-isotope view of the
thyroid bed region, and a cervicothoracic SPECT/CT double-isotope
acquisition. Unless there was a contraindication, iodinated contrast
medium was injected 80 s before the CT acquisition to improve visuali-
zation of the CT and fused images.

For dual-phase imaging analysis, early and delayed 99mTc-sestamibi
planar images were compared; regional uptake of 99mTc-sestamibi
with slower washout than from thyroid tissue was considered to repre-
sent hyperfunctioning parathyroid tissue.

For dual-tracer protocols, images were inspected visually and nor-
malized to thyroid counts, and 123I images were subtracted from the
99mTc images in the thyroid gland and surrounding soft tissue. Persis-
tence of a focal accumulation of radiopharmaceutical adjacent to the
thyroid after subtraction was considered suggestive of a hyperfunc-
tioning parathyroid gland.

TABLE 1
Characteristics of PHPT Patients Who Underwent

Surgery (n 5 144)

Characteristic Data

Age (y) 63 (25–92)

Sex

Male 26 (18.1%)

Female 118 (81.9%)

Preoperative PTH (pg/mL) 143 (39–849)

Postoperative PTH (pg/mL) 42 (6–126)

Patients with multiple resected
hyperfunctional thyroids

6

Ectopic adenomas 5

Size of resected
parathyroids (mm)

17 (7–35)

Weight of resected
parathyroids (g)

1.12 (0.1–7.5)

Mean SULmax of hyperfunctional
parathyroids

6.46 (1.56–22.9)

Qualitative data are number; continuous data are mean and
range.
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For SPECT/CT imaging, regional 99mTc-sestamibi uptake not asso-
ciated with thyroid tissue visualized on 123I or CT images was consid-
ered to represent hyperfunctioning parathyroid tissue. Physiologic
hyperuptake (salivary glands, inflammatory lymph nodes) was not
retained.

This study performed a combined assessment of the 3 conventional
scintigraphic imaging methods, with any positive finding—according
to the interpretation criteria described above—being considered to rep-
resent hyperfunctioning parathyroid tissue.

18F-Fluorocholine PET. 18F-fluorocholine PET/CT was performed
1 h after intravenous injection of a dose ranging from 150 to 185 MBq
of 18F-fluorocholine, using a Discovery PET/CT 710 Elite imager (GE
Healthcare). The strategy was to obtain first a CT topogram, then a
low-dose attenuation-correction CT scan, then a PET acquisition, and
finally an additional intravenous contrast-enhanced diagnostic CT scan.
When contrast medium was contraindicated, a diagnostic CT scan was
performed instead of the attenuation-correction CT scan. The acquisi-
tion protocol included a thickness of 2.5 mm, an interval of 1.25 mm, a
display field of view of 70, tension of 120 kV, and automatic mA regu-
lation. The acquisition was centered on the cervicothoracic region. Iter-
ative reconstruction of PET images was performed with the Q-Clear
algorithm (GE Healthcare) to improve the signal-to-noise ratio using a
b of 600. Because contrast-enhanced CT allowed more precise ana-
tomic localization, iodinated contrast medium—unless contraindi-
cated—was injected 80 s before the CT acquisition to optimize the CT
and fused-image analysis. Neck or mediastinal hyperuptake matching a
scanner image compatible with an adenoma or hyperplasia was consid-
ered a hyperfunctional parathyroid. Physiologic hyperuptake (salivary
glands, inflammatory lymph nodes) was not retained. The SUVmax

adjusted for lean body mass (SULmax) was calculated to quantify the
intensity of uptake.

Surgery
All patients with at least 1 image indicating a hyperfunctional para-

thyroid gland on at least 1 imaging modality underwent surgery. The
same 2-cm lateral incision was used, allowing access to both upper
and lower locations. If bilateral exploration was necessary, a midline
incision was made. The hyperfunctional parathyroid tissue was located
and removed with a retrothyroid approach under general or local anes-
thesia. If there was any doubt about the nature of the resected tissue,
an extemporaneous anatomopathologic analysis was used to confirm
the presence of parathyroid tissue. Surgery could be combined with a
thyroid lobectomy when there were suggestive or questionable thyroid
nodules on the preoperative evaluation. When the surgeon found no
pathologic parathyroid tissue during the surgical exploration, complete
emptying of the laterotracheal fatty cell tissue (level VIb) was per-
formed to limit the risk of operator-related failure to identify a patho-
logic parathyroid.

Statistical Analysis
The diagnostic values were defined using a judgment criterion com-

bining histologic analysis (pathologic tissue: adenoma/hyperplasia or
normal) and the biologic workup (postoperative normalization of PTH
and calcium (5)). Images evoking a hyperfunctional parathyroid were
considered true-positive if confirmed as a pathologic parathyroid on
histologic examination or false-positive if not. In the absence of an
evocative image, if surgical exploration was performed (i.e., in the
event of conflicting results between the different types of images), the
result was considered true-negative if no hyperfunctional parathyroid
was found or false-negative if a pathologic parathyroid was found. For
parathyroid sites not surgically explored because of negative imaging
by all methods, the result was considered true-negative if a hyperfunc-
tional parathyroid was found on contralateral surgical exploration and
the biologic test results normalized, or a result was considered

impossible to conclude if no hyperfunctional parathyroid was found
after contralateral surgical exploration and the biologic test results had
not returned to normal. For each examination method, sensitivity, spe-
cificity, positive predictive, and negative predictive values and their
95% CIs were calculated.

The accuracy, sensitivity, and specificity of 18F-fluorocholine PET/
CT were compared with the performance of CU, MIBI scintigraphy,
and CU 1 MIBI scintigraphy.

The results of CU 1 MIBI scintigraphy were considered positive if
CU and MIBI scintigraphy separately showed a hyperfunctional para-
thyroid gland on the same side. The results were considered negative if
there was a discrepancy between CU and MIBI scintigraphy or if both
were negative. A McNemar test for paired data was used for the com-
parison. A P value of less than 0.02, adjusted for multiple comparisons
with a Bonferroni adjustment, was considered statistically significant.

The statistical analyses were done using the RStudio software, ver-
sion 1.2.5001.

The scientific committee of the Nimes University Hospital Center
approved the experiments.

RESULTS

For each patient, the pre- and postoperative PTH levels, the
result of each preoperative examination to locate the parathyroids,
and the histologic results (including size and weight) of the para-
thyroids were recorded (Supplemental Table 1; supplemental
materials are available at http://jnm.snmjournals.org).

Surgical Results and Anatomopathologic Data
At least 1 hyperfunctional parathyroid was found in 143 of the

144 patients who underwent surgery. In total, 149 pathologic para-
thyroids were removed: 134 patients had a single parathyroid ade-
noma, 3 patients had isolated parathyroid hyperplasia, and 6 patients
had a hyperfunctional parathyroid at 2 sites. In 1 patient, no patho-
logic parathyroid was found.
These pathologic glands were in the right thyroid compartment

in 45.4% of cases (65/143), the left compartment in 46.9% of
cases (67/143), the right and left thyroid compartments in 4.2% of
cases (6/143), and an ectopic location in 3.5% of cases (5/143):
2 superior mediastinal, 1 midanterior mediastinal, 1 left retroesopha-
geal, and 1 behind the left sternoclavicular joint. No adverse events
were noted during the various imaging examinations.

Diagnostic Values for CU, MIBI Scintigraphy, and
18F-Fluorocholine PET/CT
The diagnostic values for CU, MIBI scintigraphy, CU 1 MIBI

scintigraphy, and 18F-fluorocholine PET/CT are given in Table 2.
According to histologic confirmation, hyperfunctional parathyroids
were correctly identified (true-positive) in 112 (75%) of the 149
cases by CU, in 97 (65%) by MIBI scintigraphy, in 148 (99%) by
18F-fluorocholine PET/CT, and in 134 (90%) by CU 1 MIBI scin-
tigraphy (reference standard).
CU wrongly diagnosed a hyperfunctional parathyroid (false-

positive) in 8 cases, compared with 3 for MIBI scintigraphy and 4
for 18F-fluorocholine PET/CT.
The 18F-fluorocholine PET/CT sensitivity was higher than that

of CU (P , 0.0001) or MIBI scintigraphy (P , 0.0001), alone or
combined (P 5 0.0009). Finally, accuracy was better for 18F-fluo-
rocholine PET/CT, at 98%, than for CU, at 84% (P , 0.0001),
MIBI scintigraphy, at 81% (P , 0.0001), or CU 1 MIBI scintig-
raphy, at 91% (P , 0.0001).
In 72 patients (50%), the results of CU versus MIBI scintigra-

phy were conflicting or found no adenomas. In these negative or
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equivocal situations, 18F-fluorocholine PET/CT correctly identified
hyperfunctional thyroids in 70 (97.2%) patients.

Analysis of Incorrect 18F-Fluorocholine PET/CT Results
18F-fluorocholine PET/CT generated 4 false-positive images

(patients 4, 64, 82, and 124), which might have been due to locali-
zation to a thyroid nodule or lymph node. 18F-fluorocholine PET/
CT generated 1 false-negative image (patient 87).

Ectopic Locations
Five patients had a hyperfunctional parathyroid in an ectopic

location (2 superior anterior mediastinal, 1 midanterior mediasti-
nal, 1 left retroesophageal, and 1 behind the left sternoclavicular
joint). CU did not locate pathologic parathyroids in these ectopic
situations (0/5 cases), and MIBI scintigraphy found only 1 case. In
contrast, 18F-fluorocholine PET/CT located all of them.

Analysis of SULmax of Hyperfunctional Thyroids and
Comparison with Physiologic SULmax of Thyroid
We compared the SULmax of the parathyroids against that of the

adjacent thyroid parenchyma with physiologic 18F-fluorocholine
uptake. The average SULmax was 6.45 (SD, 3.15) for hyperfunc-
tional parathyroids, compared with 2.15 (SD, 0.79) for the thyroid.
Thus, the SULmax of hyperfunctional parathyroids averaged 200%
higher than that of the thyroid parenchyma (P , 0.0001). The dif-
ference in 18F-fluorocholine uptake between the parathyroid and
thyroid, combined with the spatial analysis of the distant parathy-
roid, facilitates interpretation of the examination. Only patient 31
had a parathyroid SULmax lower than the thyroid SULmax (4.00 vs.
4.82, 217%). This patient had a previous history of Hashimoto
thyroiditis with a relatively high thyroid uptake, which might
explain the current high thyroid uptake. However, there were no
difficulties in diagnosing the hyperfunctional parathyroid in this
patient, as the parathyroid tissue was anatomically distinct from
the thyroid.

DISCUSSION

This study was conceived because of the increasing number of
centers using 18F-fluorocholine PET/CT to localize hyperfunctional

parathyroid glands during PHPT, despite lack of sufficient data
in the literature to justify use of this examination instead of the
gold standard, CU 1 MIBI scintigraphy. The aim of this work
was to compare the diagnostic value of 18F-fluorocholine PET/
CT versus that of CU 1 MIBI scintigraphy. In this study, 18F-fluoro-
choline PET/CT had a sensitivity and negative predictive value of
99.0% (95% CI, 97%–100%), a specificity of 97.0% (95% CI,
95%–99%), and a positive predictive value of 97.4% (95% CI,
94%–99%). These diagnostic values are superior to those of CU
(P , 0.0001) and MIBI scintigraphy (P , 0.0001), alone or com-
bined (P 5 0.0009). These results confirm and reinforce previously
published preliminary data (6–16) on a larger series of patients.
Previous publications have suggested reserving 18F-fluorocho-

line PET/CT for situations in which CU 1 MIBI scintigraphy has
failed to detect hyperfunctional thyroids. Our study demonstrated
the clear diagnostic superiority of 18F-fluorocholine PET/CT and
justifies its indication as a first-line technique in suspected PHPT.
Michaud et al. compared the 3 examinations for preoperative

evaluation of primary and secondary hyperparathyroidism in 17
patients (6). Only 1 case of adenoma was poorly recognized by
the 3 imaging methods. In this limited series, the sensitivities of
CU, MIBI scintigraphy, and 18F-fluorocholine PET/CT were 42%,
83%, and 96%, respectively.
Another study evaluated the benefit of MIBI scintigraphy and

18F-fluorocholine PET/CT in 24 patients with PHPT (7). Sensitiv-
ity was significantly better with 18F-fluorocholine PET/CT (92%)
than with MIBI scintigraphy (44%–64%, depending on the acqui-
sition technique). A prospective study on 54 patients with PHPT
compared CU, MIBI scintigraphy, and 18F-fluorocholine PET/CT
(8). In this study, the sensitivity of the 3 imaging techniques was
69.3%, 80.7%, and 100%, respectively, and the positive predictive
values were 87.1%, 97.7%, and 96.3%, respectively.
In a prospective series of 18 suspected parathyroid adenoma

sites, 17 adenomas were correctly located by 18F-fluorocholine
PET/CT, with 1 false-positive, producing a sensitivity of 89% (9),
comparable to the sensitivity of 90% and a positive predictive
value of 100% found in another prospective series of 10 patients
(10). A retrospective series of 151 patients who underwent surgery
for PHPT and for whom 18F-fluorocholine PET/CT was performed

TABLE 2
Diagnostic Values for CU, MIBI Scintigraphy, CU 1 MIBI Scintigraphy, and 18F-Fluorocholine PET/CT (n 5 288)

Imaging method TP FP TN FN Accuracy Sensitivity Specificity PPV NPV

18F-fluorocholine
PET/CT

148 4 130 1 98%
(96%–99%)

99.3%
(97%–100%)

97.0%
(95%–99%)

97.4%
(94%–99%)

99.2%
(96%–100%)

CU 112 8 126 37 84%
(78%–89%)

75.2%
(68%–82%)

94.0%
(90%–98%)

93.3%
(89%–98%)

77.3%
(71%–84%)

P ,0.0001 ,0.0001 0.25

MIBI scintigraphy 97 3 131 52 81%
(75%–85%)

65.1%
(57%–72%)

97.8%
(95%–100%)

97.0%
(94%–100%)

71.6%
(65%–78%)

P ,0.0001 ,0.0001 0.47

CU 1 MIBI
scintigraphy

134 10 124 15 91%
(86%–95%)

89.9%
(85%–94%)

92.5%
(88%–97%)

93.1%
(89%–97%)

89.2%
(84%–94%)

P ,0.0001 0.0009 0.09

TP 5 true-positive; FP 5 false-positive; TN 5 true-negative; FN 5 false-negative; PPV 5 positive predictive value; NPV 5 negative
predictive value.

Data in parentheses are 95% CIs.

1084 THE JOURNAL OF NUCLEAR MEDICINE & Vol. 63 & No. 7 & July 2022



at the preoperative evaluation (11) found a positive predictive
value of 96.8%. Unfortunately, CU and MIBI scintigraphy were
not systematically performed, preventing direct comparison.
Finally, in a recent metaanalysis on 20 studies including a total of

796 patients, Whitman et al. reported that 18F-fluorocholine PET/CT
had a superior sensitivity of 96% (95% CI, 94%–98%), compared
with 54% (95% CI, 29%–79%) for MIBI scintigraphy (P , 0.001).
In these studies, like ours, limited to patients with PHPT, 18F-fluoro-
choline PET/CT had a superior sensitivity of 97% (95% CI,
94%–100%), compared with 55% (95% CI, 32%–78%) for MIBI
scintigraphy (12). In our study, MIBI scintigraphy had a sensitivity of
65.1% (95% CI, 57%–72%); this can be compared with the 10 stud-
ies (301 patients) included for comparison with MIBI scintigraphy in
the metaanalysis. Six (including 41% of the analyzed patients) used
dual-phase, dual-tracer sestamibi imaging with SPECT/CT. Three
used SPECT, 2 of which used use sestamibi alone. One did not
describe the sestamibi imaging. The heterogeneity of techniques used
for MIBI scintigraphy can lead to inconsistencies between the studies
used for the comparison analysis. The same conventional scintigraphic
imaging methods (99mTc-sestamibi SPECT/CT, 99mTc-sestamibi/per-
technetate subtraction imaging, and 99mTc-sestamibi dual-phase imag-
ing) were used by Cuderman et al. on 103 PHPT patients imaged
preoperatively, with a sensitivity of 65%. This sensitivity was similar
to that found in our study (13).

18F-fluorocholine PET/CT has numerous advantages that justify its
systematic use for the initial evaluation of hyperfunctional parathy-
roids in patients with clinically suspected PHPT. First, its diagnostic
values are statistically better than those of CU 1 MIBI scintigraphy,
making the preoperative evaluation more reliable for locating hyper-
parathyroids. Second, 18F-fluorocholine PET/CT is more efficient and
generated a lower radiation dose than MIBI scintigraphy. Indeed,
18F-fluorocholine PET/CT requires shorter acquisition times—1h
after injecting the tracer for 18F-fluorocholine PET/CT compared
with over 2 h for MIBI scintigraphy—and the patient spends less
time under the camera and thus experiences less discomfort. 18F-fluo-
rocholine PET/CT produces better image quality due to a higher spa-
tial resolution (13–16), around 4 mm on the latest-generation PET
scanner, and a better-quality mobile scanner, allowing diagnosis of
smaller lesions and increased sensitivity. Whole-body 18F-fluorocho-
line PET/CT emits less radiation than MIBI scintigraphy, with an
effective dose of 2.8 mSv versus 6.8 mSv (17).
Third, 18F-fluorocholine PET/CT is the best examination for iden-

tifying ectopic adenomas. In a previous study on 54 patients, of
whom 6 had hyperfunctional thyroids in ectopic locations (2 medias-
tinal, 2 in the tracheoesophageal corner, 1 paravertebral, and 1 in the
mammary tissue), only 18F-fluorocholine PET/CT correctly identi-
fied all parathyroid adenomas (8). Similarly, in another study, 1
ectopic parathyroid adenoma in 10 patients was correctly identified
by 18F-fluorocholine PET/CT and MIBI scintigraphy but was missed
by CU (10). In another study, consisting of 63 patients, 5 patients
underwent 18F-fluorocholine PET/CT because of discordant CU and
MIBI scintigraphy, and 1 case of mediastinal adenoma was diag-
nosed, having been missed by the 2 other imaging techniques (18).
For Taywade et al., of 7 parathyroid adenomas diagnosed, 3 were
ectopic parathyroids with strong 18F-fluorocholine uptake (19). In
our study, all 5 ectopic parathyroids from 144 patients were cor-
rectly identified with 18F-fluorocholine PET/CT.
Finally, 18F-fluorocholine PET/CT is a less operator-dependent

examination and therefore more reliable than ultrasound scanning.
Thyroid nodular dystrophy can easily lead to confusion between a
thyroid nodule and the parathyroid on ultrasound scans, even with

a skilled operator. In our experience, this confusion is much less
common with an 18F-fluorocholine PET/CT examination. Indeed,
physiologic 18F-fluorocholine uptake is low in the thyroid and is
almost always lower than that of the parathyroid tissue. In the rare
cases of hot thyroid nodules, CT analysis can easily distinguish
between intraparenchymal uptake and uptake at a distance from
the thyroid parenchyma. To the best of our knowledge, in the liter-
ature no association has been described between thyroiditis and
strong 18F-fluorocholine uptake of the thyroid. In our study, the
only patient with a parathyroid SULmax lower than that of the thy-
roid had Hashimoto thyroiditis. Therefore, we suggest particular
attention when one is interpreting a 18F-fluorocholine PET/CT scan
that shows positivity for antithyroid antibodies and a parathyroid
adenoma contiguous with the thyroid, as the risk of a false-negative
could be greater in such a case. This situation may also lead to
problems in rare cases of intrathyroid parathyroid adenomas.
The fact that all CUs in our study were performed by a highly

experienced operator ($100 ultrasound parathyroid scans and
1,200 thyroid ultrasound scans per year) probably explains why
the diagnostic values of the ultrasound scan were above those gen-
erally described in the literature. The MIBI scintigraphy was per-
formed with injected iodine in our study, thus increasing its
diagnostic values compared with other centers. The nuclear medi-
cine physicians were experienced in analyzing 18F-fluorocholine
PET/CT cervical images but not for this indication. Nevertheless,
the diagnostic values of 18F-fluorocholine PET/CT were higher
than those of CU, demonstrating the less operator-dependent nature
of this examination than of ultrasound scanning.
The main disadvantages of 18F-fluorocholine PET/CT are the

inaccessibility and high cost. Certain authors suggest reserving
18F-fluorocholine PET/CT for when there is a disagreement or
negative results with CU and MIBI scintigraphy (6,9,10,20–22). In
our study, the results of CU and MIBI scintigraphy were discor-
dant or negative for 50% of cases, and in 97.2% of these situations
18F-fluorocholine PET/CT gave the correct location of hyperfunc-
tional parathyroids. These results reinforce the idea of using 18F-
fluorocholine PET/CT alone as a first-line option, as suggested by
Bossert et al. (23).
This work had limitations. It was a single-center, retrospective

analysis, with the biases that this design entails, especially regard-
ing a center effect. The study included only patients with at least
1 positive image, probably leading to selection of patients with
higher biochemical profiles and larger adenomas or hyperplastic
glands and excluding patients with milder disease. This effect
would inflate the diagnostic accuracy measures. The median weight
of resected parathyroids was 1.12 g (range, 0.1–7.5 g), compared
with 0.4 g (range, 0.1–10.9 g) in the 103 patients tested in a previ-
ous study (15). Nevertheless, the mean preoperative PTH level was
143 pg/mL (range, 39–849 pg/mL), similar to the 145 pg/mL
(range, 40–1,076 pg/mL) in that previous study. Moreover, we did
not consider in this study patients affected by hyperparathyroidism
with normal levels of calcium, even though patients with normal
levels of calcium but with symptoms may be scheduled for surgery.
The result could be a bias in the accuracy evaluation. For some
authors, 18F-fluorocholine PET/CT could be considered a first-line
imaging technique for the identification of pathologic parathyroid
glands in patients with normocalcemic and hypercalcemic hyper-
parathyroidism, even when the parathyroid volume is small (22).
Furthermore, the order of the examinations was not standardized,
and comparisons were not performed with masking of the results
of the other imaging techniques. We also did not differentiate the
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upper and lower localizations on the imaging results. This distinc-
tion is highly subjective and interpreter-dependent, and there is lit-
tle value to distinguishing between upper and lower because the
same surgical approach is used. Making this distinction would
have no impact on the different diagnostic values. The 18F-fluoro-
choline PET/CT acquisition was performed using a 60-min delay
after injection, rather than 15 min as chosen by some teams; thus,
adenomas with fast tracer washout might have been missed (24).
This is relevant in only a small number of cases (potentially 1 in
our series). It is essential to pursue this work by performing a com-
plete medicoeconomic study on the 3 techniques.

CONCLUSION

The diagnostic values of 18F-fluorocholine PET/CT found in this
study were clearly superior to those of CU and MIBI scintigraphy for
preoperative localization of pathologic hyperfunctional parathyroid
glands in PHPT. To the best of our knowledge, with 144 patients
having undergone surgery, this is the largest comparative cohort in
the literature. This superiority seems related to a strong contrast
between the uptake of hyperfunctional parathyroids and the neighbor-
ing tissue and to a high spatial resolution allowing detection of small
or ectopic parathyroids, which may be missed by other imaging tech-
niques. We suggest using 18F-fluorocholine PET/CT as a first-line
examination in preference to CU and MIBI scintigraphy.
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KEY POINTS

QUESTION: How does 18F-fluorocholine PET/CT compare with
CU, MIBI scintigraphy, or CU 1 MIBI scintigraphy for diagnostic
localization of hyperfunctional parathyroid glands during PHPT?

PERTINENT FINDINGS: In this single-center, retrospective study
of 144 patients, 18F-fluorocholine PET/CT had a sensitivity and
negative predictive value of over 99.0%, a specificity of 97.0%,
and a positive predictive value of 97.3%. These diagnostic values
are superior to those of CU and MIBI scintigraphy, alone or
combined, and confirm and reinforce—in a larger series of
patients—previously published preliminary data.

IMPLICATIONS FOR PATIENT CARE: Previous publications have
suggested reserving 18F-fluorocholine PET/CT for situations in
which CU 1 MIBI scintigraphy has failed to detect hyperfunctional
thyroids, but our study demonstrated the clear diagnostic superiority
of 18F-fluorocholine PET/CT and justifies its use as a first-line
technique in suspected PHPT.
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Radiomics has been applied to predict recurrence in several disease
sites, but current approaches are typically restricted to analyzing
tumor features, neglecting nontumor information in the rest of the
body. The purpose of this work was to develop and validate a model
incorporating nontumor radiomics, including whole-body features, to
predict treatment outcomes in patients with previously untreated
locoregionally advanced cervical cancer. Methods: We analyzed 127
cervical cancer patients treated definitively with chemoradiotherapy
and intracavitary brachytherapy. All patients underwent pretreatment
whole-body 18F-FDG PET/CT. To quantify effects due to the tumor
itself, the gross tumor volume (GTV) was directly contoured on the
PET/CT image. Meanwhile, to quantify effects arising from the rest of
the body, the planning target volume (PTV) was deformably registered
from each planning CT to the PET/CT scan, and a semiautomated
approach combining seed-growing andmanual contour review gener-
ated whole-body muscle, bone, and fat segmentations on each PET/
CT image. A total of 965 radiomic features were extracted for GTV,
PTV, muscle, bone, and fat. Ninety-five patients were used to train a
Cox model of disease recurrence including both radiomic and clinical
features (age, stage, tumor grade, histology, and baseline complete
blood cell counts), using bagging and split-sample-validation for fea-
ture reduction and model selection. To further avoid overfitting, the
resulting models were tested for generalization on the remaining 32
patients, by calculating a risk score based on Cox regression and
evaluating the c-index (c-index . 0.5 indicates predictive power).
Results: Optimal performance was seen in a Cox model including 1
clinical biomarker (whether or not a tumor was stage III–IVA), 2 GTV
radiomic biomarkers (PET gray-level size-zone matrix small area low
gray level emphasis and zone entropy), 1 PTV radiomic biomarker
(major axis length), and 1 whole-body radiomic biomarker (CT bone
root mean square). In particular, stratification into high- and low-risk
groups, based on the linear risk score from this Cox model, resulted in
a hazard ratio of 0.019 (95% CI, 0.004, 0.082), an improvement over
stratification based on clinical stage alone, which had a hazard ratio of
0.36 (95% CI, 0.16, 0.83). Conclusion: Incorporating nontumor radio-
mic biomarkers can improve the performance of prognostic models
compared with using only clinical and tumor radiomic biomarkers.
Future work should look to further test these models in larger, multiin-
stitutional cohorts.

Key Words: oncology: GYN; PET/CT; statistical; analysis; cervical
cancer; outcomes; radiomics; whole-body
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Radiomics is the application of machine learning methods to
extract clinically useful information from medical imaging datasets,
with an emphasis on systematic, high-throughput mining of “big
data” (1–4). Radiomics classifiers have been previously found to
enhance prognostic modeling for lung (5,6) and head and neck (7,8)
cancers. Recently, this approach has also been applied to cervical
cancer, where it has been observed that various radiomic features of
the tumor periphery and vascular invasion from PET/MRI are prog-
nostic for locoregional recurrence (9–17). However, PET/MRI
machines are not always accessible, particularly in underresourced
settings, compared with more established PET/CT techniques (18).
In addition, radiomic analyses in oncology have investigated the

predictive information encoded in tumor features, whereas nontumor
features, particularly those related to whole-body structures such as
bone, bone marrow, fat, muscle, and other organs, have been less
studied, although it is worth mentioning a notable recent exception
(19), where PET bone marrow features predicted treatment outcome
in locally advanced cervical cancer. More generally, such whole-
body features may be associated with immune system function,
thereby influencing cancer outcomes (20,21). For example, sarcope-
nia is associated with the release of inflammatory cytokines, such as
tumor necrosis factor and interleukin-6 (22), and is a putative
marker of disease severity and predictor of outcomes in women
with cancer (23,24). Along the same lines, obesity and inflamed adi-
pose tissue are known to impact systemic inflammatory markers and
alter the tumor microenvironment (25). Such observations indicate
the potential of whole-body imaging, and more generally nontumor
features, to provide additional prognostic information beyond that
available from tumor features alone. Whole-body PET/CT, with its
relatively low cost and widespread availability, is an example of an
imaging modality that could provide such information in a cost-
effective manner.
Presently, risk-stratification in cervical cancer predominantly

depends on clinical examination and standard imaging evaluations.
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Treatment failures are common, particularly in patients with loco-
regionally advanced disease, where rates of disease progression
may be 30% or more (26). Improved methods to risk-stratify
patients with cervical cancer are needed, to appropriately select
patients for intensive treatment approaches and identify patients
who may selectively benefit from novel therapeutic strategies,
such as immunotherapy (27). We therefore sought to determine
whether nontumor radiomic features associated with treatment out-
comes could be identified in cervical cancer patients undergoing
treatment with chemoradiotherapy and imaged using whole-body
PET/CT.

MATERIALS AND METHODS

Study Design, Population, and Sampling Methods
The University of California San Diego institutional review board

approved this retrospective cohort study and the requirement to obtain
informed consent was waived. We initially identified 245 patients with
newly diagnosed, previously untreated, biopsy-proven locoregionally
advanced (stage IB–IVA) carcinoma of the cervix treated with chemo-
radiotherapy at our institution between April 2006 and September
2019. We included patients who underwent pretreatment 18F-FDG
PET/CT (PET/CT) and treatment with intensity-modulated radiation
therapy (IMRT) followed by intracavitary brachytherapy, resulting in
a final cohort of 127 patients (Fig. 1).

The 127-patient cohort was divided into a training set of 95 patients
(75%) and a test set of 32 patients (25%), with 23 and 7 events,
respectively. The choice of a 75–25 split was made on the basis of a
desire to maintain a sufficient number of events in the training set to
be able to adequately train radiomics-based predictors while still keep-
ing enough events in the test set to validate the models. It is important
to note that this choice is somewhat arbitrary and, therefore, any con-
clusions made from model training and validation must be carefully
assessed for robustness using extensive bootstrap resampling methods.

Model training and validation consisted of 4 steps region-of-interest
(ROI) definition and feature extraction in the entire cohort, identification

of robust features in the training set, forward stepwise feature selection
from the subset of robust features, and model validation based on com-
parison of c-indices in the training set and test set. The primary outcome
was time from diagnosis to first instance of locoregional or distant can-
cer recurrence, or censoring, whichever occurred first.

PET/CT Imaging Methods
The pretreatment PET/CT images were acquired on analog Discov-

ery (GE Healthcare) machines, with CT images constructed using fil-
tered backprojection reconstruction for 512 3 512 3 1 voxels and
PET images constructed with 1 of 2 settings: ordered-subset expecta-
tion maximization (OSEM) reconstruction, with 20 subsets and 2 itera-
tions, using a 4.0-mm gaussian filter cutoff, a 128 3 128 matrix, and a
lutetium-yttrium oxyorthosilicate (LYSO) crystal; or OSEM recon-
struction with time-of-flight measurements and point-spread function
modeling (VUE Point FX; GE Healthcare), with 24 subsets and 2 iter-
ations, using a 5.0-mm gaussian filter cutoff, a 192 3 192 matrix, a
9 3 6 LYSO crystal, and Sharp iterative reconstruction quantitation.

ROI Definitions
We generated ROI segmentations using the workflow illustrated in

Figure 1. Three clinical experts manually contoured the gross tumor
volume (GTV) for each patient based on the presence of focal hyper-
metabolic activity within the cervix as well as CT-based anatomic evi-
dence of the primary mass lesion. Grossly involved lymph nodes were
not included in the GTV for this study. Additionally, a planning target
volume (PTV) consisting of the gross tumor, cervix, uterus, parame-
tria, and pelvic lymph nodes, with a 5- to 15-mm planning margin,
were defined on the simulation CT scan by the treating radiation
oncologist (5 different radiation oncologists in total), then registered
to the whole-body PET/CT using deformable image registration imple-
mented in MIM Maestro (MIM Software Inc.) (28).

For whole-body ROI segmentations, we used a semiautomated ap-
proach combining seed-growing (29) and manual editing for muscle
contours (Fig. 2). Seed-growing settings were defined as follows: bone –
lower bound: 100 Hounsfield units (HU), upper bound: 1,129 HU, tendril

diameter: 1 cm, filling level: none; fat – lower
bound: 2157 HU, upper bound: 2123 HU,
tendril diameter: 3 cm, filling level: medium;
muscle – lower bound: 223 HU, upper bound:
142 HU, tendril diameter: 3 cm, filling level:
medium. Additionally, to differentiate skeletal
muscle from other smooth or cardiac muscle,
further manual editing of the muscle contour
was performed. To do this, an exclusion region
was generated consisting of internal organs
interior to the rib cage and body wall, extend-
ing craniocaudally from the trachea to the
vagina, and laterally to encompass the breasts
(and implants, if present), lungs, and mediasti-
nal contents at the thoracic level, the abdominal
organs at the abdominal level, and the repro-
ductive organs at the pelvic level. The psoas
muscles were included in the muscle volume
rather than in the exclusion region.

Feature Extraction
Radiomics features were extracted using the

PyRadiomics (30) software package (version
3.0). For each of the 5 structures (GTV, PTV,
bones, muscle, and fat), we calculated all non-
redundant features available in PyRadiomics.
PyRadiomics can calculate up to 111 features
for a given contour and image (17 shape,

Clinical outcomes

• Treatment failure /
tumor recurrence?

• Time to recurrence or
censoring

Clinical data
• Age
• BMI
• Tumor stage and histopathology
• Baseline blood panels

Radiomics data
• Shape-based metrics
• Histogram-based metrics
• Texture-based metrics

Diagnostic features

+

127 cervical cancer
patients treated

with IMRT + brachy
chemoradiotherapy

Whole-body
PET/CT

Planning
CT w/PTV

Whole-body
PET/CT w/muscle,
bone, fat, PTV and

GTV ROIs

Seed-growing
autosegmentation

w/manual refinement

Manual
GTV

contouring

Deformable
image

registration

Radiomic feature extraction

FIGURE 1. Workflow for patient sampling, segmentation, and extraction of high-throughput radio-
mic features for downstream analysis. BMI 5 body mass index; Brachy 5 Brachytherapy; IMRT 5

intensity-modulated radiation therapy; PET/CT5 18F-FDG PET/CT; ROI: region of interest.
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19 first-order, 24 gray level correlation matrix [GLCM], 16 gray level
run-length matrix [GLRLM], 16 gray level size-zone matrix [GLSZM],
14 gray level difference matrix [GLDM], 5 neighboring gray tone dif-
ference matrix [NGTDM]). Of these, 4 shape features can be excluded
for redundancy reasons: voxel volume, which is just an approximation
of mesh volume, and compactness 1, compactness 2 and spheric dispro-
portion, all of which are completely determined by sphericity. Two
first-order features can similarly be ignored: total energy, which is
completely determined by the energy and the mesh volume, and the
SD, which is just the square root of the variance. Finally, 2 GLCM fea-
tures, dissimilarity and homogeneity 2, are likewise deprecated as they
are equal to the difference average and inverse difference moment,
respectively.

These redundancy restrictions result in 193 total features per struc-
ture, including 13 shape features and 90 each of CT-based and PET-
based intensity features (17 first-order, 22 GLCM, 16 GLRLM, 16
GLSZM, 14 GLDM, 5 NGTDM), resulting in 965 radiomic features.
All CT images were resampled, using B-spline interpolation (the
default for PyRadiomics), to a 0.98 3 0.98 3 2.5 mm resolution, and
all PET images were resampled to a 5.47 3 5.47 3 3.27 mm resolu-
tion, based on the lowest resolutions of PET and CT images in the data-
set. Radiomic features were extracted using a 25 HU fixed bin width
for CT and a 0.5 SUV fixed bin width for PET, based on recommenda-
tions from previous radiomic studies (31–34). Notably, choosing the
highest resolution PET and CT dimensions results in anisotropic vox-
els, which previous studies have shown can influence some features,
particularly those related to texture matrices (35). Future work system-
atically assessing how results change with voxel geometry, as well as
with use of alternative spline interpolation schemes, is merited. Never-
theless, to the extent that using a consistent choice of settings identifies
robust predictors, any findings from this study remain valuable and
accessible to the broader community, as long as users make sure to
exactly reproduce the extraction settings that are used here.

We also extracted 9 baseline clinical features: age at diagnosis (y),
body mass index (kg/m2), tumor histopathology (adenocarcinoma vs.
squamous cell carcinoma), stage (I-II vs. III-IVA), and baseline com-
plete blood counts (white blood cells [k/mL], neutrophils [k/mL],
hemoglobin [g/dL], and platelets [k/mL]), resulting in 974 candidate
features for prediction.

Feature Reduction
To prevent model overfitting and numeric instability due to noise,

we first sought to confine our initial set of 974 features to a subset of

features that were significantly associated
with recurrence. Feature reduction was acc-
omplished through a “bagging” procedure
(36). Each bag consisted of a random subset
of 57 patients from the training set, with the
“out-of-bag” sample consisting of the remain-
ing 38 patients from the training set. For each
of the 974 features, we used the bagged
subset to train a univariate Cox proportional
hazards model, with a single regression coef-
ficient. This process was repeated for 1,000
different bagging subsets, resulting in a 974 3
1,000 matrix of feature coefficients. From
this matrix, 99% CIs for each of the 974
coefficients were computed. A feature was
defined as robust if the 99% CI excluded
zero, indicating a statistically significant as-
sociation with outcome, for a P value cutoff
of 0.01. This process resulted in a final set
of robust features (hereafter, candidate bio-
markers) from the initial feature set. A table

of univariate hazard ratios and CIs resulting from this procedure is
shown in the Supplemental Table 1 (supplemental materials are avail-
able at http://jnm.snmjournals.org), for all the clinical features as well
as for all robust radiomic biomarkers.

FIGURE 2. Sample output from autosegmentation of whole-body bone, fat, and muscle contours
(with manual muscle contour refinement).

TABLE 1
Sample Characteristics for Training and Test Sets

Characteristic Training set Test set

n (no. of events) 95 (23) 32 (7)

Stage (n)

IA 2 (2%) 0

IB 23 (24%) 10 (31%)

IIA 7 (7%) 3 (9%)

IIB 32 (33%) 9 (28%)

IIIA 3 (3%) 0

IIIB 16 (17%) 5 (16%)

IIIC 6 (6%) 2 (6%)

IVA 6 (6%) 1 (4%)

IVB 0 2 (6%)

Histology (n)

Adenocarcinoma 23 (24%) 12 (38%)

Squamous carcinoma 72 (76%) 20 (62%)

Clinical features*

Age (y) 50.6 (13.7) 49.0 (12.9)

BMI (kg/m2) 29.0 (6.5) 28.3 (6.8)

Baseline WBC (k/mL) 8.23 (3.26) 7.98 (3.46)

Baseline ANC (k/mL) 5.39 (2.75) 5.45 (3.17)

Baseline hemoglobin (g/dL) 11.6 (1.8) 11.3 (1.5)

Baseline platelet count (k/mL) 288 (79) 279 (109)

*Data for clinical features are mean, with SD in parentheses.
BMI 5 body mass index; WBC 5 white blood cell count;

ANC 5 absolute neutrophil count.
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Forward Stepwise Feature Selection and Final Model Selection
and Validation

We next sought to identify an optimal subset of candidate biomarkers
to include as variables in a final Cox model. Potential model variables
were selected from the candidate biomarkers using forward stepwise
selection. We ran 100 split-sample validations for a model that included
a candidate biomarker that we were considering adding to our model.
We generated the corresponding 95% CI for each of the model coeffi-
cients, as well as the corresponding average out-of-bag c-indices. Addi-
tional biomarkers were included in the final model, if they increased the
out-of-bag c-index while also maintaining model stability (i.e., the 95%
CI for the coefficient estimates for all the model covariates excluded 0).
This process was iteratively repeated until either the c-index peaked or
there were no more biomarkers that could be stably added. To isolate the
effects of tumor radiomic features, and thereby assess the added value of
nontumor radiomic information, we repeated the stepwise selection con-
sidering only clinical and GTV radiomic biomarkers.

Lastly, a Cox model was trained on the entire (n 5 95) training set
using the subset of optimal biomarkers selected on each round of for-
ward stepwise selection and evaluated on the unseen test set (n 5 32)
to test for generalization and overfitting, based on the c-index. To esti-
mate the uncertainty of the c-index, we generated 100 bootstrap resam-
ples each on both the training and the test sets. The likelihood ratio for
goodness-of-fit while accounting for Bonferroni multiple-hypothesis-
testing corrections as well as the proportional hazards assumption
were both tested using the package “survival” (version 3.2-3) in R
(R Core Team and R Project for Statistical Computing; www.r-project.
org) (37). All P values were 2-sided unless otherwise indicated.

RESULTS

Sample characteristics are given in Table 1. The median follow-
up time was 2.12 y in the training set and 2.42 y in the test set.
Following our feature reduction process, the final feature set in-

cluded 42 candidate biomarkers: 1 clinical biomarker (stage III-IVA
vs. I-II), 9 PTV radiomic biomarkers (6 shape, 1 CT-based, 2 PET-
based), 13 GTV radiomic biomarkers (1 shape, 1 CT-based, 11 PET-
based), 5 muscle radiomic biomarkers (3 shape, 2 CT-based), 10
bone radiomic biomarkers (8 CT-based, 2 PET-based), and 4 fat
radiomic biomarkers (1 shape, 3 CT-based). Supplemental Figure
1 shows a hierarchical clustering dendrogram and labeled heat
map of these biomarkers, based on the cosine similarity distance,
indicating a high degree of collinearity and redundancy.
The forward stepwise selection process resulted in an out-

of-bag c-index that peaked after 5 rounds of feature addition, as
shown in Figure 3. Furthermore, comparison with the correspond-
ing stepwise selection using only the stage and GTV radiomic bio-
markers demonstrated that the prognostic value from nontumor
radiomics was additive to tumor radiomics, as this reduced step-
wise selection peaked after only 3 rounds and at each round had
an out-of-bag c-index consistently lower than the corresponding
c-index that could be obtained when including all biomarkers.
As shown in Figure 4, bootstrap resampling to estimate the

c-index distributions indicated that the 95% CIs for both the train-
ing- and the test-set c-indices overlapped at all rounds of stepwise
selection. However, it is imperative to note that the CIs, particu-
larly for the test set, are quite substantial due to the small number
of events.
The resulting 5 biomarkers in the model are a categoric bio-

marker that is 0 if the disease is stage I-II and 1 if it is stage III-
IVA (mean: 0.32, SD: 0.47); PTV Major Axis Length (mean:

206 mm, SD: 46 mm); CT bone root mean
square (mean: 1,394.5 HU, SD: 97.5 HU);
PET GTV GLSZM Small Area Low gray
Level Emphasis, hereafter SALGLE (mean:
0.045, SD: 0.046); and PET GTV GLSZM
Zone Entropy (mean: 5.16, SD: 1.09). Re-
assuringly, when the stepwise selection is
repeated considering only the subset of
stage and GTV biomarkers, the resulting 3
biomarkers that emerge are the same cate-
goric stage biomarker and 2 PET GTV
GLSZM biomarkers that are found in the
full stepwise selection. Model estimates are
displayed in Table 2. The likelihood ratio
for the Cox model using all 5 biomarkers is
1.0E205, whereas for the Cox model using
only stage and the 2 GTV biomarkers it
is 3.8E204, both indicating statistically

FIGURE 3. Bootstrap averaged out-of-bag (OOB) c-indices during
model training, as a function of the number of biomarkers successively
added in the forward stepwise selection. Data are shown for selection on
only nonradiomic biomarkers (there is only 1, stage, so the stepwise selec-
tion trivially stops after 1 round), selection on stage and GTV radiomic bio-
markers, and selection on all biomarkers. As the pool of biomarkers
available for selection increases, the average OOB c-index at each round
likewise increases, and the stepwise selection takes more rounds to reach
an optimum. These results suggest that tumor radiomic information, as
encoded in the GTV features, adds predictive power beyond that available
with just TNM staging, and that off-tumor radiomic information, as
encoded in all the other non-GTV features, further adds predictive power
beyond that.

FIGURE 4. 95% CIs for c-index estimates, on both training and test set data, as a function of the
number of features successively added in the forward stepwise selection. Results are shown for
stepwise selection with stage only (A), stage and GTV biomarkers (B), and all biomarkers (C). The c-
index distributions, from which the 95% CI can be determined, are calculated by bootstrap resam-
pling of both the train and the test data. Circular points indicate median values, and color coded
bounds indicate upper and lower CI limits, with green corresponding to results for the training set
and red corresponding to results for the test set.
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significant goodness-of-fit even when accounting for Bonferroni
multiple-hypothesis-testing corrections. All variables satisfied the
proportional hazards assumption (P . 0.01), and a 1-way ANOVA
test (Supplemental Table 2) indicated that none of the selected
biomarkers have a statistically significant dependence on acquisi-
tion mode or interrater PTV and GTV segmentation variability
(P . 0.05).
The radiomics-based Cox model demonstrates great potential

for prognosis and risk stratification, as demonstrated by the results

shown in Figures 5 and 6. The predicted receiver-operating-char-
acteristic curve for 2-y cancer recurrence, for Cox models both
with and without nontumor radiomic biomarkers, lies above the
diagonal, and the Kaplan–Meier curves stratifying patients into
high- and low-risk groups yields improved hazard ratio estimates
compared with stratification based on early- and late-stage groups.

DISCUSSION

Our results suggest that a radiomics model incorporating nontu-
mor radiomic biomarkers leads to improved prognostic modeling
of cancer recurrence, compared with using clinical and tumor
radiomic biomarkers alone. A novel aspect of our study is the
inclusion of semiautomatable whole-body radiomic features as
candidate biomarkers for outcome prediction. In addition, whereas
much work has been done in identifying CT radiomic biomarkers,
the incorporation of PET radiomics remains relatively challenging
(38–40), due in part to issues related to feature reproducibility (41)
and optimal feature selection in the presence of highly redundant
features (42). The approach we developed here has identified 2
PET-based biomarkers of the GTV that seem to be robustly corre-
lated to outcome.
Limitations of this study include the single-institution data

source and the size of our cohort, with relatively few total recur-
rence events. Despite our extensive efforts to maintain quality con-
trol (Supplemental Table 3 shows the calculated radiomics quality
score (2) for this study) and to cull spurious radiomic features,
given the persistent possibility of model overfitting, future work to
assess the prognostic power of our results on a larger multiinstitu-
tional cohort is needed to validate the particular predictive model
developed in this study. Second, to confine the initial candidate
feature set, we focused on particular whole-body features related
to bone, fat, and muscle, reasoning that these metrics could reflect
variation in patients’ global inflammatory state. Further analysis to
study radiomic features of other organs, including other reticuloen-
dothelial organs (liver, spleen) would be of interest. Further

TABLE 2
Cox Model Hazard Ratio Estimates

Biomarker Hazard ratio (95% CI) P (coefficients) P (PH assumption)

Optimal 5-biomarker model*

Stage III–IV (vs. I–II) 1.65 (1.04, 3.23) ,0.01 0.85

CT PTV major axis length 1.97 (1.29, 3.33) ,0.01 0.02

CT bone root mean square 3.39 (1.57, 12.55) ,0.01 0.31

PET GTV GLSZM SALGLE 0.15 (0.01, 0.56) ,0.01 0.07

PET GTV GLSZM zone entropy 0.38 (0.10, 0.91) ,0.01 0.06

3-biomarker model†

Stage III–IV (vs. I–II) 2.01 (1.37, 3.28) ,0.01 0.87

PET GTV GLSZM SALGLE 0.18 (0.04, 0.48) ,0.01 0.11

PET GTV GLSZM zone entropy 0.54 (0.24, 0.99) ,0.01 0.12

*Cox model hazard ratio estimates from the training set, for the optimal 5-biomarker model, for the endpoint of disease recurrence,
along with P values of the coefficients (all less than 0.01), as well as P values testing the proportional hazards assumption (all greater than
0.01). All model inputs were normalized to the training set SD.

†Corresponding estimates for the 3-biomarker model that results when only considering stage and GTV biomarkers during stepwise
selection.

PH 5 proportional hazards.

FIGURE 5. Two-year receiver-operating-characteristic curve for model
based on stage only, stage 1 GTV radiomic biomarkers, and all bio-
markers, evaluated on the entire 127-patient cohort. Solid black line corre-
sponds to an area under the curve of 0.5, indicating no predictive
performance.
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extensions to this study could include augmenting radiomic infor-
mation with additional molecular-level details, as in radiogenom-
ics (43,44), or more detailed examination of the 3D spatial dose
distribution (45).
The radiomic predictors we have identified in this work all dem-

onstrate relationships to clinically interpretable physiologic infor-
mation as identified in previous studies. The PTV Major Axis
Length is probably the easiest to understand, being approximately
a higher resolution version of tumor stage. A 1-way ANOVA test
found that early- and late-stage patients had different mean values
of this metric with a P value , 1E205.
We found 2 PET-based metrics, namely the GTV GLSZM

SALGLE, which measures the abundance of small-volume, low-
activity “patches,” and the GTV GLSZM zone entropy (46), a
measure of textural heterogeneity known to be predictive of out-
come. Interestingly, these 2 metrics have a significant, but not per-
fect, negative correlation (r 5 20.76). This strong association
suggests that the SALGLE combined with the zone entropy cap-
ture certain specific aspects of metabolic heterogeneity in and
around the tumor microenvironment that are most directly predic-
tive of outcome. Encouragingly, these textural metrics are also

similar to a class of PET/MRI radiomic
biomarkers that were recently identified
(15) and externally validated (16) by Lucia
et al. More broadly, this finding is consis-
tent with the established result, both in
radiomics and in the oncology community
more generally, that metabolic heterogene-
ity is predictive of cancer recurrence
(10,47–49).
The final predictor, the CT Bone Root

Mean Square, is probably the most novel
one. We found that although age and skele-
tal muscle volume, as candidate prognostic
factors, did not withstand our feature selec-
tion algorithm, both were strongly associated
with the key bone radiomic metric that did
come through (CT Bone Root Mean
Square). This suggests that the Root Mean
Square CT Bone Number is associated
with age-related degeneration of skeletal
muscle, as occurs in sarcopenia, a known
correlate with inflammation (50,51), which
in turn has been shown to be predictive of
outcome in locally advanced cervical can-
cer when combined with PET metrics (19).
In fact, multiple studies have found that
bone and muscle undergo endocrine cross-
talk (52–54), leading some to even suggest
that sarcopenia in skeletal muscle and
osteoporosis in bones might just be 2 sides
of the same underlying condition (55).

CONCLUSION

In summary, we found that incorporating
radiomic features, including both tumor
and nontumor metrics, improved prognos-
tic modeling of disease recurrence in cervi-
cal cancer patients compared with using
clinical information alone.

KEY POINTS

QUESTION: Can radiomic models that incorporate pretreatment
nontumor PET/CT features improve the prognosis of treatment
failure in locoregionally advanced cervical cancer patients,
compared with models that use only clinical variables or tumor
radiomic features?

PERTINENT FINDINGS: In a retrospective analysis of a
single-institutional cohort of 127 patients, optimal performance was
seen in a Coxmodel including 1 clinical staging biomarker, 1 shape
feature of the PTV, 2 PET-based features of the GTV, and 1 CT-based
feature of whole-body bone segmentation. Stratification into
high- and low-risk groups, based on the linear risk score from this
Coxmodel, resulted in a statistically significant improvement in the
hazard ratio relative to stratification based on clinical stage alone.

IMPLICATIONS FOR PATIENT CARE: These findings indicate
that incorporating nontumor PET/CT radiomic information can
improve prognosis of cervical cancer patients undergoing
standard-of-care treatment and also identify patients who may
benefit from alternative or more intensive treatment regimens.

FIGURE 6. (A) Kaplan–Meier curve based on stratification into early- and late-stage groups. We also
list a hazard ratio (HR), with 95% CI and logrank P value. (B) Corresponding Kaplan–Meier curve show-
ing stratification into high- and low-risk groups, based on a stage1 GTV radiomic risk score cutoff. The
cutoff that minimizes the P value, by coincidence, happens to be at a value such that the number of
data points in the high- and low-risk groups equals the corresponding number of late- and early-stage
cases. (C) Corresponding Kaplan–Meier curve based on the risk score that fully incorporates stage,
GTV radiomic, and non-GTV radiomic biomarkers. The cutoff is chosen so that the number of data
points in the high- and low-risk groups equals the corresponding number of late- and early-stage cases.
(D) Kaplan–Meier stratification with themodel in C but with the cutoff chosen tominimize theP value.
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The aim of this study was to assess the pharmacokinetics, biodistribu-
tion, and radiation dosimetry of 124I-omburtamab administered intra-
peritoneally in patients with desmoplastic small round cell tumor.
Methods: Eligible patients diagnosed with desmoplastic small round
cell tumor with peritoneal involvement were enrolled in a phase I trial
of intraperitoneal radioimmunotherapy with 131I-omburtamab. After
thyroid blockade and before radioimmunotherapy, patients received
approximately 74 MBq of 124I-omburtamab intraperitoneally. Five
serial PET/CT scans were obtained up to 144 h after injection. Multiple
blood samples were obtained up to 120 h after injection. Organ-
absorbed doses were calculated with OLINDA/EXM. Results: Thirty-
one patients were studied. Blood pharmacokinetics exhibited a
biphasic pattern consisting of an initial rising phase with a median
half-time (6SD) of 23 6 15 h and a subsequent falling phase with a
median half-time of 56 6 34 h. Peritoneal distribution was heteroge-
neous and diffuse in most patients. Self-dose to the peritoneal cavity
was 0.586 0.19 mGy/MBq. Systemic distribution and activity in major
organs were low. The median absorbed doses were 0.72 6 0.23
mGy/MBq for liver, 0.486 0.17 mGy/MBq for spleen, and 0.576 0.12
mGy/MBq for kidneys. The mean effective dose was 0.31 6 0.10
mSv/MBq. Whole-body and peritoneal cavity biologic half-times were
456 9 and 246 5 h, respectively. Conclusion: PET/CT imaging with
intraperitoneally administered 124I-omburtamab enables assessment
of intraperitoneal distribution and estimation of absorbed dose to peri-
toneal space and normal organs before therapy.

Key Words: DSRCT; omburtamab; dosimetry; intraperitoneal;
radioimmunotherapy
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Desmoplastic small round cell tumor (DSRCT) is an aggres-
sive soft-tissue sarcoma seen in adolescents and young adults (1).
DSRCT is composed of nests of small round cells with polypheno-
typic differentiation, typically a mixture of epithelial, mesenchy-
mal, and neural features surrounded by a prominent desmoplastic

stroma (1). This rare malignancy is associated with a t(11;22)(p13;q12)
chromosomal translocation that creates the aberrant transcription
factor EWS-WT1 (2,3). The disease primarily involves the abdomen
and pelvic cavity, typically with widespread peritoneal disease.
Treatment involves a multimodal approach including chemotherapy,
surgery, and whole abdominopelvic radiotherapy (4). However, the
median overall survival is low, ranging between 14 and 38 mo, with
a long-term progression-free survival of , 20% (5), highlighting
the need for novel therapeutic options to improve outcomes.
The murine monoclonal IgG1 antibody omburtamab (previously

called 8H9) was developed at our institution. Omburtamab binds to
the cell surface of the glycoprotein B7-H3 (CD276), which is
expressed in most pediatric solid tumors, including 96% of DSRCT,
whereas expression is restricted in normal tissues (6). Radiolabeled
omburtamab using either 131I or 124I was developed for theranostics
(7) and has been evaluated for the radioimmunotherapy (RIT) of lep-
tomeningeal metastases of solid tumors including neuroblastoma by
intraventricular administration (NCT00089245) (8) or intratumoral
administration for diffuse intrinsic pontine glioma (NCT01502917)
(9). Preclinical experiments have demonstrated that the injection of a
radiolabeled agent via the intraperitoneal compartment achieved high
peritoneal activities long term, high peritoneal time-integrated activ-
ity coefficients, and only limited transfer of therapeutic agents into
the systemic circulation (10). Compartmentalized therapy with radio-
immunotargeted agents facilitates delivery of higher radiation dose to
the tumor target sites because of higher tumor–to–normal-tissue
ratios and lower systemic activity, thereby causing lower systemic
radioisotope-related toxicity (11,12). We have previously reported on
the use of intraventricularly administered 124I-omburtamab imaging
for dosimetry and biodistribution assessment before therapeutic
administration of 131I-omburtamab (11).
Extending the concept of compartmental therapy with radiolabeled

antibodies, we conducted a phase I study with 131I-omburtamab
administered intraperitoneally for therapy of patients with DSRCT
and other B7-H3–expressing tumors. We demonstrated that intraperi-
toneal 131I-omburtamab therapy is safe and can be administered in
the outpatient setting. In the phase I study, treatment 131I-omburtamab
activities ranging from 1.11 to 3.33 GBq/m2 were administered with-
out significant normal-organ toxicity, and recommended phase II
activity was established at 2.96 GBq/m2 (13). In this report, we pre-
sent in detail the biodistribution, organ uptake, and dosimetry of
124I-omburtamab PET/CT imaging after intraperitoneal administration
in patients with DSRCT.
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MATERIALS AND METHODS

Patients
Patients older than 1 y with a proven diagnosis of DSRCT with

peritoneal involvement or other refractory or relapsed B7-H3-express-
ing tumors involving the peritoneum were enrolled and treated in an
institutional review board–approved phase I trial (NCT01099644). All
patients or their legal guardians provided written informed consent.
Salient exclusion criteria were active serious infection or $grade 2 tox-
icities with the exception of myelosuppression. Patients underwent
prior debulking surgery followed by insertion of an indwelling intraper-
itoneal catheter. Patency of the intraperitoneal catheter was maintained
by twice-daily saline flushes. Intraperitoneal administration of 124I-
omburtamab was performed 7–14 d after catheter placement. All
patients received thyroid protective medication with oral saturated solu-
tion of potassium iodide (SSKI) and liothyronine (25–75 mcg orally
daily) starting 5–7 d before 124I-omburtamab and continued for a total
of 42 d.

124I-omburtamab was radiolabeled with 124I at our institutional
Radiochemistry and Molecular Imaging Probes core facility and was
injected within 6 h of production. After a check for good flow and
patency of the intraperitoneal catheter, 74 MBq of 124I-omburtamab
(volume, 5.0–10.8 mL) were injected intraperitoneally over 10–15 min
using a Graseby pump (Sims Graseby Ltd.) followed immediately by
a 130-mL normal saline flush. This was followed 1 h later by intraper-
itoneal infusion of 1,200 mL/m2 normal saline to ensure dispersion of
the radioimmunoconjugate. After completion of infusion, patients
were instructed to move and shift positions actively for up to 2 h to
promote uniform distribution within the intraperitoneal cavity.

Pharmacokinetics and Radiation Dosimetry Assessment
Pharmacokinetic analysis for 124I-omburtamab was performed using

2 modalities: blood clearance by radioassays of measured aliquots of
serial blood draws and whole-body and organ activity measured by
serial PET/CT scans. Blood samples for radioassay were drawn at
multiple time points including 1 baseline sample before injection of
the radiolabeled antibody (time 0) and at 1.1 6 0.2 h (range, 0.9–2.0 h),
2.2 6 0.4 h (range, 1.8–4.0 h), 4.7 6 1.4 h (range, 2.8–8.5 h), 20.4 h,
23.9 h, and 47.8 h (range, 29.9–69.9 h) after 124I-omburtamab injection.
Aliquots of blood were assayed in duplicate in a scintillation well
counter (LKB Wallac, Inc.) calibrated for 124I and the net count rates
converted to activity concentrations in percentage of the injected acti-
vity per gram. The resulting time–activity concentration data decay-
corrected to the time of administration were fit to a biexponential
function. The fitted biologic clearance constants were converted to
effective clearance constants by incorporation of 124I physical decay
constant and time-integrated activity concentration calculated by ana-
lytic integration of the resulting function. The mean blood-absorbed
dose was calculated by multiplying the blood time-integrated activity
concentration (mCi"hr/g) by the 124I energy per decay (formerly the
equilibrium dose constant) for nonpenetrating radiations (Dnp 5 0.418
cGy"g/mCi"hr).

124I-Omburtamab PET/CT Imaging. Five serial PET/CT scans
were completed after the injection of 124I-omburtamab up to 144 h
after injection. Due to practical reasons, patients were not required to
avoid voiding before first scan. All scans were obtained on a Discov-
ery STE or 710 PET/CT scanner (GE Healthcare) using the 124I decay
parameters (positron yield, 0.23; half-life, 4.18 d).

The field of imaging included vertex to the mid-thigh. The acquisition
time was 5 min per field of view. PET emission data were corrected for
attenuation, scatter, and random events using the vendor-supplied correc-
tions. The CT scan of the PET/CT was mainly for attenuation correction
and was obtained using a combination of ultralow (10 mA) and low mA
(40–80 mA based on body weight) with 140 keV for the multiple

scanning times. The CT dose ranged from 9.2 to 18.4 mSv in patients.
Images were reconstructed using standard clinical reconstruction parame-
ters: ordered-subset expectation maximization using 2 iterations with 16
subsets and a gaussian postprocessing filter with a full width half maxi-
mum of 6.0 mm.

Organ Dosimetry Calculation
Absorbed doses to total body and individual organs were calculated

on the basis of the time–activity data derived from each patient’s set
of PET/CT images. Volumes of interest were drawn manually over
normal organs (heart, liver, spleen, kidneys, stomach contents, thyroid,
gastrointestinal tract, and peritoneal cavity) and whole body in Hybrid
Viewer (HERMES Medical Solution, Inc.). Volumes of interest were
placed on PET images using corresponding CT and fused PET/CT
image guidance. The decay-corrected mean activity concentrations
[A(t)] (in kBq/cc) in all investigated organs were each fit to a mathe-
matic function of the following form:

A tð Þ½ %5 Aplateau½ % 1–exp 2 0:693=Tuptake
% $

3t
% $% $

exp 20:693=Tclearance1ð Þ3tð Þ:

The decay-corrected total-body activity concentrations were each fit
to a mathematic function of the following form:

A tð Þ½ %5 Ao½ %exp 20:693=Tclearance2ð Þ3tð Þ,
where t is the time after administration; [Aplateau] is the plateau activ-
ity concentration in the investigated organs; Tuptake and Tclearance1 are
the uptake and clearance half-times, respectively, in the investigated
organs; [Ao] is the zero-time–activity concentration in total-body;
and Tclearance2 is the clearance half-time in the total body. The forego-
ing fitted time–activity functions were integrated analytically from
t 5 0 (i.e., the time of injection) to time t 5 1 (i.e., the time of
complete radioactive decay), incorporating the physical half-life of
124I (4.18 d 5 100.3 h) into the respective decay-corrected uptake
Tuptake and clearance half-times, Tclearance1 and Tclearance2. The result-
ing time-integrated activity concentrations were converted to total-
organ time-integrated activities by multiplying by the corresponding
organ masses in the Reference Man anatomic model (14) closest in
total-body mass to that of the patient and then to time-integrated
activity coefficients by dividing by the administered activity. These
time-integrated activity coefficients were entered into the OLINDA/
EXM 1.1 radiation dosimetry program (14), with 124I as the radionu-
clide and the Reference Man anatomic model closest in age to that
of the patient selected. For adult patients, both female and male mod-
els were used. A peritoneal cavity model (15,16) as implemented in
OLINDA/EXM was applied.

RESULTS

Patients
Thirty-one patients (26 men and 5 women; age, 21 6 8 y; age

range, 8–38 y) received 124I-omburtamab and underwent 4 (all
patients) or 5 (20 patients) PET/CT scans. The mean injected
activity was 73 6 3 MBq (range, 65–77 MBq). The mean times
for PET/CT scan acquisitions were 3.6 6 0.8 (range, 2.4–5.4),
22.3 6 2.5 (range, 17.6–27.0), 46.46 2.6 (range, 42.5–52.3), 69.0 6
1.4 (range, 66.1–71.7), and 125.16 14.9 (range, 114.1–171.2) h after
injection of 124I-omburtamab.

Biodistribution
Imaging showed localization of tracer in the peritoneal cavity

dispersed within 4 quadrants of the abdomen and pelvis and
cleared over time as noted on serial imaging (Fig. 1). The distribu-
tion was heterogeneous, with prominent activity noted in most pa-
tients in the bilateral paracolic gutters, lower abdomen, and pelvis.
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In 4 patients, the distribution was noted in all quadrants but with
asymmetric increased activity in either the right or the left abdo-
men. In 3 patients, the activity showed a more localized pattern in
the lower abdomen and pelvis, although distribution was noted in
all quadrants. Overall, radiotracer activity in the peritoneum
decreased with time, with an average biologic half-time of 24 6 5
(range, 18–45) h. Perihepatic uptake in the peritoneum was vari-
able, with moderate to intense uptake seen in 10 patients whereas
others showed mild or minimal activity (Fig. 2). Moderate to
prominent uptake was noted in the peritoneum superiorly around
the spleen in all patients (Fig. 2). Minimal (barely discernible) to
mild uptake was observed in the cardiac blood pool that initially
increased within 24–72 h and later decreased as noted in delayed
imaging (Figs. 1 and 2). Minimal activity was noted within the
liver or spleen parenchyma in the initial 48 h. Mild activity was
noted in the salivary glands for all patients. Thyroid activity was
minimal to mild in all patients (Fig. 1), except in 2 patients. These
2 patients had prominent activity in the thyroid and known prior
hypothyroidism; in 1 patient, this was related to underlying
chronic thyroiditis (Fig. 2). The uptake in the thyroid generally
increased with time up to 72 h, after which the activity decreased.
Bladder contents activity was noted as early as the first PET/CT
scan in many patients.

124I-omburtamab activity in the lymph nodes was observed in 24
patients in early imaging at 22 h after injection and in 17 patients
at 125 h after injection. The nodal visualization included internal
mammary (76% of cases), supraclavicular (57% of cases), and
mediastinal nodes (52% of cases). Also observed were paratracheal,

subcarinal, preaortic, cervical, subaortic,
pretracheal, substernal, intrathoracic, para-
esophageal, periportal, and retroclavicular
lymph nodes. An example patient with
nodal uptake is shown in Figure 2. Activity
in the lung in the pleural–diaphragmatic
region and posteriorly in the lung periph-
ery and pleural region was noted in some
patients, primarily in those who showed
ipsilateral nodal activity.
Time–activity curves for normal organs

revealed a gradual increase in radioactivity
(quantified as 124I-omburtamab SUVmean

normalized by body weight) in heart blood
pool, liver, and kidneys, reaching a plateau
between 24 and 48 h after injection and
subsequently decreasing (Fig. 3; detailed
information is provided in Supplemental
Table 1 [supplemental materials are avail-
able at http://jnm.snmjournals.org]). Although
splenic parenchyma activity was generally
very low, uptake was highest in the first
PET/CT scan and decreased thereafter. The
uptake in stomach contents increased ini-
tially, being most prominent at 24 h, and
decreased thereafter. Bladder contents
activity was noted as early as the first
scan and was variably seen in subsequent
scans in all patients, suggesting renal excre-
tion. 124I-omburtamab cleared from intraperi-
toneal space exponentially, with an SUVmean

of 106 1 at 4 h after injection (range, 7–19)
and falling to 0.5 6 0.1 at 125 h after injection (range, 0.2–0.9). The
SUVmax in the peritoneal space also exhibited a similar pattern,
decreasing from 53 6 14 (range, 14–114) at 4 h after injection to
2.26 0.5 (range, 0.2–4.6) at 125 h after injection.

Kinetic Analysis
Blood pharmacokinetics in 28 patients showed a biphasic pat-

tern consisting of an initial rising phase with a median half-time of
23 6 15 h and a subsequent falling phase with a median half-time
of 56 6 34 h. Blood activity reached a plateau after 24 h,
approaching a maximum of 1.8 percentage of injected activity per
liter (Fig. 4B).
The whole-body clearance conformed to a monoexponential

function (Fig. 4A). Mean whole-body biologic half-time was 45 6
9 h, and time-integrated activity coefficients for whole body and
peritoneal cavity were 446 6 and 206 7 h, respectively (Table 1).
124I-omburtamab organ dosimetry is summarized in Table 2.
Median absorbed dose to the peritoneum was 0.58 mGy/MBq.
The mean absorbed doses were 0.72 6 0.23 mGy/MBq for liver,
0.48 6 0.17 mGy/MBq for spleen, 0.57 6 0.12 mGy/MBq for
kidneys, 0.84 6 0.29 mGy/MBq for urinary bladder wall, and
0.19 6 0.05 mGy/MBq for lungs. The radiation dose to the thy-
roid was 0.25 6 0.19 mGy/MBq (mean 6 SD) for all patients
except the 2 with prior hypothyroidism whose thyroid-stimulating
hormone could not be suppressed. Time-integrated activity coeffi-
cients and normal-organ dosimetry for 3 subgroups based on
patient age are summarized in Supplemental Tables 2 and 3.
The estimated mean effective dose was 0.31 6 0.10 mSv/MBq.

The total dose to blood from the 73 MBq of 124I-omburtamab

A

B

FIGURE 1. 124I-omburtamab imaging. Maximum-intensity-projection (A) and coronal (B) images
after 124I-omburtamab injection. Cardiac blood-pool activity is low at all time points. Peritoneal distri-
bution is most intense initially and decreasing with time. Mild activity in salivary glands is noted in
later images.
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injection, as calculated from blood sample data, was 1.1 6 0.6 cGy
(range, 0.2–3.1) or 0.15 6 0.08 mGy/MBq (range, 0.02–0.42).

DISCUSSION

We have used 131I- or 124I-labeled 8H9/omburtamab antibody
theranostically for localized compartmental therapies with intraven-
tricular/intrathecal administration for metastatic leptomeningeal dis-
ease in neuroblastoma or other B7-H3–expressing tumors (8,12).
Both 131I-omburtamab and 124I-omburtamab have an advantage as
theranostic agents, as imaging allows for assessment of individual
patient activity distribution and dosimetric estimation for radiation
absorbed doses for both normal tissues and tumors before therapy
(11). An additional advantage of 124I-omburtamab is imaging with
PET/CT scanners that have higher resolution allows for quantita-
tion that is easier and more accurate than g-camera imaging.
Omburtamab is a highly specific antibody that targets B7-H3, an
antigen expressed in several tumors including most DSRCTs, mak-
ing it an attractive target for radioimmunotherapy (6), as noted in
early preclinical studies (7,10). We have developed radiolabeled
omburtamab and treated patients with 124/131I-omburtamab in 3
phase I/II trials using compartmental delivery systems, namely,
peritoneal cavity (intraperitoneal infusions), cerebrospinal fluid
space (intraventricular/intrathecal injections), or localized intratu-
moral delivery using a convection-enhanced delivery method in
patients with diffuse intrinsic pontine glioma (7–9). We have

shown the feasibility and use of 124I-
omburtamab imaging for biodistribution
and dosimetry assessment and as a thera-
nostic (9). Intraperitoneal RIT has the
potential to deliver higher radiation doses
to the tumor while limiting systemic organ
and blood doses to low radiation doses
(16).

For DSRCT, which primarily involves
the peritoneum, we used intraperitoneal
administration of RIT and showed the
safety of intraperitoneal 131I-omburta-
mab RIT (13). Patients receiving doses
of 131I-omburtamab up to 3.33 GBq/m2

(90mCi/m2) did not exhibit major toxic-
ities, and all toxicities were reversible
without intervention. Intraperitoneal RIT
appeared to be associated with a decreased
risk of abdominopelvic DSRCT relapse
compared with historical data, with 9 of
23 patients receiving the recommended
phase II activity dose of 2.96 GBq/m2

being alive disease-free at a median fol-
low up of 42 mo after RIT. Here we pre-
sent details of the 124I-omburtamab PET/
CT imaging used for assessment of biodis-
tribution and radiation dosimetry of nor-
mal organs and examine its potential for
treatment planning.

In this phase I study, 124I-omburta-
mab imaging before 131I-omburtamab
intraperitoneal radioimmunotherapy showed
favorable biodistribution with dispersion
within all quadrants of the peritoneal cavity
and low systemic activity in other organs.

The peritoneal distribution was heterogeneous but localized in all 4
quadrants of the abdomen in all patients. There was no clear pat-
tern of variation of distribution noted in patients. The overall
retention time in the peritoneum was long (mean biologic
half-time of 24.5 6 5.2 h). The dosimetry estimates showed
low normal-organ doses. The assessment of organ uptake
enabled assessment of projected dosimetry with 131I-ombur-
tamab (13). Because most patients had surgical debulking
and were required to have no measurable disease, any spe-
cific tumor dosimetry estimation could not be performed.
Uptake of 124I-omburtamab in major organs such as the liver

and spleen was low (maximum uptake of $0.003 percentage of
the injected activity per gram for both), reflecting slow systemic
distribution of the tracer, as also noted by low cardiac blood-
pool activity over all imaging time points and low cross-reactivity
with normal tissues. The uptake pattern of the organs showed an
initial increase, suggesting slow systemic absorption from intra-
peritoneal activity, followed by clearance that paralleled the
blood activity, which also showed an initial increase before
clearance. The low systemic absorption resulted in low blood
and bone marrow exposures. The elimination pathway appears
to be primarily renal, as suggested by urine activity within the
bladder, low liver activity, and lack of gallbladder or gastroin-
testinal tract activity, suggesting that hepatobiliary clearance
was not prominent. Thyroid doses were overall low. Two
patients with underlying hypothyroidism had higher doses likely

FIGURE 2. Serial images after 124I-omburtamab injection. Maximum-intensity-projection (A) and
fused transaxial images PET/CT images (B–D). Peritoneal activity is intense (A and D). Distribution is
noted along all quadrants with slightly more in bilateral paracolic gutters. Peritoneal distribution
decreases with time along with increasing blood-pool activity and thyroid uptake in later images that
decreases in last image. Right supraclavicular and mediastinal lymph nodes are visualized in early
images (arrows), demonstrating decreased visualization with time.
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due to inherent high thyroid-stimulating hormone stimulation.
Clinical follow-up with measured thyroid-stimulating hormone
did not reveal hypothyroidism resulting from 131I-omburtamab
therapy in any patients (13).
Lymph node uptake was variable; the nodes visualized were not

metastatic as assessed by concurrent or follow-up diagnostic CT
scans. The significance of the nodal uptake is unclear, however.
In many patients who showed nodal uptake, activity was noted
along the pleuroperitoneal surface, as was diffuse uptake along
inferior posterior aspects of the pleura on the ipsilateral side of
the nodal uptake, suggesting a likely mechanism related to transit
of 124I-omburtamab along the lymphatics and thoracic duct to
mediastinal nodes (17). Overall, the normal-organ and whole-body
radiation dosimetry profile of imaging with 124I-omburtamab
patients was favorable, with low uptake and radiation absorbed

doses noted. The total body effective dose was 0.3 mSv/MBq
for intraperitoneal administration, which is similar or slightly
lower than the approximately 0.5 mSv/MBq noted after intra-
ventricular administration of 124I-omburtamab in 42 patients
with metastatic leptomeningeal tumors (11) and with convec-
tion-enhanced intratumoral delivery in patients with diffuse
intrinsic pontine glioma (NCT01502917). Peritoneal-to-liver
and peritoneal–to–blood-pool SUV ratios were very high (12
6 9 and 21 6 10, respectively, on the first PET/CT).

124I-omburtamab imaging allows assessment of biodistribution
and dosimetry before intraperitoneal delivery of 131I-omburtamab
antibody for therapy. In this phase I study, 124I-omburtamab imag-
ing was used to predict organ and peritoneal doses from therapeutic
administration of 131I-omburtamab (13). Our study used PET/CT
imaging to derive dose estimates for intraperitoneal RIT, unlike
prior studies that used radioimmunoconjugates targeting surface
antigens and assessed biodistribution and dosimetry either by
g-camera imaging or external radiation probes as applied, for
example, to single-photon emitters such as b-emitting 90Y or
a-emitting 211At and 212Pb for therapy (18–21). In our study, pedi-
atric and adolescent patients with DSRCT scheduled to undergo
treatment with 131I-omburtamab were imaged with companion
theranostic positron-emitting radioimmunoconjugate 124I-omburtamab.
This allowed for more comprehensive quantitative imaging at multiple
time points with higher spatial resolution than g-camera imaging
performed in other studies of intraperitoneal RIT. The pre-
dicted doses of 131I-omburtamab for intraperitoneal radioim-
munotherapy were within acceptable normal-organ limits, and
therapy was well tolerated by all DSRCT patients with no
dose-limiting toxicities noted (13). The systemic activity and
blood and organ radiation doses were low from both
124I-omburtamab and 131I-omburtamab, favoring use of this
theranostic pair for compartmental intraperitoneal radioimmuno-
therapy. On the basis of these encouraging data, we have initiated
a phase II study of 131I-omburtamab–based intraperitoneal RIT in

FIGURE 3. Mean SUVbw for normal organs and peritoneum (n 5 31
patients).

A

B

FIGURE 4. Whole-body (WB) (A) and blood (B) clearance of 124I-omburtamab
displayed in aggregate decay-corrected mean values. %IA5 percentage
injected activity. Mean6 SD.

TABLE 1
Time-Integrated Activity Coefficients (h) for Selected

Organs for Intraperitoneal Administration of
124I-Omburtamab

Organ Mean SD Median Minimum Maximum

Liver 3.5 1.6 3.1 1.5 7.3

Kidneys 0.4 0.1 0.4 0.3 0.7

Spleen 0.3 0.2 0.3 0.1 0.7

Stomach* 0.9 0.5 0.7 0.3 2.1

Urinary bladder* 1.1 0.5 1.0 0.3 2.9

Thyroid 0.07 0.21 0.01 0.00 1.22

Peritoneal cavity† 20.4 6.9 19.2 9.0 32.6

Rest of body 17.3 7.7 17.8 3.8 34.6

Whole-body 44.3 6.0 44.1 34.2 57.4

*Dose for cavity/content.
†Dose to peritoneal cavity wall per disintegration in peritoneal

cavity.
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combination with external-beam radiotherapy for DSRCT and
other B7-H3–expressing tumors involving the peritoneum
(NCT04022213).

CONCLUSION

PET/CT imaging with intraperitoneally administered 124I-
omburtamab enables the assessment of both intraperitoneal and
systemic distribution, allowing for estimation of absorbed dose
to the peritoneum and normal organs before therapy.
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TABLE 2
Normal-Organ Absorbed Dose and Effective Dose Estimates for Intraperitoneal Administration of 124I-Omburtamab

Mean absorbed doses (mGy/MBq) Mean SD Median Minimum Maximum

Adrenals 0.45 0.07 0.44 0.27 0.59

Brain 0.09 0.06 0.08 0.02 0.21

Breasts 0.12 0.04 0.11 0.07 0.21

Gallbladder wall 0.21 0.07 0.20 0.10 0.36

Lower large intestine wall 0.23 0.06 0.21 0.15 0.35

Small intestine 0.50 0.09 0.48 0.30 0.68

Stomach wall 0.66 0.16 0.65 0.44 1.10

Upper large intestine wall 0.46 0.08 0.46 0.28 0.62

Heart wall 0.39 0.07 0.38 0.26 0.53

Kidneys 0.57 0.12 0.55 0.38 0.80

Liver 0.73 0.22 0.68 0.41 1.26

Lungs 0.19 0.05 0.17 0.13 0.30

Muscle 0.20 0.05 0.18 0.14 0.30

Ovaries 0.40 0.02 0.40 0.36 0.41

Pancreas 1.07 0.26 1.03 0.59 1.54

Red marrow 0.22 0.04 0.21 0.15 0.30

Osteogenic cells 0.25 0.07 0.23 0.16 0.38

Skin 0.11 0.04 0.10 0.06 0.19

Spleen 0.48 0.17 0.50 0.22 1.00

Testes 0.13 0.06 0.11 0.06 0.25

Thymus 0.15 0.05 0.13 0.08 0.25

Thyroid 0.27 0.24 0.19 0.07 1.03

Urinary bladder wall 0.85 0.29 0.78 0.36 1.52

Uterus 1.21 0.21 1.14 1.00 1.50

Total body 0.22 0.05 0.21 0.15 0.32

Peritoneum self-dose 0.57 0.19 0.57 0.22 1.07

Effective dose (mSv/MBq) 0.31 0.10 0.30 0.20 0.71

Units are mGy/MBq unless otherwise noted.
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KEY POINTS

QUESTION: What is the feasibility, safety, and clinical utility of
124I-omburtamab PET/CT imaging for patients with DSRCT?

PERTINENT FINDINGS: In this phase I study, 31 patients were
imaged with 124I-omburtamab administered intraperitoneally
before treatment with 131I-omburtamab. Dosimetry and biodistri-
bution were favorable, with minimal uptake in organs and long
retention in the peritoneal cavity.

IMPLICATIONS FOR PATIENT CARE: 124I-omburtamab PET/CT
enables theranostic imaging assessment in patients and has a
potential role in planning therapy. A phase II study is under way.
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Radioembolization Dosimetry with Total-Body 90Y PET
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Transarterial radioembolization (TARE) is a locoregional radiopharma-
ceutical therapy based on the delivery of radioactive 90Ymicrospheres
to liver tumors. The importance of personalized dosimetry to make
TARE safer and more effective has been demonstrated in recent clini-
cal studies, stressing the need for quantification of the dose–response
relationship to ultimately optimize the administered activity before
treatment and image it after treatment. 90Y dosimetric studies are
challenging because of the lack of accurate and precise methods but
are best realized with PET combined with Monte Carlo simulations
and other imagemodalities to calculate a segmental dose distribution.
The aim of this study was to assess the suitability of imaging 90Y PET
patients with the total-body PET/CT uEXPLORER and to investigate
possible improvements in TARE 90Y PET-based dosimetry. The
uEXPLORER is the first commercially available ultra-high-resolution
(171 cps/kBq) total-body digital PET/CT device with a 194-cm axial
PET field of view that enables the whole body to be scanned at a sin-
gle bed position. Methods: Two PET/CT scanners were evaluated in
this study: the Biograph mCT and the total-body uEXPLORER.
Images of a National Electrical Manufacturers Association (NEMA)
image-quality phantom and 2 patients were reconstructed using our
standard clinical oncology protocol. A late portal phase contrast-
enhanced CT scan was used to contour the liver segments and create
corresponding volumes of interest. To calculate the absorbed dose,
Monte Carlo simulations were performed using Geant4 Application
for Tomographic Emission (GATE). The absorbed dose and dose–
volume histograms were calculated for all 6 spheres (diameters
ranging from 10 to 37 mm) of the NEMA phantom, the liver seg-
ments, and the entire liver. Differences between the phantom
doses and an analytic ground truth were quantified through the
root mean squared error. Results: The uEXPLORER showed a
higher signal-to-noise ratio at 10- and 13-mm diameters, consis-
tent with its high spatial resolution and system sensitivity. The total
liver-absorbed dose showed excellent agreement between the
uEXPLORER and the mCT for both patients, with differences lower
than 0.2%. Larger differences of up to 60% were observed when
comparing the liver segment doses. All dose–volume histograms
were in good agreement, with narrower tails for the uEXPLORER in
all segments, indicating lower image noise. Conclusion: This
patient study is compelling for the use of total-body 90Y PET for
liver dosimetry. The uEXPLORER scanner showed a better signal-
to-noise ratio than mCT, especially in lower-count regions of inter-
est, which is expected to improve dose quantification and tumor
dosimetry.

Key Words: Monte Carlo simulation; radioembolization; 90Y; micro-
spheres; radionuclide therapy; personalizedmedicine
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Transarterial radioembolization (TARE) is a locoregional
radionuclide therapy based on the delivery of radioactive 90Y
microspheres to liver tumors (1,2). TARE is increasingly integrated
in multitherapy approaches for both primary and metastatic liver
cancer and has shown good potential to improve quality of life or
downstage tumors for transplantation (3–6). It has also demonstrated
a reduction in time to progression (6), with low toxicity (7,8), and
has been adopted as the primary treatment for hepatocellular carci-
noma at some institutions (3). The 2 commercially available 90Y
microspheres—resin (SIR-Spheres; Sirtex) and glass (TheraSphere;
Boston Scientific)—are directly injected into the hepatic arteries
through a catheter. The glass and resin microspheres have an average
diameter of 20–60 mm and 20–30 mm, respectively, and unit activity
of 2,500 Bq and 50 Bq, respectively, the latter requiring a larger
amount of resin microspheres to achieve the same administered
activity (9). The microspheres are transported mainly by the blood
flow and tend to form clusters, thus presenting a very heterogeneous
distribution in the liver. This distribution can cause the absorbed
dose to locally achieve values of close to 400 Gy, much greater than
the total liver target of 120 Gy and threatening sensitive hepatic
structures (10–14). One major challenge in making TARE safer and
more effective is the lack of accurate methods to assess this hetero-
geneous dose distribution in the tumor and the rest of the liver after
treatment. Because there is mounting evidence that TARE patient
outcome correlates with the absorbed dose (15–19), it becomes criti-
cal to develop dosimetry methods that allow for quantitative evalua-
tion of this relationship (e.g., progression-free survival vs. absorbed
dose in Gy). Quantification of the dose–response relationship is
required to optimize and understand the effects of administered
activity and the potential need for retreatment or treatment of adverse
effects; 3-dimensional (3D) image-based dosimetry is a promising
approach to achieve these goals (20).
Significant effort has been put into posttreatment monitoring,

which is challenging because of the difficulty of imaging 90Y,
a b-emitter (99.98%) with a maximum energy of 2.28MeV.
Although 90Y Bremsstrahlung x-ray photons are routinely imaged
with a g-camera or SPECT, they form images with a very low sig-
nal-to-noise ratio and poor spatial resolution. This is due to the
low photon emission yield per b-decay and the broad energy spec-
trum of these x-ray photons, preventing data correction and energy
windowing (21). An alternative imaging modality for dosimetry is
quantitative PET, possible through the limited 90Y positron emis-
sion (0.0032% of decays). The spatial resolution of 90Y PET is
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much better than 90Y SPECT (21), but 90Y PET dosimetry suffers
from high bias and variability in small or low-activity regions
(22,23), preventing it from fully capturing the high heterogeneity
of the liver dose distribution. The energy deposition at a voxel
level ($3mm) can nevertheless be easily computed with high
accuracy through Monte Carlo simulations, such as the Geant4
Application for Tomographic Emission (GATE) toolkit. GATE
is capable of modeling particle transport through matter and
storing the energy deposited in a 3D map to compute voxel-
based absorbed doses.
Recently, the advent of PET scanners with a long axial field of

view and total-body capability has provided a substantial improve-
ment in PET sensitivity over conventional PET scanners (24–26).
The uEXPLORER scanner (Fig. 1A) has an axial field of view of
194 cm, allowing the whole body to be scanned at a single bed
position, and a large acceptance angle—capabilities that, com-
bined, allow for a relatively flat sensitivity profile across 1 m (Fig.
1B), providing a 16- to 64-fold gain in sensitivity for total-body
imaging. For single-organ imaging in the abdominal region posi-
tioned within the central meter, the sensitivity gain is expected to
be 4- to 10-fold. This may be especially beneficial for PET imag-
ing of 90Y, for which positron yield is 30,000 times lower than
that for standard clinical oncology imaging with 18F-FDG.
This work evaluated the suitability of imaging 90Y PET patients

with the total-body PET/CT uEXPLORER scanner (United Imag-
ing Healthcare) installed at the University of California, Davis.
We present the very first use (to our knowledge) of total-body
PET for TARE dosimetry and an investigation of the possible
improvement in dose accuracy expected from the uEXPLORER
sensitivity, 18 times higher than that of the conventional PET
scanner used in this study according to the National Electrical
Manufacturers Association (NEMA) NU 2 standard, the Biograph
mCT (Siemens Healthineers) (24,27). The images were used as
input for Monte Carlo simulations to perform 90Y liver radioembo-
lization dosimetry and compare conventional and total-body clini-
cal 90Y PET/CT for the first time, to our knowledge.

MATERIALS AND METHODS

System Parameters
The Biograph mCT is a PET/CT scanner with a field of view of

21.8 cm. The scanner has a sensitivity of 9.6 kcps/MBq, a spatial reso-
lution of 4.5 mm at the center (21), and a time-of-flight resolution of
550 ps (27).

The uEXPLORER total-body PET/CT scanner (Fig. 1) has an axial
field of view of 194 cm, with a 57! axial acceptance angle. This leads
to the highest sensitivity of any clinical PET scanner, 176 kcps/MBq,
as measured with the NEMA NU 2 protocol. The spatial resolution is
3.0 mm (28). The time-of-flight resolution was measured to be 505 ps
following NEMA NU 2 2018.

Phantom Scan
A NEMA image-quality phantom was used to evaluate the image

quality of both PET/CT scanners when imaging a therapeutic dose
level of 90Y (1–5 GBq), with the goal of calculating the absorbed
dose. A Capintec CRC-55TR dose calibrator was used for 90Y dose
measurements after it was calibrated with a National Institute of
Standards and Technology–traceable 90Y source (Eckert and Ziegler
GmbH) with an accuracy of 63%. The phantom was filled with
2.51GBq of 90Y solution with a sphere-to-background ratio of 7.78:1
in the 6 fillable spheres (diameters, 10–37mm). The phantom was
positioned with all spheres at the center of the axial field of view and
imaged on day 0 for 30 min using a single bed position, first on the
mCT and then on the uEXPLORER, to allow a direct comparison
between the two.

Patient Scans
A single-site prospective study was approved by the Institutional

Review Board to collect PET/CT images after 90Y liver radioemboli-
zation. Two patients were imaged with PET/CT after radioemboliza-
tion at the University of California–Davis Health.

The first patient (P1) received a total activity of 3.363 GBq of 90Y
glass microspheres in 3 consecutive injections, targeting multiple neu-
roendocrine liver metastases. The patient was scanned 5 h after injec-
tion on the uEXPLORER total-body PET scanner (30-min duration)
and then on the mCT 1 h later (30 min, 2 bed positions, 43% overlap).
The second patient (P2) received a total activity of 0.985 GBq of 90Y
resin microspheres to treat metastatic pancreatic cancer. PET/CT
images were acquired for 30 min at a single bed position covering the
whole liver at 21.8 and 22.6 h after injection on the uEXPLORER and
the mCT, respectively.

Image Reconstruction
Both phantom and patient data were reconstructed on the

uEXPLORER using parameters adapted from the University of Cali-
fornia–Davis clinical oncology protocol (but with an increased isotro-
pic voxel size of 4 mm as opposed to 2.344 mm): ordered-subset
expectation maximization, 20 subsets, 4 iterations, time of flight,
point-spread function modeling, and no smoothing. This protocol fol-
lows the University of California–Davis low-dose image reconstruc-

tion parameters designed to reduce noise in
low-count imaging such as for 90Y imaging
(29,30).

Image reconstruction on the mCT used
ordered-subset expectation maximization, time
of flight, 21 subsets, 3 iterations, point-spread
function modeling, a voxel size of 4.078 3

4.078 3 3.75mm, and 5-mm gaussian smooth-
ing following a previously published protocol
(31) and closely matched the clinical oncology
protocol of this scanner except for a 5.0-mm
gaussian filter used to reduce noise for low-
count 90Y imaging.

The voxel size of the uEXPLORER recon-
structions provides the closest possible match
to the mCT reconstruction voxel size to
reduce bias in the comparison. Given that the
uEXPLORER has very high sensitivity and

FIGURE 1. (A) Photograph of uEXPLORER total-body PET/CT scanner installed at EXPLORER
Molecular Imaging Center in Sacramento, CA. (B) Comparison of sensitivity profiles between mCT
and uEXPLORER.
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high spatial resolution, uEXPLORER images without smoothing are
still less noisy than mCT images (Figs. 2A and 2B), and additional
smoothing would likely over-smooth the images, reducing diagnostic
imaging performance.

Contrast-Enhanced CT (CECT)
Routine 4-phase abdominal CECT images acquired before treatment

were used for liver contouring and segmentation. The late portal-phase
image was used to identify the whole liver contour and the vasculature
and to define the 8 Couinaud segments, S1–S8 (including segments 4a
and 4b) (32,33). Thirteen volumes of interest (VOIs) were created
(Figs. 2C and 2D), including the inferior vena cava and the left and
right portal veins. The absorbed dose depends largely on the liver
masses of P1 and P2 (1,504.8 g and 919.8 g, respectively), and the vol-
umes and masses of all VOIs can be seen in Table 1. The segmentation
was verified by a board-certified radiologist with 9 y of experience.

90Y Image-Based Dosimetry Using Monte Carlo Simulation
To calculate the absorbed dose from the activity distribution in the

VOI, Monte Carlo simulations were performed using GATE 9.0 (34).
An attenuation map was generated for each patient or phantom using
CECT and CT images, respectively, and material composition in
GATE. The PET images were converted into activity distributions and
then normalized to provide a probability density map of positron emis-
sion. The source and attenuation maps allowed GATE to generate and
transport the primary and secondary particles (mostly electrons) and
store the deposited energy in a 3D image matrix. The energy deposition

matrix was weighted by its density to produce the final 3D absorbed
dose distribution in Gy. The 90Y physics were modeled through the
standardem_opt4 package with a standard energy cut of 1 mm, consis-
tent with the liver tissue modeled in this work and as recommended for
medical applications (35). The 90Y radioactive decay energy distribu-
tion was defined by an energy spectrum generated from the Fermi
theory for b-decays (36). 90Y decays to 90Zr through b-emission
(99.998%) with a maximum energy of 2.28 MeV and mean energy of
930 keV, corresponding to a maximum electron range of 11 mm and a
mean range of 2.5 mm in water (21). A low-frequency decay (0.017%)
to the first excited state of 90Zr allows transition of the internal pair
production to ground state, yielding on average 31.86 positron emis-
sions per million 90Y decays that can be imaged with PET (37).

Phantom Absorbed Dose Calculation
The absorbed dose was estimated for each sphere insert of the

NEMA image-quality phantom. To prevent any voxel outside the VOIs
from containing a primary event in the Monte Carlo simulation and
thus maximize the computation efficiency, a binary mask restricted the
PET-based source distribution to voxels corresponding to each VOI.
This method allowed the simulations to be performed with a fixed
number of primary events followed by scaling to the cumulative activ-
ity instead of using the true total number of events, typically very large
with therapeutic activities of 1–5 GBq. A total of 107 primaries was
chosen to provide a statistical uncertainty of approximately 1% for the
37-mm sphere with a reasonable simulation time of 2 h in an 8-core
computer at 3.2 GHz and 64 GB of random-access memory. The reso-

lution of the volumetric dose map generated
by GATE was 4-mm isotropic and 4.07 3

4.07 3 3.75 mm for the uEXPLORER and
the mCT, respectively. A separate Monte
Carlo simulation was performed to produce
the ground truth dose map through a mathe-
matic model of the image-quality phantom.
The ground truth was calculated with Monte
Carlo simulation exactly as for the image-based
calculations, but using geometric spheres, a
homogeneous radiation source, and 0.25 3

0.25 3 0.25 mm voxels to allow accurate
tracking of b-particles with ranges of up to
11 mm. To compensate for the small voxel
size, 108 primaries per sphere were used to
achieve a statistical uncertainty of approxi-
mately 5% for the 37-mm sphere.

Patient Absorbed Dose Calculation
The noise in 90Y-PET images is inherently

higher than in 18F images because of the low
positron yield combined with a lack of spe-
cific reconstruction methods to address the
low count statistics (37). This limitation poses
a unique challenge in defining the liver vol-
ume directly on the PET image, especially
when respiratory motion shifts the liver posi-
tion (38). Segmenting different images sepa-
rately (e.g., mCT and uEXPLORER) also
adds bias to the absorbed dose distributions,
which was mitigated using a single VOI gen-
erated from the contoured CECT. The PET
images were coregistered to the CECT and
then projected onto the CECT image grid.
Since PET images are used as radiation sour-
ces, every count in the image is a probable
location of a primary event. To ensure that all

FIGURE 2. (A and B) Patient images of PET/CT at axial, coronal, and sagittal views from
uEXPLORER (A) and mCT (B). uEXPLORER images without smoothing are less noisy than mCT and
additional smoothing to uEXPLORER. (C and D) CECT at axial view with Couinaud segments at upper
liver containing segments 2, 4a, 7, and 8 (C) and lower liver containing segments 3, 4b, 5, and 6 (D).
Inferior vena cava and left and right portal veins can be visualized in both upper and lower liver.
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primary events were generated only in the liver, the same technique as
used for the phantom was applied, in which the liver VOI was used as a
binary image mask to restrict primary-event generation to regions within
the liver (Fig. 3).

Monte Carlo simulations were performed within a voxelized phan-
tom created from the CECT image that provided the anatomic infor-
mation, mass, and density of tissue in which the b-particles propagate
and interact. The activity distribution measured from PET images reg-
istered to the CECT volume was used to define the 90Y source with
108 primary events, with a voxel size matching the spatial resolution
of the CECT images (0.74 3 0.74 3 1.25 mm and 0.67 3 0.67 3

1.00 mm for P1 and P2, respectively). All voxel-based absorbed doses
were calculated from the dose map by averaging the voxel values in
the VOI since all voxels share the same mass and density. No ground
truth was computed, as no in vivo quantification of the 90Y micro-
spheres distribution can be performed to confirm the 90Y activity dis-
tribution measured with PET.

Dose Characterization
The absorbed dose and dose–volume histograms (DVHs) were cal-

culated for each phantom sphere, each liver segment, and the entire
liver from the 3D absorbed dose distributions. DVHs for individual
segments and the whole liver were used to assess the difference in the
dose distributions computed from each PET/CT scanner. A particular
range of dose bins was also evaluated, with consideration of only the
voxels between 20% and 80% of the maximum absorbed dose (Gy) to
build the cumulative DVH (DVH20%–80%). This approach makes the
data trends clearer by avoiding errors near extremes where the noise
might be increased (37).

With the NEMA spheres, for which ground truth was available, the
difference between the true value and the values obtained with

the scans was also quantified through the root mean squared error
(RMSE) (39):

RMSE5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX100
0

DVHPET,f2DVHTrue,fð Þ2
vuut

100
,

where DVHPET,ø is the image-based absorbed dose and DVHTrue,ø

is the true absorbed dose from the ground truth. The RMSE was
calculated for the whole volume as well as for the 20%–80%
range.

RESULTS

Phantom Analysis
Figure 4A shows the dose differences between the ground truth,

the mCT, and the uEXPLORER for all 6 spheres. The mCT scan-
ner at 10- and 13-mm diameters showed negative biases of 14.4
and 14.5 Gy, respectively. The uEXPLORER showed differences
of 7.9 and 1.4 Gy, respectively, for these volumes. The lower
biases were consistent with the higher sensitivity and spatial reso-
lution of the uEXPLORER, expected to improve the dosimetry
accuracy primarily in low-count 90Y-PET regions resulting from
small or low-activity regions.
Figure 4B shows the DVH20%–80% of the 37-mm sphere for both

the uEXPLORER and the mCT, as well as for the ground truth. The
90Y b-particles may deposit their energy in a neighbor voxel or
even outside the sphere, leading to a heterogeneous energy deposi-
tion; therefore, DVH20%–80% exhibits a slow decrease rather than
being a step function. The 37-mm sphere accounts for a larger num-
ber of voxels and thus resulted in a good RMSE agreement with the
ground truth for both PET scanners, with no significant difference
(0.3%) between the scanners’ RMSEs. Although the RMSE was
lower for the uEXPLORER in 4 of 6 spheres, including the 2 small-
est spheres, of 10- and 13-mm diameter, it varied widely, with no
clear trend between the 2 scanners. The 20%–80% RMSE range did
not further improve the analysis, with a 36%–140% variation from
the ground truth.

Patient Dosimetry
The total liver-absorbed dose calculated from the PET distribu-

tion showed excellent agreement between the uEXPLORER and
the mCT, with 108 Gy (difference of 0.2 Gy, or 0.19%) for P1 and
40 Gy (difference of 0.1 Gy, or 0.16%) for P2. Much larger differ-
ences were observed when comparing the dose in liver segments,
ranging from 6 to 204 Gy (differences from 0.01% to 60.8%) for

TABLE 1
Liver and Liver Segment Volumes and Masses in P1 and P2

Liver segment

Patient Parameter Liver IVP LPV RPV 1 2 3 4a 4b 5 6 7 8

P1 Volume (mL) 1,417.5 22.23 2.56 24.39 24.52 129.9 45.94 199.73 36.9 186.48 49.19 212.57 483.09

Mass (g) 1,504.8 23.6 2.72 25.89 26.03 137.9 48.77 212.03 39.17 197.97 52.22 225.66 512.85

P2 Volume (mL) 866.5 33.96 6.61 9.6 14.04 91.46 155.39 124.9 87.93 169.27 34.0 22.66 116.67

Mass (g) 919.8 36.05 7.02 10.19 14.9 97.09 164.96 132.59 93.35 179.7 36.09 24.06 123.86

IVC 5 inferior vena cava; LPV 5 left portal vein; RPV 5 right portal vein.

FIGURE 3. P2 activity distribution with 957 MBq in entire mCT PET
image (A) and after applying mask corresponding to VOI to limit generation
of events to VOI (B).
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P1 (Fig. 5A) and 10 to 92 Gy (differences from 0.39% to 35.8%)
for P2 (Fig. 5B).
Figure 6 shows the DVH20%–80% for segments 6–8 in both P1

and P2. These segments had the highest activities and absorbed
doses and, thus, also better count statistics and lower noise, pro-
viding the most robust comparison between the 2 scanners. All
values of DVH20%–80% were in good agreement, with narrower tails
for the uEXPLORER in all segments. As reported previously (39), a
narrower tail might be an indicator of lower image noise. This was
clearer in P2, who received a lower injected activity and was imaged
at a later time point than P1 (5 h and 22 h after injection, respec-
tively) and therefore should have a lower signal-to-noise ratio.
Accordingly, the lower image noise of the uEXPLORER agreed with
the improved average contrast recovery reported previously (28).

DISCUSSION

The absorbed doses calculated for the NEMA phantom spheres
imaged with the uEXPLORER and mCT scanners agreed well for
most of the 4 largest spheres, with an expected fluctuation due to
the inherent noise present in 90Y-PET images. In contrast, a larger
discrepancy between the calculated doses and the ground truth,
1.0% and 10.2%, was observed with the uEXPLORER and the
mCT, respectively, for the 13-mm-diameter sphere. This is a clear
indication of the higher spatial resolution and signal-to-noise ratio
of the uEXPLORER, which is especially beneficial for dose quan-
tification in small and low-activity regions. This trend was also

observed in patient images, in which the nar-
rower tail of the uEXPLORER DVH20%–80%

indicates a lower noise level, more apparent
for P2, who received a lower injected activ-
ity and was scanned at a later time point,
resulting in a 2-fold reduction in counts.
The DVH20%–80% for both the phantom

and the patients showed a very similar slope
in both scanners, and the behavior of the
slope indicates the heterogeneity of the
dose or, in this case, the activity source. In
a homogeneous source, all voxels have the
same value, and therefore, the DVH20%–80%

would be a step function. In a heterogeneous
source, the voxels have different values,

resulting in slopes such as those shown in Figures 4B and 6.
Hence, the similarities in the DVH slope for both scanners suggest
a similar distribution of activity. Similar distributions and heteroge-
neities obtained from the 2 subsequent PET scans suggest that 90Y
PET can be considered a reliable method for posttreatment dosime-
try and follow-up.
P1 received 3 selective injections through the right hepatic artery

targeting 3 main arterial branches supplying multiple tumors in the
right hepatic lobe, resulting in high doses in target segments S5 to
S8. Segments S1–S4 and the vessels should contain no or very little
activity because of the injection location, meaning that the
observed dose is likely due to inaccuracies in PET corrections dur-
ing reconstruction (e.g., scatter and dead-time correction and lute-
tium yttrium orthosilicate background subtraction). P2 received a
single lobar injection in the right hepatic artery before lobectomy,
resulting in a more uniform absorbed dose distribution in segments
S5–S8 than in P1 due to a more widespread microsphere distribu-
tion. Most of the resin microspheres were directed to the right lobe,
but a substantial amount of activity reached the left lobe, possibly
because the large number of microspheres led to a reflux into unin-
tended artery branches (9), explaining the high doses in segments
4a and 4b and stressing the need for posttreatment dosimetry.
Although P2 was injected with a much lower activity than P1
(25%), the absorbed dose for the entire liver volume was 35% of
P1’s liver dose because of the much smaller liver mass (919.8 g
and 1,504.8 g, respectively). Low VOI masses (2–26 g, derived
from organ volumes), such as those of the vessels, can cause even

FIGURE 4. Absolute differences between uEXPLORER and mCT vs. true absorbed doses from
ground truth for 6 NEMA spheres (A) and DVH of 37-mm sphere with 20%–80% range of maximum
absorbed dose (Gy) (B).

FIGURE 5. Absorbed doses for P1 (A) and P2 (B). Error bars indicate statistical uncertainty from GATE simulations. IVC 5 inferior vena cava; LPV 5

left portal vein; RPV5 right portal vein.
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a very low 90Y activity to generate a high absorbed dose with a
high degree of uncertainty. This also explains why the absorbed
dose in S5 and S7 was greater for P2 than for P1 despite the lower
injected activity. The intraliver discrepancies and the changes in
absolute dose values indicate the importance of conducting a seg-
mental dose assessment for 90Y radioembolization instead of evalu-
ating the whole liver dose, which includes the total mass even if
not irradiated and decreases the mean absorbed dose. Furthermore,
recent studies showed lobules trapping 1–453 microspheres, result-
ing in a highly nonuniform distribution (14) and creating high
doses locally. It is therefore critical to measure dose heterogeneity
and move toward high-resolution dosimetry.

CONCLUSION

Personalized dosimetry is of great interest in TARE. A detailed
evaluation of the absorbed dose in the liver through the Couinaud
liver segments allows a better understanding of the microsphere
distribution and an evaluation of the treatment. The whole liver
absorbed doses calculated from 2 different PET scans were in high
agreement with each other, indicating that both conventional and
total-body PET provide good 90Y dosimetry. This agreement
builds confidence about using 90Y PET over bremsstrahlung
SPECT, with the possibility of assessing microsphere placement
and dosimetry after treatment. Performing segmental liver dosime-
try not only can indicate the dose–response relationship of the
treatment but also can help improve patient care. Understanding
the activity may either confirm the planning or elucidate an unex-
pected distribution and might support an increase of the injected
activity when low toxicity is confirmed. The uEXPLORER pro-
vides a more detailed activity and absorbed dose distribution,
translating into a more accurate visualization and quantification of
microsphere clusters. This ability is particularly important when
analyzing liver segments or small volumes and tumors. Although
uEXPLORER images are visibly clearer, only the relative differ-
ence from conventional PET can be computed, since there is no

in vivo ground truth to confirm the microsphere distributions. The
better accuracy observed in the small spheres of the NEMA phan-
tom and the greater spatial resolution of uEXPLORER made core-
gistration between the PET and CT images faster and more
accurate, indicating the potential of total-body PET for intraliver
dosimetry. This potential will be investigated in further patient
studies.
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KEY POINTS

QUESTION: What is the impact of evaluating the TARE dose dis-
tribution at the liver-segment scale, and what is the advantage of
using high-sensitivity total-body PET?

PERTINENT FINDINGS: Segmental calculation of the absorbed
dose resulted in large discrepancies between the total-body and
conventional PET scanners, whereas evaluation of the entire liver
exhibited good agreement and the uEXPLORER showed a better
signal-to-noise ratio in both phantom and patient evaluations.

IMPLICATIONS FOR PATIENT CARE: The use of PET images
opens the possibility of posttreatment follow-up and dosimetry
with the calculation of the dose absorbed by Couinaud liver
segments, which helps in treatment evaluation through detailed
separation of irradiated and nonirradiated volumes.
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Toward a Patient-Specific Traceable Quantification of
SPECT/CT-Based Radiopharmaceutical Distributions

Anna-Lena Theisen, Michael Lassmann, and Johannes Tran-Gia
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Quantitative SPECT/CT imaging is currently the state of the art for peri-
therapeutic monitoring of radiopharmaceutical distributions. Because of
poor resolution, however, the verification of SPECT/CT-based activity
distributions is of particular importance. Because of the lack of a ground
truth in patient measurements, phantoms are commonly used as a sub-
stitute for clinical validation of quantitative SPECT/CT. Because of the
time-consuming and erroneous preparation of multicompartment phan-
toms, such as for the kidney, the usually very complex internal activity
distributions are typically replaced by 1- or 2-compartment models.
To provide a simplified solution for generating inhomogeneous activity
distributions, this work presents a methodology for designing single-
compartment phantoms thatmimic inhomogeneous spatial activity distri-
butions by using internal filling structures of different volume fractions.
Methods: A series of phantoms with different filling structures was
designed, 3-dimensionally printed, and measured. After assessing
the feasibility of the presented approach in a simple geometry, a set
of three patient-specific kidney phantoms was designed on the basis
of the contrast-enhanced CT scan of a patient with metastatic castra-
tion-resistant prostate cancer. Internal gyroid structures of different
wall thicknesses were used in the renal medulla and cortex to repro-
duce the inhomogeneous activity distribution observed in a perithera-
peutic SPECT/CT acquisition 24 h after injection of 177Lu-labeled
prostate-specific membrane antigen (apparent activity concentration
ratios of 1:1, 1:3.5, and 1:7.5). After 3-dimensional printing, SPECT/CT
experiments were performed and the results were compared with
the patient data for different reconstruction settings (iterations, sub-
sets, and postfiltering). Results: Good agreement was found
between phantom designs and fabricated phantoms (based on
high-resolution CT). No internal filling structures were visible in any
of the SPECT images, indicating a sufficiently small feature size.
Although good visual and quantitative agreement was achieved for
certain combinations of filling structure and reconstruction, a histo-
gram analysis indicated an even more complex activity distribution
in the patient than represented by the two compartments assumed
in our model. Conclusion: The proposed methodology provides
patient-specific phantoms mimicking inhomogeneous activity distri-
butions while using a single stock solution, thus simplifying the filling
process and reducing uncertainties in the activity determination.
This method enables an unprecedented possibility for patient-spe-
cific evaluation of radiopharmaceutical uptake, reducing uncertain-
ties in internal dosimetry and individualized treatments.

Key Words: methods; SPECT/CT; 3D printing; activity distribution;
kidney phantom; quantitative SPECT/CT

J Nucl Med 2022; 63:1108–1116
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A fundamental problem in the clinical validation of new imaging
technology such as quantitative imaging of radiopharmaceutical distri-
butions is the lack of a ground truth in patient measurements. Since
nuclear medicine imaging procedures are typically noninvasive, direct
validation of the measured radiopharmaceutical distribution on the
basis of tissue samples is possible in only the rarest of cases. As an
example, de Jong et al. revealed the radioactivity distribution in the
normal human kidney after intravenous injection of 111In-diethylene-
triaminepentaacetic acid octreotide using SPECT scanning before and
ex vivo autoradiography of the kidney after nephrectomy in three
men with single primary renal tumors (1). In most cases for which
such information is not available, however, imaging methodologies
can be validated only on a non–patient-specific basis using anthropo-
morphic phantom measurements.
Industrially produced phantoms, which are widely used for

commissioning and quality control in nuclear medicine imaging,
typically consist of one or more fillable compartments of simple
geometries (e.g., spheres or cylinders). Inhomogeneous activity
distributions are typically achieved by assembling a set of single-
compartment phantom inserts separately filled with radioactive
stock solutions of different activity concentrations. This method,
however, increases the complexity and thus the error susceptibility
of the phantom preparation, as each separately filled compartment
adds to the total uncertainty of the measurement (e.g., because of
errors in the activity and filling volume of each stock solution). On
the way toward more patient-specific phantoms, increasingly com-
plex 3-dimensionally (3D) printed phantoms have recently been
proposed for quality assessment of SPECT/CT quantification (2–5).
The combination of low costs yet very flexible design options
makes the technology an ideal supplement for, or even an alterna-
tive to, industrially produced phantoms. Although in the first imple-
mentations of 3D printing technology for nuclear medicine
phantom production, simple geometries with a single fillable com-
partment were implemented (3), these designs were quickly
replaced by more complex structures consisting of multiple (mostly
two) separately fillable compartments (4,5). Despite many advance-
ments in the field of 3D printing for nuclear medicine phantom pro-
duction, inhomogeneous activity distributions within a single
compartment have not yet been achieved, leaving unresolved the
issue of patient-specific assessment of SPECT/CT imaging.
In this work, we present a way of achieving spatially inhomogeneous

activity distributions in a single fillable compartment by using internal
filling structures of different volume fractions. This method, while keep-
ing phantom filling as simple as possible, leads to apparently inhomoge-
neous activity distributions in SPECT/CT imaging if the structure size is
smaller than the SPECT resolution. The methodology was first
developed and tested in a simple cuboid geometry for validation
and was then applied to create a patient-specific multicompartment
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kidney of a patient with metastatic castration-
resistant prostate cancer who had previously
undergone 177Lu-labeled prostate-specific
membrane antigen (PSMA) therapy at our
institution.

MATERIALS AND METHODS

SPECT/CT Imaging
All SPECT/CT data in this work (phantom

as well as patient data) were acquired with a
Siemens Intevo Bold SPECT/CT system with
a 9.5-mm crystal thickness, a medium-energy
low-penetration collimator, a 180! configura-
tion, automatic contouring, continuous mode,
60 views, 10 s per view, a 256 3 256 matrix,
and 3 energy windows (20% around the main
photopeak of 208 keV and 2 adjacent 10%
windows). Subsequent to the SPECT acquisi-
tion, low-dose CT imaging was performed for
attenuation correction (130 kVp, 512 3 512
pixels, 1.0 3 1.0 3 3.0 mm resolution).
Reconstructions were performed using
xSPECT Quant (Siemens), automatically con-
verting counts to activity concentration based
on a National Institute of Standards and Tech-
nology–traceable cross-calibration (the cali-
bration of this quantitative reconstruction is performed regularly as
recommended by the manufacturer) using 1 subset with different com-
binations of iterations (12, 24, and 48) and postfilters (0, 10, and 20
mm). All activities were decay-corrected to the starting time of the
SPECT/CT acquisition.

The patient whose data were used for this study signed an informed
consent form, and the local ethics committee expressed no objections
to the retrospective evaluation and publication of the data in accordance
with data protection regulations (reference number 20200915 01).

Gyroid Structure
The basic idea is to achieve an apparently inhomogeneous signal dis-

tribution in SPECT phantoms using a phantom filled with a radioactive
solution of homogeneous activity concentration in combination with a
filling structure of spatially varying volume fraction (fraction of volume
occupied by the structure). As the structure fills space and thereby dis-
places radioactive solution to varying extents in different areas of the
phantom, the apparent activity distribution (e.g., for SPECT voxels,
which are typically in the range of 2–5 mm in edge length) can be var-
ied by changing the volume fraction of the filling structure. The mass
density of the hardened photopolymer resin is 1.22 6 0.01 g/cm3,
obtained by dividing the caliper-based volume of a 3D printed solid
resin cube with a side length of 20.00 6 0.05 mm (measurement of all
4 edges of a single 3D printed cube) by the weight measured with an
ED224S analytic balance (Sartorius AG; average of 3 measurements).
This value lies in the range of water and soft tissue, ensuring only
minor differences in attenuation between the resin and water.

The filling structure needs to be periodic to ensure that any excess
resin can leave the phantom during the printing process and that radio-
active solution can permeate the structure during phantom preparation
and emptying. In addition, the range of possible volume fractions
should be as large as possible to represent even highly heterogeneous
activity distributions. After testing different combinations of cylinders
and spheres of different sizes, the gyroid structure (6) was selected, as
it combines all required properties.

A gyroid (Fig. 1) is an infinitely connected triply periodic minimal
surface structure without self-intersections. The surface is described

by the following equation, where a equals the period and t affects the
thickness of the structure:

t ðx, y, zÞ5sin
2px
a

cos
2py
a

1sin
2py
a

cos
2pz
a

1sin
2pz
a

cos
2px
a

(Eq. 1)

Three gyroid representations form the basis for all phantom designs
in this work (a fixed period of a 5 4p"mm was used): Gyroid 1 (G1)
had a wall thickness of 0.40 mm, which represents the minimum wall
thickness supported by our 3D printer (Form 2, Formlabs). In addition,
gyroids with a wall thickness of 1.29 mm (G2) and 2.65 mm (G3) were
used to achieve volume fraction ratios of about 1:3.5 and 1:7.5, respec-
tively, with regard to G1. These volume fractions were chosen because
they cover the range of realistic volume fraction ratios (between 1:1 and
1:8 depending on patient, time after injection, and subregion of cortex or
medulla), which we had previously determined in a retrospective evalua-
tion (7) of autoradiography data published by de Jong et al. (1).

Cuboid Phantom
To validate our assumptions, a phantom was designed by concatenat-

ing 3 cubic structures with dimensions of 4 3 4 3 4 cm3, each consist-
ing of 1 of the 3 gyroids (G1, G2, and G3) (Fig. 2A). After creation in
MATLAB R2021a (MathWorks), each of these gyroids was transferred
to Netfabb Premium 2021 (Autodesk). In Netfabb, each structure was
smoothed (triangle reduction with a maximum average deformation of
0.05 mm) to enable high-quality 3D printing. On the basis of these
models, the volume fraction ratios between G1, G2, and G3 were deter-
mined as follows (intermediate values of the calculation can be found in
Table 1): first, the volume fraction filled with resin (resin fraction) was cal-
culated as the quotient of the gyroid structure’s volume inside a cube
(obtained by Netfabb) and the analytic cube volume. In addition, the frac-
tion of each gyroid volume that was fillable with radioactive stock solution
(fillable fraction) was calculated as a complement of the resin fraction.
Lastly, the ratio of these resin fractions with respect to G1 was calculated
(resin fraction G2 or G3 divided by resin fraction G1), which will be
referred to as the resin fraction ratio. These values are crucial when

FIGURE 1. Gyroid structures used in this work. (Top) Gyroid cubes (edge length, 2a) for a period of
a 5 12.56 mm and different wall thicknesses (G1, 0.40 mm; G2, 1.29 mm; G3, 2.65 mm). (Bottom)
Corresponding cross-sections (only a single period is depicted) to illustrate the gyroid features
(period, wall thickness) and the spatial volume filled by gyroid.
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designing multicompartment phantoms from 2 different gyroid representa-
tions (e.g., a kidney consisting of cortex and medulla).

To combine the 3 cubic gyroid structures in a single phantom, a cuboid
shell 4 3 4 3 12 cm3 in inner dimensions and with a 2-mm wall thick-
ness was designed to enclose the 3 wall-less gyroid cubes (a top and a
bottom part to be agglutinated after placing the gyroids inside; Fig. 2A).
This shell included a funnel-shaped filling port. Finally, all parts were
combined, and the model was exported in the stereolithography format.

All preparations for the 3D printing procedure (positioning, slicing,
and addition of support structures) were performed in PreForm 3.8.0
(Formlabs), and printing was performed using a Form 2 printer with a
layer thickness of 100 mm and the Clear V4 resin (both Formlabs).

Patient-Specific Kidney Phantom
To validate the methodology and demon-

strate its potential to assess SPECT-based
activity distributions obtained from patients
undergoing 177Lu-based radionuclide therapies,
we designed a set of patient-specific kidney
phantoms, performed 177Lu SPECT/CT acquis-
itions with these phantoms, and compared the
results with a clinical 177Lu SPECT/CT dataset
of the same patient (acquired with the same
setup and system). The kidney was chosen
because it represents one of the most common
organs at risk in radionuclide therapies (8–10).

The clinical validation was based on a peri-
therapeutic SPECT/CT dataset of a patient with
metastatic castration-resistant prostate cancer
who had undergone 177Lu-PSMA therapy at
our institution (acquisition time, 24 h after
injection). For design of a 2-compartment
model with different activity concentrations in
the cortex and medulla, high-resolution and
high-contrast morphologic data were addition-
ally needed. As the low-dose CT acquired along
SPECT/CT scanning is not sufficient to reliably
distinguish cortex and medulla, a temporally
close contrast-enhanced CT acquisition (Sie-
mens Biograph mCT 64; CT parameters, 0.783
0.783 1.00 mm3 resolution, 150 mAs, 100 kVp,
pitch factor of 0.8, 512 3 512 3 866 slices) of
the same patient was used. After anonymization
(syngo.via; Siemens), the DICOM images were
loaded into 3D Slicer 4.10.1 (11) for segmenta-
tion. First, the contrast-enhanced CT, which pro-
vided the anatomic information on the cortex
and medulla, was registered to the low-dose CT
scan of the peritherapeutic SPECT/CT acquisi-
tion using an affine registration. Then, slice-by-
slice segmentations of the cortex and medulla
of the left kidney were performed on the regis-
tered contrast-enhanced CT scan. These seg-

mentations were exported in the stereolithography format for further
processing (left column of Fig. 3A).

To cover a range of different internal activity distributions, a set of
3 kidney phantoms with different combinations of internal gyroid
structures was designed. Because the highest uptake is typically
expected in the renal cortex, the cortex of all phantoms was filled with
G1, that is, with the highest fillable fraction available. In contrast, the
medulla was filled with a different gyroid representation (G1, G2, and
G3) for each phantom, resulting in different resin fraction ratios (1:1,
1:3.55, and 1:7.44, respectively).

All gyroid compartments were constructed in Netfabb by Boolean
operations between the segmentations and the gyroid structures (Fig. 3A).

FIGURE 2. Cuboid phantom. (A) Model components (3 gyroid cubes of different volume fraction
ratios and shell consisting of 2 parts). (B) Cross-section through CAD model. (C) Cross-section
through CT (gray scale) superimposed by CAD model (different colors). (D) Cross-section of SPECT
reconstruction (48 iterations, 1 subset, and 10-mm postprocessing filter).

TABLE 1
Calculation of Resin Fraction and Fillable Fraction for 3 Cuboid Structures, and Resin Fraction Ratio of G2 and G3 with

Respect to G1

Gyroid Wall thickness (mm) Resin fraction Fillable fraction Resin fraction ratio

G1 0.40 0.078 0.922 1:1

G2 1.29 0.277 0.723 1:3.55

G3 2.65 0.580 0.420 1:7.44
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Subsequently, the 2 gyroid-filled compartments were combined with a
kidney shell (wall thickness, 1 mm), as well as filling and attachment
ports (Fig. 3A, center). Finally, the model was exported in the stereoli-
thography format and 3D printed in one piece as described in the previ-
ous section (Fig. 3B).

Refinement of 3D Printed Phantoms and Quality Assurance
After printing, all phantoms were refined as follows: to remove

excess resin, the phantoms were washed in 99.9% concentrated
2-propanol (IPA) for 180 min, followed by 60 min of ultraviolet cur-
ing at 60!C to reach the highest possible strength. Afterward, the sup-
port structures were manually removed. Finally, a polyamide M6
plastic thread and a filling funnel (to avoid air bubbles during filling)
were glued on with a medium-viscosity 2-component epoxy adhesive.

For quality assurance, the finished phantoms underwent several quality
tests. To check the agreement between the computer-aided design (CAD)
model and the printed phantom, a high-resolution CT scan of the phan-
tom was performed using the CT system integrated in our SPECT/CT
system (Siemens Intevo Bold; CT parameters, 0.29 3 0.29 3 0.70 mm3

resolution, 150 mAs, 130 kVp, pitch factor of 0.5, 5123 5123 241 sli-
ces) and the CT images were compared with the CAD models.

As waterproofness is one of the most important prerequisites for
nuclear medicine phantoms, the finished phantoms finally underwent
leakage testing. In the same process, the filling volume of each phan-
tom was determined by weighing the phantom before and after filling
with a PCB 3500-2 precision mass scale (Kern and Sohn GmbH).

Activity Quantification of the Patient’s Kidney
To establish similar measurement conditions between the phantom

measurements and the patient measurement, the total activities of the
kidney phantom measurements were chosen to be as similar as possi-
ble to the patient kidney. For this purpose, the SPECT/CT-based activ-
ity in the left patient kidney 24 h after injection was determined by a
volume-of-interest (VOI) analysis in the xSPECT Quant reconstruc-
tions (i.e., the mean of the activity concentration in a CT-based kidney
VOI [Bq/mL], which had been enlarged by 6 mm to account for spill-
out, multiplied by the VOI volume [mL] (12)). Activity concentrations
for the stock solutions to be used in the 3 kidney phantoms were
then calculated by dividing this total activity by the filling volume
of each of the kidney phantoms (target activities and activity concen-
trations, along with the actually measured values, can be found in
Table 2).

FIGURE 3. Design of patient-specific 2-compartment kidney phantom. (A) Boolean operations necessary to generate kidney CAD model out of
patient-specific kidney VOIs, different gyroid and filling structures (example: G1 and G3 for cortex and medulla, respectively), attachment and filling
ports, and patient-specific kidney shell. (B) 3D printed 1:7.5 kidney phantom. " 5 Boolean “and”; !5 Boolean “or.”

TABLE 2
Activities and Activity Concentrations Measured with Regard to Patient-Specific Kidney Phantom Measurements

HPGe-based SPECT-based

Ratio V (mL)
Target, c
(MBq/mL) c (MBq/mL) A (MBq)

cMedulla
(MBq/mL)

cCortex
(MBq/mL)

A0 mm
(MBq) A10 mm (MBq) A20 mm (MBq)

1:1 149.8 0.63 0.65 97.4 0.60 0.60 103.8 103.7 103.6

1:3.5 140.2 0.67 0.63 88.3 0.46 0.58 93.6 93.5 93.5

1:7.5 131.5 0.72 0.68 89.4 0.29 0.63 87.8 87.7 87.7

Shown are filling volume (V) as well as target, HPGe-based, and SPECT-based activity concentrations (c) and total kidney activities (A).
Medulla and cortex concentrations were calculated on basis of the fillable fractions (Table 1). The SPECT-based target total activity for the
patient kidney was 94.9 MBq.
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Quantitative SPECT/CT Imaging of the Phantoms
To ensure homogeneous solutions and prevent sticking (or plating)

of activity to the walls of vessels being used, all stock solutions con-
sisted of 177Lu-chloride dissolved in 0.1 M HCl with 100 ppm of sta-
ble lutetium (13). A VDC-405 radionuclide calibrator with a VIK-202
ionization chamber (Comecer SpA) was used for estimating the activ-
ity concentration during the phantom filling process. Subsequently,
accurate activity concentrations were obtained by measuring 1-mL ali-
quots of all stock solutions (3 per stock solution) in a high-purity ger-
manium (HPGe) detector (model GR4020 [Canberra] with GENIE
2000 spectroscopy software) whose energy-dependent efficiency had

previously been calibrated with several National Institute of Standards
and Technology–traceable and National Physical Laboratory–traceable
standards over the energy range considered. The activity concentrations
of the stock solutions were determined by weighing (full minus empty
stock solution container) with a PCB 3500-2 precision balance (Kern
and Sohn GmbH; readability, 0.01 g; repeatability, 0.02 g). In contrast,
the aliquot volumes were weighed in an ED224S analytic balance (Sarto-
rius AG) with a readability of 0.1 mg.

Subsequently, each phantom (cuboid and 3 kidneys) was filled with a
different stock solution (target and measured activity concentrations are
presented in Table 2). Again, the actual filling volume was determined by

FIGURE 4. Quantitative analysis of cuboid. Depicted is the mean activity concentration in square regions of interest plotted in axial direction for differ-
ent reconstruction parameters (number of iterations and postfilters). Positioning of axial regions of interest is illustrated at the top right by red boxes in
the SPECT reconstruction. Solid black vertical lines represent borders between different gyroid cubes. Dashed black rectangles indicate axial position of
23 23 2 cm3 cubes used for the quantitative analysis (height of each box5 HPGe-based activity concentration).

TABLE 3
Quantitative Evaluation of Different Gyroid Structures Inside Cuboid Phantom

Iterations No postprocessing filter 10-mm gaussian 20-mm gaussian

Activity concentration G1 (1:1) gyroid (HPGe-based): 0.64

12 0.81 0.74 0.58

24 0.79 0.74 0.58

48 0.76 0.71 0.57

Activity concentration G2 (1:3.5) gyroid (HPGe-based): 0.50

12 0.59 0.55 0.46

24 0.57 0.55 0.46

48 0.54 0.52 0.45

Activity concentration G3 (1:7.5) gyroid (HPGe-based): 0.29

12 0.33 0.31 0.26

24 0.32 0.31 0.26

48 0.29 0.29 0.25

Vertically are shown different numbers of iterations; horizontally are shown postfilters of different full widths at half maximum. All
activity concentrations are given in MBq/mL.
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weighing (filled minus empty kidney phantom). Last, the phantoms were
separately mounted in a water-filled Jaszczak cylinder (Data Spectrum;
inside diameter and height of 216 mm and 186 mm, respectively) and
SPECT/CT measurements were performed. To make the phantom data as
comparable as possible to the patient data, the phantom acquisition was
performed with the same acquisition parameters as used in the patient
acquisition. In contrast, different reconstructions (different gaussian postfil-
ters) were applied for phantom and patient data to assess the correspon-
dence between the resulting activity distributions (“SPECT/CT imaging”
section).

Activity Concentration–Voxel Histograms
To semiquantitatively compare the patient scan with the 3 patient-

specific phantom scans, activity concentration–voxel histograms (the num-
ber of voxels containing a measured activity concentration plotted against
the respective activity concentration) were calculated in MATLAB. After
sorting the SPECT voxels according to their activity concentration, their
subdivision into ranges of 0.01 MBq/mL resulted in the number of voxels
within each of these activity concentration bins. Ideally, these histograms
should consist of 2 distributions around the 2 activity concentrations of
the stock solution.

RESULTS

Cuboid Phantom
Figure 2 shows the design, fabrication, and validation of the

cuboid phantom. The superimposition of the CAD model and the
CT image in Figure 2C especially emphasize the good visual match
between model and printed phantom. The SPECT reconstruction in
Figure 2D shows apparently different yet homogeneous activity dis-
tributions in each of the 3 compartments, demonstrating that the
dimension of the filling structures is in an adequate range for
SPECT/CT imaging with a medium-energy collimator.
Figure 4 illustrates the SPECT-based activity distribution inside

the gyroid. To avoid resolution effects along the phantom edges,
the averages within 2 3 2 cm2 square regions of interest were cal-
culated for the axial slices and plotted along the axis of the 4 3
43 12 cm3 cuboid phantom. In general, the edges are clearly under-
estimated because of partial-volume effects (e.g., between axial posi-
tions 0 and 8 mm). In contrast, the activity is overestimated in the
central area when no or 10-mm postfiltering is applied (solid lines).
For the wider 20-mm postprocessing filter, however, the activity is
increasingly spilled out of the actual object dimensions (dashed
lines), leading to an underestimation of the total activity.
In a quantitative analysis of the cuboid reconstructions (2 3 2 3

2 cm3 VOIs as indicated in Fig. 4), the best match between HPGe-
and SPECT-based activity was found for reconstructions with a
10-mm gaussian postprocessing filter (Table 3). Here, the nominal
activity concentration in each of the gyroids was calculated by mul-
tiplying the HPGe-based activity concentration of the stock solu-
tion (0.69 6 0.01 MBq/mL) by the fillable fraction of the
corresponding gyroid (Table 1).

Patient-Specific Kidney Phantom
Figure 5 shows design and validation of the 3 patient-specific

2-compartment kidneys. At the bottom of Figure 5, the phantom
and the patient CT images were superimposed to emphasize the
good match between the outer contours and the internal compart-
ments for all 3 phantoms. No filling structures were used in the
top sections of each phantom to simplify the filling process (green
arrows). In addition, the renal pelvis was printed as a solid struc-
ture to ensure good printing quality (light blue regions in the CAD
models in the center row of Fig. 5). The linear attenuation coeffi-
cient of our 177Lu SPECT/CT setup was determined as 0.148 6
0.001 cm21 in a VOI analysis of this solid structure in the associ-
ated m-map.
Figure 6 shows fused SPECT/CT images of the patient (top) and

the 3 phantom acquisitions (bottom). Although the 1:1 phantom
visually overestimates the activity concentration in the medulla
(green arrows), good visual agreement is obtained for the 1:3.5 phan-
tom. The wide 20-mm filter strongly blurs the image, such that the
difference between cortex signal and medulla signal becomes diffi-
cult to assess visually. The 1:3.5 phantom with moderate filtering
(10-mm gaussian) leads to the best visual match.
Table 2 shows all activities and the activity concentrations mea-

sured with regard to the patient-specific kidney phantom measure-
ments. The table shows the filling volume (i.e., the volume filled with
radioactive stock solution), the target activity concentration (based on
the SPECT-based activity in the patient kidney), and the HPGe-based
activity concentration and total kidney activity (the activity concentra-
tion multiplied by the filling volume), as well as the medulla and
cortex activity concentrations (the stock solution activity concentration
multiplied by the fillable fraction of the respective kidney phantom

FIGURE 5. Design and validation of patient-specific kidney phantoms.
(Top, left to right) Coronal contrast-enhanced CT slice of patient kidney;
segmented cortex (red) and medulla (green); and 3D model of segmenta-
tion. (Center) Cross-sections through CAD models (green arrows: top sec-
tions without internal structure) for all 3 phantom designs (grid dimension,
1 cm). (Bottom) Contrast-enhanced patient CT (grayscale) overlaid with
CT of phantom kidney (yellow) for all 3 phantom designs. CE 5 contrast-
enhanced.
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given in Table 1) and the SPECT-based total activities (VOI analysis
based on the phantom filling volume). All total kidney activities lie
within 10% of the SPECT-based total kidney activity of 94.9 MBq
and thus are close enough to provide equivalent measurement condi-
tions. As the resolution lies in the range of the medulla size, consider-
able spill-out and spill-in is to be expected between the cortex and the
medulla. In consequence, a separate evaluation of both compartments
based on the SPECT scan is extremely prone to errors and was not
performed.
SPECT-based activity concentration–voxel histograms (“Activity

Concentration–Voxel Histograms” section) are given in Figure 7.
The patient data are plotted in black, and each phantom is indicated
by a different color (red, 1:7.5; blue, 1:3.5; green, 1:1). The curves

depict the number of voxels (vertical axis) containing a certain activ-
ity concentration (horizontal axis, bin width of 0.01 MBq/mL), and
vertical dashed lines indicate the theoretic (HPGe-based) activity
concentrations in the medulla and cortex (the values are given in
Table 2). Ideally, the histogram should consist of activity distribu-
tions around these dashed lines. For the 1:1 phantom, there is only a
single vertical green line, as both compartments have the same filling
structure and, therefore, activity concentration. As expected, the post-
filters smooth higher-activity concentration peaks, resulting in a shift
toward lower activity concentrations in the filtered histograms (e.g.,
Fig. 7C). For the 1:7.5 resin fraction ratio (red), the peaks of the
unfiltered and 10-mm gaussian curves lie in the range defined by the
two theoretic activity concentrations, whereas the 20-mm gaussian

FIGURE 6. SPECT/CT fusions of patient acquisition and 3 phantoms (resin fraction ratios of 1:1, 1:3.5, and 1:7.5) for different postfilters (left to right: 0,
10, and 20 mm). Green arrows indicate overestimation of activity concentration in medulla for resin fraction ratio 1:1. Blue arrows indicate surface ten-
sion–related air bubbles.
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filter leads to an underestimation. For the 1:3.5 resin fraction ratio
(blue), the 10-mm gaussian filter leads to an activity concentration
peak between the two theoretic values. In contrast, no filtering or a
20-mm gaussian filter results in an over- or underestimation,
respectively, of the theoretic activity concentrations. For the 1:1
resin fraction ratio (green), good quantitative agreement is found
for the 10-mm postprocessing filter, with the SPECT-based activity
concentration peak centered exactly on the HPGe-based activity
concentration. Although the 20-mm gaussian filter leads to the pre-
viously described underestimation, not applying any filter leads to a
wide spectrum of activity concentrations (e.g., a maximum activity
concentration up to 2 times higher than the theoretic value). In con-
trast to the colored phantom curves, all of which exhibit a maxi-
mum, all patient curves (black) are monotonically decreasing.

DISCUSSION

One of the main problems in the clinical validation of quantita-
tive SPECT/CT is the lack of a ground truth in patient measure-
ments. Depending on the image reconstruction applied, a wide
variety of different spatial activity distributions can be generated
without knowledge of the ground truth (7), as can be seen in Figure 7
(black lines). This observation demonstrates that an assessment of
the activity distribution on a voxel level, based purely on
SPECT/CT imaging, is problematic (7) and that, for validation,
additional methods such as the measurement of realistic, ideally
patient-specific, phantoms should ideally complement the image
quantification process. Up to now, the complexity of phantom
measurements has been restricted by the availability of phantoms.
Multicompartment phantoms usually consisted of separate com-
partments filled with radioactive stock solutions of different activity
concentrations, thus considerably increasing the sources of uncer-
tainty. As a major advance, the approach proposed in this work
achieves to mimic inhomogeneous activity distributions in
SPECT/CT with only one single fillable compartment by making
use of internal gyroid structures of different volume fractions, consid-
erably simplifying phantom preparation and reducing uncertainties.
In addition, the new method represents another important

advance: while it was previously impossible to achieve continuous
transitions of activity concentrations, this is changed by the intro-
duction of filling structures of different volume fractions. If further
developed, multiple thin gyroid layers of different wall thicknesses

could be placed adjacent to each other to achieve continuously
varying apparent activity concentrations while still requiring only
a single stock solution. This development could take the individu-
alization of phantoms to an unprecedented new level.
In comparison to standard, single-compartment phantoms, the

gyroid structure features a large surface area with many very small
congruent channels. These lead to an increased occurrence of surface
tension–related air bubbles in these regions, resulting in small black
regions in the CT scan (blue arrows in Fig. 6). This problem can,
however, be considerably improved by reducing the surface tension
of the stock solution, such as by adding soapy water. Through the
addition of soap in our stock solutions, only a few air bubbles
remained in the phantoms imaged in this work (e.g., Fig. 6).
Another subject to be discussed is the printing process. To keep

the wall as thin as possible (e.g., a 0.4-mm thickness for the renal
cortex gyroid structure), we applied a stereolithography-based 3D
printing technique based on a photopolymer resin hardened layer
by layer using an ultraviolet laser beam. The relatively large maxi-
mum unsupported overhang length of 3 mm allowed the entire
kidney phantom to be printed as one part, in contrast to the previ-
ously used fused deposition modeling technique, by which the
phantoms had to be printed in several individual parts (3,5,7).
However, the techniques require that excess, uncured resin escapes
the gyroid structure—a requirement that, because of the low vis-
cosity of the resin, can be problematic for thick-walled gyroids.
For our Form 2 printer, our standard period of 4p"mm with a wall
thickness of 0.40–2.65 mm resulted in a realistic range of activity
concentration ratios between the renal medulla and the cortex
(1:1–1:8 (1,7)). Provided that careful modeling and positioning of
the CAD models were done before 3D printing, reliable printing
was possible even for the thickest walls of 2.65 mm thickness.
For validation, the model was tested using a patient-specific

2-compartment kidney model. A direct quantitative comparison
between phantom and patient images by conventional means (e.g.,
using measures such as the structural similarity index) is almost
impossible because of the isolated nature of the phantom in com-
parison to the patient kidney, which is surrounded by anatomic
structures. To perform at least a semiquantitative evaluation, a
histogram analysis (Fig. 7) was applied to illustrate the differ-
ences. Because an in-depth analysis of the difference between
activity distributions and absorbed dose distributions for 177Lu

FIGURE 7. Activity concentration–voxel histograms for patient (black) and 3 phantoms (red, 1:7.5; blue, 1:3.5; green, 1:1) for 48 iterations, 1 subset,
and gaussian postfilters of 0 mm (A), 10 mm (B), and 20 mm (C) in full width at half maximum. While solid curves depict number of voxels containing cer-
tain activity concentration, vertical dashed lines indicate HPGe-based activity concentrations in medulla and cortex (values are presented in Table 2).
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demonstrated virtually no differences in their spatial distributions
in a previous study (7), we considered only the activity concentra-
tion in this work.
Because of the unevenly shaped interface between the cortex

and the medulla in combination with the SPECT resolution, which
is unable to resolve the gyroid channels, the two theoretic peaks
(vertical dashed lines) merge into a single peak in the SPECT/CT-
based distribution of activity concentrations (Fig. 7). In contrast,
all patient curves (black lines) are monotonically decreasing, indi-
cating that the underlying activity distribution in the patient kidney
is more heterogeneous than the distribution modeled by the two
compartments in this study.
Given the numerous potential differences between any patient

and phantom measurement (e.g., different scatter environments,
different contouring of the camera, potential background radiation
in the patient, and patient motion) affecting SPECT/CT-based
quantification, some discrepancy between patient and associated
phantom measurements is always to be expected. Considering this,
the degree of similarity between patient and phantom (Fig. 6, cen-
ter column) can be considered to be close to the maximum achiev-
able. For this reason, we provide an analysis of only three
example postfilters instead of trying to find the best combination
of iterations, subsets, and postprocessing filter.
The routine application of dosimetry to optimize the efficacy of

radionuclide therapies, and thus the need for a routine patient-spe-
cific validation of quantitative SPECT/CT imaging, currently still
seems to be some way ahead. If internal individualized dosimetry
becomes established, however, the methodology presented here
could form the basis for a patient-specific optimization of quantita-
tive SPECT/CT imaging (e.g., regarding imaging and reconstruc-
tion parameters). Provided that there is a certain quality level of
SPECT/CT-based dose–voxel histograms, such quantitative meas-
ures could form a cornerstone for planning and monitoring of indi-
vidualized radionuclide therapies, as it is already standard in
external-beam radiotherapy.

CONCLUSION

We have shown that the use of internal support structures allows
phantom measurements of inhomogeneous activity distributions
using only a single stock solution of a single activity concentration.
By keeping the dimensions of the filling structures well below the
resolution of the imaging system, we were able to mimic the inter-
nal activity distribution in the kidney of a patient treated with
177Lu-PSMA (24 h after injection for SPECT/CT). In a quantitative
analysis, however, it was shown that a representation of the kidney
by only two compartments (renal cortex and medulla) of different
apparent activity concentrations still represents an oversimplifica-
tion. For an even better representation, more different compart-
ments would be required.
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KEY POINTS

QUESTION: Is it possible to design patient-specific kidney phan-
toms with only a single fillable compartment yet an inhomoge-
neous activity distribution for assessment of SPECT/CT-based
peritherapeutic monitoring of radiopharmaceutical distributions?

PERTINENT FINDINGS: Using the presented methodology, we
achieved production of a patient-specific kidney phantom for a
patient with metastatic castration-resistant prostate cancer,
visually and quantitatively mimicking a peritherapeutic SPECT/CT
acquisition 24 h after injection of 177Lu-PSMA. Despite the
restriction to only a single compartment for ease of phantom
preparation, an inhomogeneous activity distribution in the patient
SPECT/CT scan could be reproduced.

IMPLICATIONS FOR PATIENT CARE: The presented methodol-
ogy enables a patient-specific assessment of activity distributions,
and thus absorbed dose depositions, in organs at risk in radionu-
clide therapy.
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Recent advances in the development of new molecular imaging
agents for PET have led to the approval of several newmolecular enti-
ties for PET imaging by the U.S. Food and Drug Administration (FDA)
within the last 10 y. However, the continued use of PET drugs for diag-
nostic imaging procedures is reliant on a sustainable network of PET
manufacturing facilities operating in accordance with the regulations
for current good manufacturing practices for PET drugs (title 21, Code
of Federal Regulations, part 212). With this goal in mind, a public work-
shop entitled “PET Drugs: A Workshop on Inspections Management
and Regulatory Considerations”was held on the FDA campus in Silver
Spring, MD, on February 21, 2020. The workshop was cosponsored
by the FDA’s Center for Drug Evaluation and Research, the Society of
Nuclear Medicine and Molecular Imaging, the Medical Imaging Tech-
nology Alliance, and the World Molecular Imaging Society, in collabo-
ration with the Coalition of PET Drug Manufacturers. The organizing
committee for the workshop consisted of representatives from aca-
demic and commercial PET manufacturers as well as FDA staff
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Over the last 2 decades, significant advances have been made
in the development of new molecular imaging agents for PET. These
developments have led to the recent approval of several new molecu-
lar entities for PET by the U.S. Food and Drug Administration
(FDA). As of July 2021, the number of FDA-approved PET drugs
stood at 17 (1). Most of these approvals occurred within the last
decade. Notwithstanding this success, the continued use of PET
drugs for diagnostic imaging applications must be ensured by a sus-
tainable supply chain of PET manufacturing facilities operating in
accordance with FDA regulations on current good manufacturing
practices (cGMPs) for PET drugs (title 21, Code of Federal Regula-
tions [CFR], part 212). With this goal in mind, a public workshop
was held on the FDA campus in Silver Spring, MD, on February 21,

2020. Entitled “PET Drugs: A Workshop on Inspections Manage-
ment and Regulatory Considerations,” the workshop was jointly
sponsored by the FDA’s Center for Drug Evaluation and Research
(CDER), the Society of Nuclear Medicine and Molecular Imaging,
the Medical Imaging Technology Alliance, and the World Molecular
Imaging Society in collaboration with the Coalition of PET Drug
Manufacturers. The organizing committee for the workshop con-
sisted of representatives from academic and commercial PET manu-
facturers as well as FDA staff members.
The workshop was attended by radiopharmaceutical scientists,

nuclear pharmacists, regulatory affairs professionals, and compliance
specialists with expertise in PET drug manufacturing. Attendees
represented academic institutions, commercial suppliers, contract
manufacturers, and innovators involved in the development of PET
drugs. Many representatives from the FDA also attended. Approxi-
mately 150 attendees participated in person, and numerous partici-
pants joined in a live video broadcast of the event. The presentations
and a recording of the workshop are available on the FDA’s website
(2). The organizers defined 4 sessions for the workshop agenda:
“Considerations and Trends in Inspections and Compliance,” “Life
Cycle Management of PET Drug Applications,” “Chemistry and
Product Quality Assurance,” and “Changing Landscape of PET
Drugs, Labeling Requirements, and Electronic Filing Requirements.”
This paper describes the workshop highlights. The full agenda,

as well as a complete account of each presentation and the panel
discussions, appears in the supplemental materials (available at
http://jnm.snmjournals.org) (3–33).

OPENING REMARKS

Louis Marzella, the FDA’s division director for medical imaging
and radiation medicine, opened the workshop, noting that “the first
principle is that the risk–benefit approach is applicable to the devel-
opment of standards for quality of products… to ensure that safe and
effective products are consistently administered to patients.” Reflect-
ing the fact that specific good-manufacturing-practice (GMP) regula-
tions (34) apply to the manufacturing of PET drugs, Marzella also
noted, “we agree that specific considerations apply to different prod-
ucts, including PET drugs.” Although there was recognition that
standards evolve, Marzella stressed “the importance…of ensuring
there is a consistency of approach regarding product quality expecta-
tions during the application review process and during the inspec-
tional process. To this end, I think that the collaboration and cross
talk between the review staff and the inspectional staff is an impor-
tant topic.”
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Sally Schwarz, a cochair of the Coalition of PET Drug Manufac-
turers, provided the Society of Nuclear Medicine and Molecular
Imaging perspective on the workshop. The short shelf life and very
low injected mass of the active radiopharmaceutical ingredient are
the primary characteristics that define the risk profile of PET drugs.
Secondary characteristics include the use of microbiologically hostile
and often lethal synthesis steps, presterilized components, aseptic
component assemblies and manipulations, and the use of closed con-
tainers during the automated synthesis process for a typical PET
drug. These secondary characteristics result in an extremely low—
typically zero—bioburden process stream before sterile membrane
filtration in the final production step. Together, the primary and sec-
ondary characteristics greatly reduce the probability of microbiologic
contamination in PET drugs. Consistent with this outcome, PET
manufacturers experience low rates of sterility test failures in the rou-
tine supply of approximately 100,000 PET drug batches annually
required to meet nationwide demand ($50% of the market for PET
drugs is represented in these data) (3). The practical ramifications of
these characteristics have resulted in negligible rates of patient
adverse events after the administration of PET drugs (4–8). The clini-
cal and commercial history of this product class have demonstrated
that PET drugs are safe and low-risk. The PET GMP regulations
have been effective in maintaining a safe supply of PET drugs.
Sue Bunning, the industry director for PET, provided the Medi-

cal Imaging Technology Alliance perspective. At the time of the
workshop, there were approximately 50 holders of new-drug appli-
cations (NDAs) and abbreviated new-drug applications (ANDAs)
supporting a dozen PET drugs. The most widely used PET drug,
18F-FDG, accounted for more than 35 NDAs or ANDAs. Accord-
ing to market research data, slightly more than 2 million PET
scans were performed in the United States in 2018 (9). Thus, the
size of the U.S. market for PET drugs is quite small compared
with the pharmaceutical industry. Considering these factors, the
public health risk of PET drugs is miniscule compared with that of
traditionally manufactured pharmaceutical products.
Henry VanBrocklin, a cochair of the Coalition of PET Drug

Manufacturers provided the World Molecular Imaging Society
perspective on the future of PET imaging. New PET scanner tech-
nologies hold the promise of greater sensitivity and earlier detec-
tion of disease states. However, the expected benefits from the
underlying investments in new scanner technologies will be unre-
alized without the continued supply of PET drugs. New PET drug
approvals in the last decade have exceeded the number of appro-
vals in the previous 30 y, but the future of PET imaging may be
jeopardized if the regulatory burden on routine manufacturing
undermines a sustainable supply of PET drugs.
The goals for the workshop were to discuss regulatory compli-

ance for the development and manufacturing of PET drugs; identify
pathways for PET drug application approvals, application mainte-
nance, and inspections based on the PET GMP regulations; share
perspectives from industry, academia, investigators, and regulators
on inspectional findings and trends; and provide information on the
management of PET GMP inspections and maintenance of PET
NDAs and ANDAs.

SESSION I: CONSIDERATIONS AND TRENDS IN
INSPECTIONS AND COMPLIANCE

Steve Zigler, the chief technical officer for PETNET Solutions,
introduced the first session by encouraging attendees to think
beyond the half-life and to consider the practical ramifications that

define the time-critical supply chain and the distributed manufactur-
ing model for PET drugs. Decades after the first FDA approval of a
PET drug, half-life constraints and their ramifications continue to
define and redefine regulatory expectations in unforeseen ways. The
core principle of the workshop was to provide a forum to discuss
these unforeseen ramifications.

Manufacturing Process Assessment and Preapproval
Inspections (PAIs)
Krishna Ghosh, a senior policy advisor in CDER’s Office of

Pharmaceutical Quality (OPQ), provided the FDA perspective on
this topic. As part of its fulfillment of the requirements in the 1997
FDA Modernization Act (35), the FDA conducted inspections at
all PET manufacturing facilities and approved all ANDAs by
December 2015. The inspections consisted of a mixture of preap-
proval and surveillance inspections. Also in 2015, the FDA under-
went a reorganization to create the OPQ, which led to a separation
of the offices that manage preapproval and surveillance inspec-
tions. Consequently, since the reorganization, preapproval inspec-
tions (PAIs) have been managed by the Office of Pharmaceutical
Manufacturing Assessment and the Office of Regulatory Affairs
(ORA), whereas surveillance inspections have been managed by
ORA in conjunction with the Office of Surveillance and the Office
of Compliance. The FDA’s review of inspection history since
2015 indicates a need to mature some of its original guidance doc-
umentation, a process that should be supported by a common level
of understanding across stakeholders.
The FDA conducts 4 different types of inspections: PAIs, postap-

proval inspections, routine surveillance inspections, and for-cause
inspections. PAIs are conducted for both NDAs and ANDAs. The
purpose of a PAI is to make sure the facility is capable of manufactur-
ing the product according to the conditions described in the applica-
tion and according to the PET GMP regulations. These inspections
are managed by the Office of Pharmaceutical Manufacturing Assess-
ment and the ORA. Postapproval inspections are relatively new.
These inspections are performed to audit for changes in production
and control practices after product approval. These inspections are
also managed by the Office of Pharmaceutical Manufacturing Assess-
ment and the ORA. Routine surveillance inspections are routine peri-
odic inspections of manufacturing facilities. These inspections are
managed by the ORA, Office of Surveillance, and Office of Compli-
ance. For-cause inspections result from a potential indication or evi-
dence of noncompliance by the manufacturer. These inspections are
managed by the Office of Compliance and the ORA.
The FDA considers at least 3 specific risk factors during the

PAI process, including facility risks, process risks, and product
risks. In the evaluation of facility risks, the FDA considers the
compliance history of the facility, including whether the facility
has been previously inspected for the unit operation described in
the drug application under review. A unit operation is “from start
to finish,” but specific examples of the criteria that define unit
operations were not included in this presentation.

Recent Experience with cGMP Surveillance Inspections of
Commercial PET Manufacturers
Rick Friedman, the deputy director of the Office of Manufactur-

ing Quality, CDER Office of Compliance, gave a presentation on
recent experience with cGMP surveillance inspections of commer-
cial PET manufacturers. The presentation began with an overview
of the inspection process as conducted by the ORA. On comple-
tion of a surveillance inspection, the ORA classifies the inspection
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outcome into 1 of 3 categories: no action indicated, voluntary
action indicated, and official action indicated. Inspections with
minor findings are classified as no action indicated or voluntary
action indicated, whereas inspections with the most problematic
findings may be classified as official action indicated.
Between June 2018 and January 2020, the ORA finalized the

classification of 45 PET facility inspections. The breakdown of the
classifications was 17 cases of no action indicated (38%), 24 of
voluntary action indicated (53%), and 4 of official action indicated
(9%). A total of 6 PET inspections were classified as official
action indicated from January 2018 to January 2020. Three offi-
cial-action-indicated inspections resulted in the issuance of a warn-
ing letter, and 3 resulted in regulatory meetings. All 3 warning
letters were issued to nonacademic, nonhospital manufacturers.
Two of the regulatory meetings were held with academic or hospi-
tal-based manufacturers, and the third was held with an undis-
closed type of manufacturer. Friedman did not discuss the FDA’s
criteria for the issuance of warning letters versus regulatory meet-
ings. All 6 official-action-indicated classifications resulted from
failure to maintain a suitable environment for aseptic processing
operations according to 21 CFR §212.30(a).
Since inspections are a snapshot in time, the FDA uses field

alert reports to augment its assessment of quality trends over a lon-
ger time horizon. From 2016 to 2019, the FDA analyzed field alert
reports from PET manufacturers and found that 27% of commer-
cial manufacturers submitted a field alert report during this 4-y
period (n 5 141). Friedman did not comment on the submittal of
field alert reports from academic manufacturers. On the basis of a
review of inspection reports, the FDA found that not all sterility
test failures were reported in a field alert report, even though the
FDA requires PET manufacturers to immediately file a field alert
report in the event of a positive sterility test result. This require-
ment holds even if the positive test result is later determined to be
due to a laboratory error (11).

Current Trends and Observations on Inspections: The PET
Community Perspective
Sally Schwarz, a professor of radiology at Washington University

School of Medicine, provided the academic perspective on FDA
inspections of PET manufacturers. The presentation included expe-
riences from numerous PET manufacturing facilities and addressed
questions that had been collected from the PET community before
the workshop. On the basis of this feedback, several examples were
provided to illustrate the inconsistent enforcement that sometimes
occurs between FDA inspections and FDA regulations (34), guid-
ance documents (13), and policy guides (14).
Peter Webner, the chief executive officer of Zionexa USA, pro-

vided the commercial perspective on FDA inspections of PET
manufacturers, noting that inconsistent enforcement actions during
FDA inspections also challenge commercial PET manufacturers.
This is especially problematic for small innovator companies that
have one or more investigational products under development. As
evidenced by the numerous recent approvals of new PET drugs,
the existence of the PET GMP regulations has spurred significant
innovation in this domain. The PET GMP regulations provide a
platform on which investors and small companies can rely over
the time horizon required for investment in the development of
new products. Inconsistent enforcement of the PET GMP regula-
tions creates uncertainty in development costs and timelines and
thus hinders innovation in the development of new PET drugs.
Changes to FDA policies that come to light only during a PAI

threaten the viability of a new product, making it go through addi-
tional regulatory obstacles just as it almost reaches the finish line.

ORA PET Surveillance Inspections
Ileana Barreto-Pettit, a national drug expert from the FDA OPQ

Operations in the ORA, provided an update on FDA surveillance
inspections. The current organization chart for the ORA shows
that the FDA manages surveillance inspections through a tiered
system of offices that include 4 geographic divisions where inspec-
tions are conducted at the local level. The geographic divisions
were formerly known as districts.
The FDA uses a risk-based site selection model to identify

manufacturing facilities for surveillance inspections (16). Ranking
of drug manufacturing facilities for surveillance inspections by the
FDA is based on risks to drug quality. Risk-based inspectional fre-
quency considers the compliance history of the facility, the history
and nature of recalls linked to the facility, the inherent risk of the
drug product, and other criteria deemed necessary and appropriate
by the FDA for purposes of allocating inspection resources. From
these considerations, the FDA generates a numeric risk score for
the facility. Barreto-Pettit did not discuss the FDA’s criteria for
assigning a risk score for type of facility, patient exposure, or the
inherent product risk.
FDA investigators have undergone training on the PET GMP

regulations. The FDA acknowledged some gaps in training for
PET GMPs. In addition, some investigators misunderstand the
applicability of the PET GMPs to PET manufacturers. The FDA is
working to close these deficiencies.

FDA Pilot Program for Tablet-Based Inspections for
PET Drugs
Binh Nguyen, an educator for pharmaceutical programs in the

ORA, described the new inspection protocol project and the eNSpect
electronic management tool for the inspection of PET manufacturers.
Historically, the execution of PET inspections and the associated

reporting is a time-consuming process for the FDA. A typical abbre-
viated PET inspection that covers 2 of the 6 quality systems requires
3–5 d for the actual inspection and an additional 5–7 d to write the
establishment investigation report. A comprehensive PET inspection
that covers 4 or more quality systems typically requires 3–7 d for
the actual inspection and an additional 5–10 d to write the report.
The new inspection protocol and the associated electronic tool (eNS-
pect) are designed to expedite the inspection process and preparation
of the reports. The protocol will also deliver more consistent results
across numerous PET manufacturing facilities. The eNSpect tool
has been piloted for surveillance inspections of PET manufacturers
but has not been adapted for PET PAIs.

SESSION II: LIFE CYCLE MANAGEMENT OF PET DRUG
APPLICATIONS

Life Cycle Management of PET Drugs: The FDA Perspective
Ramesh Raghavachari, a branch chief in CDER’s OPQ, provided

an overview of the life cycle of FDA-approved drug products. The
typical life cycle of a drug begins with the discovery and develop-
ment phases and continues with clinical development (investiga-
tional new drug) and ultimately with FDA marketing approval
(NDA) and, finally, generic drug approval (ANDA).
Changes to approved applications and the life cycle of a drug can

be achieved by a variety of mechanisms based on the risk of the
change. The FDA has 4 defined risk categories: prior approval
changes (preapproval supplement; high risk), changes being effected
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in 30 d (moderate risk), changes being effected in 0 d (low risk), and
annual reportable changes (low risk). Specific details about the risk
levels for changes to approved applications were not provided.

Management of PET Drug Applications: The PET
Community Perspective
Peter Scott, an associate professor of radiology at the University

of Michigan, described the workload for a busy academic PET
manufacturing facility with more than 30 different PET drugs
available for clinical use. Experience at the University of Michi-
gan during 15 y of operation with approximately 8,000–10,000
PET scans each year indicates that no adverse events occurred dur-
ing this time. This is consistent with the experience of the overall
PET community, which was discussed earlier in the opening com-
ments for the workshop, wherein a recent survey found that 4 ste-
rility test failures (including false-positives) occurred in more than
58,000 batches produced in 2019 (3). In addition, the incidence of
adverse events for radiopharmaceuticals was reported as 1.6 in
100,000 diagnostic studies (8).

SESSION III: CHEMISTRY AND PRODUCT
QUALITY ASSURANCE

Product Quality Assurance: Microbiologic Regulatory
Perspective
Laura Wasil, a review microbiologist in CDER’s OPQ, pro-

vided the FDA’s microbiologic perspective on product quality
assurance for PET drugs.
Since PET drugs are administered to patients before the results

of sterility testing are known, aseptic operations and procedures
are critical to ensure the sterility of PET drug products. The fol-
lowing are critical operations that must be aseptically executed:
assembly of the components used in the final product vial assem-
bly, transfer of the assembled product vial to the hot cell or other-
wise shielded area, all manufacturing steps that occur downstream
of the membrane-sterilizing filter (e.g., transfer of the filtered solu-
tion into the product vial, optional product dilution, and with-
drawal of quality control samples), sterility testing, gowning and
gloving procedures for personnel working in aseptic areas, envi-
ronmental monitoring, and cleaning and disinfection of aseptic
and critical areas.
The components used in the final product vial assembly consist

of needles, syringes, membrane filters, and the container. All items
are commercially available as presterilized components and are
aseptically assembled in the ISO 5 air environment. The compo-
nents and assembly process should be described in the NDA or
ANDA, as well as the storage conditions and expiration date of
assembled product vials. Figure 1 illustrates a final product vial
assembly commonly used in PET drug manufacturing.
Microbiologic tests for PET drugs include filter integrity, bacte-

rial endotoxins, and sterility. For all PET drugs, the filter integrity
must be evaluated after completion of membrane filtration but
before release for administration. The test for bacterial endotoxins
should be performed in accordance with U.S. Pharmacopeia gen-
eral chapter ,85.. The test should be initiated promptly after
production and before release. Sterility testing cannot be com-
pleted before the release and administration of PET drugs.

Microbiologic Considerations for PET Drugs: The PET
Community Perspective
David Hussong, the chief technology officer of Eagle Analytic

Services and a former FDA review microbiologist, provided a

perspective on the historical
regulation of PET drugs and
the microbiologic risk factors
associated with them. Sterility
is notoriously difficult to prove
and cannot be measured, even
for non-PET drugs, because of
statistical and microbiologic
limitations in test methods
(20–22). Sampling for sterility
testing of pharmaceuticals can
detect contaminated units only
when 10% or more of the
batch is contaminated (23).
Therefore, a passing sterility
test does not indicate sterility
of the product. Instead, a pass-
ing sterility test indicates only
the absence of evidence for
contamination of the batch.
Thus, “sterility” is a condition
that cannot be proven for any
pharmaceutical product. Con-
sequently, process controls are
a better indicator of product
sterility than the results of the
sterility test.
Henry VanBrocklin, a pro-

fessorof radiologyandbiomed-
ical imaging at the University
of California San Francisco,
summarized this presentation by noting that these controls have
effectively minimized the risk of microbial contamination in PET
drugs. According to a survey of 13 academic and 5 commercial
PET manufacturers conducted in February 2020, more than
370,000 batches of PET drugs were manufactured from 2013 to
2019. No adverse events were reported for these batches. The fre-
quency of out-of-specification sterility test results was 18 batches,
or 0.013% (3).
Christopher Ignace, the head of scientific and regulatory affairs

for nuclear and precision health solutions at Cardinal Health, dis-
cussed product quality assurance from the perspective of a com-
mercial network of PET drug manufacturing facilities.
FDA inspections typically include daily debriefing sessions for

discussion of potential issues with the sponsor. Experience has
shown that some investigators will communicate only with local
manufacturing staff or are unwilling to describe findings and the
rationale for potential noncompliance before issuing an FDA form
483. This form’s purpose is to notify the site’s management of
objectionable conditions found during the inspection. Investigators
should always first discuss potential objectionable findings with
the site’s staff and if at a site of a large producer, include their cor-
porate quality assurance staff before completing a 483.
Recent experience has shown that some FDA investigators accept

staff training on microbiology topics only if the training was deliv-
ered by a degreed microbiologist. Training performed by a non-
degreed microbiologist was unacceptable. By this logic, other areas
of training in PET manufacturing would require degreed chemists,
pharmacists, and physicists.
The scope of preapproval and surveillance inspections should

be well defined. The PAI is typically the time when science-

FIGURE 1. Assembled final product
vial commonly used in PET manu-
facturing: quality control syringe (a),
membrane-sterilizing filter (b), filter
vent (c), and product vial (d).
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related issues in the drug application are discussed and reviewed.
On the other hand, a surveillance inspection is typically limited to
a review of the facility’s quality system and compliance with the
PET GMP regulations. However, during PET surveillance inspec-
tions, FDA investigators often delve into topics typically covered
in a PAI. This effectively results in a renegotiation of the original
approval commitments and the appearance that an investigator is
enforcing his or her personal area of expertise.

SESSION IV: CHANGING LANDSCAPE OF PET DRUGS,
LABELING REQUIREMENTS, AND ELECTRONIC FILING
REQUIREMENTS

Ravi Kasliwal, a review chemist in CDER’s OPQ, provided the
FDA’s perspective on the evolution of PET drugs. Since 2009, the
list of approved PET drugs has grown significantly and now
includes generator-produced PET radionuclides in association with
a sterile nonradioactive kit for the preparation of the injectable
PET drug. There are critical differences between these 2 classes of
products. In the first case, exemplified by 18F-FDG injection, the
marketed product is manufactured as a multiple-dose vial in a
ready-to-use solution. The product is 100% tested and dispensed
into unit doses under the practice of pharmacy. The second case is
exemplified by 68Ga-DOTATATE injection, which uses 68GaCl3
eluted from a 68Ge/68Ga generator and a kit (the marketed prod-
uct) consisting of two vials, one with the dotatate chelate and
another with a buffered water solution for the injection. The radio-
labeling of the kit with the generator eluate is performed under the
practice of pharmacy according to instructions provided in the
package insert.

CLOSING REMARKS

Closing remarks for the workshop were presented by Louis Mar-
zella and Steve Zigler as personal observations on behalf of the
organizing committee. It is clear that nonuniform inspections create
confusion in the PET community concerning which regulations to
follow or what guidance is applicable. This in turn jeopardizes the
uniformity of the PET drug supply in the United States. A compre-
hensive risk profile based on the inherent characteristics of positron-
emitting radionuclides and PET drug manufacturing processes does
not currently exist. The little that is known in this area is not uni-
formly understood across the PET community and within the FDA.
A comprehensive training program for PET drug manufacturing

and associated regulatory sciences does not currently exist in any
pharmacy or university curriculum.
In closing the workshop, the PET community and the FDA had

several aims: to enhance the effectiveness of inspections (ensuring
the uniformity of PET drugs in the United States), to reach a consen-
sus on a science-based risk profile for PET drugs, to create and
implement training to enhance the consistency of FDA inspections,
to periodically hold a workshop to continue the dialog between the
FDA and PET stakeholders, and to hold interim informational meet-
ings between the FDA and PET stakeholders to discuss ongoing
issues with inspection of PET manufacturing facilities.

DISCUSSION: WORKSHOP SUMMARY AND
RECOMMENDATIONS FROM PET MANUFACTURING
STAKEHOLDERS

Four predominant themes emerged throughout the workshop:
the uniformity of FDA inspections of PET manufacturing facili-
ties, a science-based risk profile for PET drugs, improvements to

training for FDA investigators and the regulated community, and
continued dialog between the FDA and the PET community.

Prior to the workshop, the organizing committee collectively
defined the workshop as “a forum for the exchange of information
and perspectives on the regulatory and compliance framework for
PET drug manufacturing… thereby [improving] global understand-
ing of issues and challenges facing PET manufacturers.” In that
spirit, the remainder of this paper discusses each of these 4 themes,
along with recommendations for consideration by the FDA.

The Uniformity of FDA Inspections at PET
Manufacturing Facilities
A core principle of the PET GMP regulations is uniformity of

the radiopharmaceutical supply. Under GMP, it should not matter
where a drug is made, or who made it, or when it was made. A
drug should always have the quality characteristics described in
the application and applicable monograph.
Consequently, it seems self-evident that FDA inspections of PET

drug manufacturing facilities should be uniform. As described
numerous times by speakers at the workshop, experience among var-
ious PET manufacturing facilities has shown this not to be the case.
For example, some FDA investigators have used traditional pharma-
ceutical GMP regulations (21 CFR §211) in the inspection of PET
facilities. In other cases, PET facilities have been held to different
inspectional standards for operator qualification, sterility testing,
environment microbial monitoring, and other aspects of manufactur-
ing. Moreover, speakers at the workshop noted that the incidence of
nonuniform inspections seems to have increased recently.

The nonuniformity in FDA inspections potentially results from
various factors, including inadequate organizational controls within
the FDA, inadequate training of FDA investigators, inconsistent
adherence to applicable FDA policies and procedures, ad hoc consid-
erations of conditions for approval, and efforts by individual FDA
investigators through “regulation by inspection.” Various speakers
noted that manufacturing processes evolve, science evolves, and PET
manufacturers find new efficiencies. In turn, regulatory standards
must evolve commensurately to maintain product quality standards.
Along these lines, the regulation-by-inspection approach is often
used by individual FDA investigators to spur continuous improve-
ment in a regulated community, and this approach can lead to specific
improvements at a specific manufacturing facility. On the other hand,
PET manufacturers know that piecemeal implementation is not an
effective strategy in a distributed manufacturing environment such as
PET. Changes and improvements must be systematically imple-
mented across all 150 PET drug facilities. In fact, a poor change
implementation process can do more harm than the intended benefit
of the change in the first place. Such is the case with ad hoc changes
that inevitably result from nonuniform FDA inspections. Therefore,
efforts to spur continuous improvement in PET drug manufacturing
facilities should avoid regulation-by-inspection strategies and instead
focus on revisions to regulations, guidance documents, and inspec-
tion manuals. The PET community has worked diligently to achieve
a uniform supply of PET drugs through the adoption of the PET
GMP regulations and the implementation of best practices (32). To
continue to realize this goal, it is critical that the FDA inspection pro-
cess be uniformly implemented across all PET manufacturers.

Therefore, the FDA must improve the uniformity of FDA inspec-
tions at PET manufacturing facilities. One FDA speaker at the work-
shop conceded that “the variability of FDA inspections is inevitable.”
However, the FDA can minimize, if not eliminate, variability in PET
inspections by implementing the following 4 recommendations.
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First, the FDA should organize a designated team of investiga-
tors to inspect PET manufacturing facilities. The team may be orga-
nized at the national level or according to regional divisions. The
investigators must be trained through a comprehensive program
that includes topics such as the intrinsic properties of PET drugs
and the characteristics of the PET manufacturing supply chain.
Second, FDA investigators should use a prescribed checklist

during inspections of PET manufacturers. This is imperative since
deviations in inspectional approaches inevitably lead to nonuni-
form inspections. To this end, FDA speakers at the workshop
described a tablet-based approach to managing inspectional check-
lists during PET inspections. The FDA should accelerate its efforts
on this project and seek guidance on the program from the PET
community. Although the FDA stated that sponsors will not be
allowed to view screenshots of the tablet screen, the inspectional
checklist should be publicly available to the PET community out-
side the inspection process. This transparency will significantly
inform the PET community’s efforts toward compliance and
ensure a level playing field in the regulated community.
Third, during the development of the PET GMP regulations, the

FDA found that product quality depends on the scope and com-
plexity of PET manufacturing facilities. Historically, this finding
has provided the FDA with the latitude to adapt inspectional strat-
egies and regulatory actions based on whether a facility is an aca-
demic self-producer or a commercial distributor. According to
today’s understanding of PET manufacturing facilities, “the scope
and complexity of operations” do not vary systematically from
one facility to another. Some facilities produce larger quantities of
a few PET drugs, and other facilities produce a greater variety in
smaller quantities. Further, there are no objective metrics to differ-
entiate the complexity of PET manufacturing facilities. In the
absence of such metrics, it is reasonable to conclude that all PET
facilities are similar in the day-to-day complexity of operations
regardless of whether they are associated with an academic medi-
cal center or a commercial distributor. Therefore, the FDA should
discontinue the practice of defining inspectional strategies and reg-
ulatory actions on the basis of whether a facility is academic or
commercial.
Fourth, in the event of a disagreement between an FDA investiga-

tor and the personnel at a PET facility during an inspection, there
are few options available to the PET facility for mediation of the
disagreement. At the workshop, a panel discussion on this topic con-
cluded that often the only practical option in this situation is the
issuance of a 483 observation. To provide relief in the event of such
disagreements, the FDA should implement a formal process for the
elevation and mediation of disputes during an inspection. A possible
solution would be the implementation of a mediator and resolution
process/policy to evaluate disputes during inspections. The mediator
should be organizationally outside the chain of command of the
ORA, which manages inspections. In this way, the mediator would
provide the equivalent of quality assurance oversight for inspections,
much like the second-person operational checks that ensure quality
and prevent the inherent bias that occurs when operators perform
quality control on their own work. This solution would minimally
identify variations in regulatory interpretation and provide material
support to the guidance-upgrade process.

A Science-Based Risk Profile for PET Drugs
As with all medical procedures, inherent risk factors are associ-

ated with PET drugs. Several FDA speakers during the workshop
described the importance of risk-based approaches for both the

review of applications for PET drugs and the inspection of PET
manufacturers. This approach is consistent with the pharmaceutical
quality initiative described earlier in this paper. However, the PET
community is not aware of a science-based risk profile that is based
on the intrinsic properties of PET drugs and the manufacturing pro-
cesses used in their preparation. Further, the little information that
exists in this area is not uniformly understood within the FDA or
across the PET community. Thus, the application of the risk-based
approach to PET drugs can be characterized only as a subjective
exercise in perceived risk by individual reviewers and investigators.
To correct this deficiency, the FDA should work with PET manu-

facturers to develop a science-based risk profile for PET drugs. The
evaluation of risk factors, rates of occurrence, and mitigating strate-
gies should be based on the characteristics of PET drugs. The risk
analysis should consider the intrinsic safety factors of PET drug
products, such as the mass of the active radiopharmaceutical ingredi-
ent, the likelihood of a pharmacologic response, radioactivity levels,
and potential for repeat uses. These factors are already considered
in regulatory assessments such as the exploratory investigational
new-drug pathway (33). The risk analysis should also include mitiga-
tion strategies used in PET manufacturing as described throughout
this workshop, including the use of closed systems, presterilized
components, aseptic environments, microbiologically lethal process-
ing steps, and other manufacturing steps. The analysis should be
published in the peer-reviewed literature and openly available to the
regulated community. The results of this exercise, done together
with PET manufacturers, will provide transparency to the regulated
community and will better inform FDA review practices and inspec-
tional policies according to the PET GMP regulations and guidance.
During the workshop, FDA speakers said that the FDA is revis-

ing the PET GMP regulations and associated guidance documents.
However, speakers from the PET community described the contin-
ued track record of safety associated with PET drugs, thus putting
into question the immediate need for revision of the PET GMP
regulations, which have been in use for only 10 y since being
finalized. If the FDA continues to pursue these revisions, the rule-
making efforts should be tethered to the development of a risk pro-
file for PET drugs (as described in the previous paragraph) and
therefore may be delayed until this has been completed. This delay
will allow for revisions that more accurately reflect actual risk ver-
sus perceived risk.

Improvements to Training for FDA Investigators and the
Regulated Community
Over time, FDA personnel change and new people become

involved in the review of PET drug applications and in the inspection
of PET drug manufacturing facilities. Consequently, there is a contin-
ual need for educational resources for new entrants in this field.

Continued Dialog Between the FDA and the PET
Manufacturing Community
The workshop provided an invaluable forum for the FDA and

PET drug stakeholders to exchange ideas, issues, and challenges
associated with the regulation of PET drugs. The workshop was
only a start: the PET GMP regulations are less than 10 y old, and
experiences with the FDA and the PET community will continue
to evolve. Long-term, sustainable implementation of new regula-
tions requires time and a routine dialog. It is critical for the FDA
and the PET community to share information outside the formal
channels of an application review or an inspection.
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CONCLUSION

PET drugs have opened the door to molecular imaging and the
realization of personalized medicine in the clinical environment. A
regulatory framework that maintains the existing PET supply chain,
guards against shortages, and ensures continued investment in the
expanding pipeline of PET drugs is critical for the long-term health
of this important imaging modality. To that end, adoption of the
recommendations described in this publication will provide a sus-
tainable supply of safe and effective PET drugs in the clinical en-
vironment, thus ensuring widespread patient access to lifesaving
diagnoses available only through PET imaging.

DISCLOSURE

Christopher Ignace is an employee of Cardinal Health. Sally
Schwarz is employed by Travarex Biomedical part-time. Peter
Scott has active research grants from Bristol Myers Squibb, GE
Healthcare, AbbVie, Gossamer Bio Inc., and IMRA America Inc.;
has clinical trials support from Bristol Myers Squibb; is an owner
of SynFAST Consulting LLC; receives editorial royalties from
John Wiley and Sons; is an ad hoc consultant for GE Healthcare
and the International Atomic Energy Agency; and holds leadership
roles in the Society of Nuclear Medicine and Molecular Imaging
and the Society of Radiopharmaceutical Sciences. Steven Zigler is
an employee of Siemens PETNET Solutions. No other potential
conflict of interest relevant to this article was reported.

ACKNOWLEDGMENTS

We thank the Society of Nuclear Medicine and Molecular Imag-
ing, the World Molecular Imaging Society, the Medical Imaging
Technology Alliance, and the FDA for sponsoring the workshop.

REFERENCES

1. Orange book: approved drug products with therapeutic equivalence evaluations.
FDA website. https://www.accessdata.fda.gov/scripts/cder/ob/index.cfm. Accessed
May 16, 2022.

2. PET drugs: a workshop on inspections management and regulatory considerations.
FDA website. https://www.fda.gov/drugs/pet-drugs-workshop-inspections-management-
and-regulatory-considerations-02212020-02212020. Published February 21, 2020.
Accessed May 16, 2022.

3. SNMMI/MITA Survey of PET Drug Manufacturers, February 4–10, 2020, as
described in Introduction to PET drugs. FDA website. https://www.fda.gov/media/
136480/download. Published February 21, 2020. Accessed May 16, 2022.

4. Silberstein EB. Prevalence of adverse events to radiopharmaceuticals from 2007 to
2011. J Nucl Med. 2014;55:1308–1310.

5. Silberstein EB; Pharmacopeia Committee of the Society of Nuclear Medicine.
Prevalence of adverse reactions to positron emitting radiopharmaceuticals in
nuclear medicine. J Nucl Med. 1998;39:2190–2192.

6. Laroche ML, Quelven I, Maz!ere J, Merle L. Adverse reactions to radiopharmaceut-
icals in France: analysis of the national pharmacovigilance database. Ann Pharmac-
other. 2015;49:39–47.

7. Kennedy-Dixon T-G, Gossell-Williams M, Cooper M, Trabelsi M, Vinjamuri S.
Evaluation of radiopharmaceutical adverse reaction reports to the British Nuclear
Medicine Society from 2007 to 2016. J Nucl Med. 2017;58:2010–2012.

8. Schreuder N, Koopman D, Jager PL, Kosterink JGW, van Puijenbroek E. Adverse
events of diagnostic radiopharmaceuticals: a systematic review. Semin Nucl Med.
2019;49:382–410.

9. Global Imaging Market Outlook Report. IMV Medical Information Division; 2019.
10. FDA pharmaceutical quality oversight: one quality voice. FDA website. https://

www.fda.gov/media/91721/download. Accessed May 16, 2022.
11. Other postmarketing reports. FDA website. https://www.accessdata.fda.gov/scripts/cdrh/

cfdocs/cfcfr/cfrsearch.cfm?fr=314.81. Updated March 29, 2022. Accessed May 16, 2022.

12. Current good manufacturing practice for positron emission tomography drugs.
FDA website. https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.
cfm?CFRPart=212. Accessed May 16, 2022.

13. Guidance: PET drugs—current good manufacturing practice (CGMP). FDA website.
https://www.fda.gov/media/71013/download. Published December 2009. Accessed
May 16, 2022.

14. Positron emission tomography (PET) cGMP drug process and pre-approval inspec-
tions/investigations. FDA website. https://www.fda.gov/media/82370/download.
Published September 11, 2015. Accessed May 16, 2022.

15. Current Good Manufacturing Practice for Finished Pharmaceuticals. FDA website.
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.
cfm?CFRPart=211. Updated March 29, 2022. Accessed May 16, 2022.

16. Understanding CDER’s risk-based site selection model. FDA website. https://
www.fda.gov/media/116004/download. Published September 26, 2018. Accessed
May 16, 2022.

17. Comparability protocols for human drugs and biologics: chemistry, manufacturing,
and controls information. FDA website. https://www.fda.gov/media/97148/download.
Published April 2016. Accessed May 16, 2022.

18. Electronic records; electronic signatures. FDA website. https://www.accessdata.fda.
gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?CFRPart=11. Updated March 29, 2022.
Accessed May 16, 2022.

19. Guidance: media fills for validation of aseptic preparations for positron emission
tomography (PET) drugs. FDA website. https://www.fda.gov/media/81974/download.
Published April 2012. Accessed May 16, 2022.

20. Halvorson HO, Ziegler NR. Application of statistics to problems in bacteriology.
J Bacteriol. 1933;26:559–567.

21. Bowman FW. The sterility testing of pharmaceuticals. J Pharm Sci. 1969;58:
1301–1308.

22. Bryce DM. Tests for the sterility of pharmaceutical preparations; the design and
interpretation of sterility tests. J Pharm Pharmacol. 1956;8:561–572.

23. Sutton S. The sterility tests. In: Moldenhauer J, ed. Rapid Sterility Testing. Paren-
teral Drug Association; 2011:9–13.

24. ISO Technical Standard 14698-1, Cleanrooms and Associated Controlled Environ-
ments—Biocontamination Control, Part 1: General Principles and Methods. Inter-
national Organization for Standardization; 2003:32.

25. Pharmaceutical CGMPs for the 21st century: a risk-based approach—final report.
FDA website. https://www.fda.gov/media/77391/download. Published September
2004. Accessed May 16, 2022.

26. Guidance for industry: Q10 pharmaceutical quality system. FDA website. https://
www.fda.gov/media/71553/download. Published April 2009. Accessed May 16,
2022.

27. General labeling provisions. FDA website. https://www.accessdata.fda.gov/scripts/
cdrh/cfdocs/cfcfr/CFRSearch.cfm?CFRPart=201&showFR=1. Updated March 29,
2022. Accessed May 16, 2022.

28. Providing regulatory submissions in electronic format: certain human pharmaceutical
product applications and related submissions using the eCTD specifications. FDA
website. https://www.fda.gov/media/135373/download. Published February 2020.
Accessed May 16, 2022.

29. M4 organization of the common technical document for the registration of phar-
maceuticals for human use. FDA website. https://www.fda.gov/media/71551/
download. Published October 2017. Accessed May 16, 2022.

30. Guidance for industry: integrated summaries of effectiveness and safety—location
within the common technical document. FDA website. https://www.fda.gov/media/
75783/download. Published April 2009. Accessed May 16, 2022.

31. CDER Office of Pharmaceutical Quality: report on the state of pharmaceutical qual-
ity—fiscal year 2019. FDA website. https://www.fda.gov/media/135046/download?
utm_campaign=SBIA%3A%20OPQ%20Issues%20Annual%20Report%20for%2020
19&utm_medium=email&utm_source=Eloqua. Published June 2020. Accessed May
16, 2022.

32. Coalition for PET Drugs sponsors three sessions at SNMMI annual meeting. Coali-
tion for PET Drug Manufacturers website. https://coalitionforpetdrugs.org/2017/
07/11/coalition-for-pet-drugs-sponsors-three-sessions-at-snmmi-annual-meeting/.
Published July 11, 2017. Accessed May 16, 2022.

33. Guidance for industry, investigators, and reviewers: exploratory IND studies. FDA
website. https://www.fda.gov/media/72325/download. Published January 2006.
Accessed May 16, 2022.

34. Current good manufacturing practice for positron emission tomography drugs. Fed
Regist. 2009;74:65409–65436.

35. Food and Drug Administration Modernization Act of 1997. govinfo website.
https://www.govinfo.gov/content/pkg/PLAW-105publ115/pdf/PLAW-105publ115.
pdf. Published November 21, 1997. Accessed May 16, 2022.

PROCEEDINGS: PET DRUG WORKSHOP & Bunning et al. 1123



L E T T E R S T O T H E E D I T O R

Tumor Sink Effect: Myth or Reality?

TO THE EDITOR: We thank Prive et al. for their correspondence.
As acknowledged in our publication (1), the main limitation of the
study is the use of a single-time-point SUVmeasurement as a surrogate
for radiation dose. Differential prostate-specific membrane antigen
(PSMA) uptake patterns and tumor-to-background ratios are observed
when PSMAPET image acquisition is performed at late time points in
comparison to images acquired at 1 h after injection (2–5). Thus, it is
clear that images acquired 1h after injection cannot reflect the biologic
effects of 177Lu-PSMA that occur over more than 3wk (biologic half-
life). However, even if not perfectly accurate, PSMAPET imagingper-
formed at 1 h still provides a fair estimate of the patient target expres-
sion and of the biodistribution of a PSMA-targeted
radiopharmaceutical, and prior studies have reported that pretherapeu-
tic PSMAPETmeasurementsmay be correlated with radiation dose to
tumor and normal organs from 177Lu-PSMA therapy (6–8).
Regarding the definition of low- and high-volume disease, it is

important to note that CHAARTED and LATTITUDE criteria were
based on conventional imaging (9). Applying these criteria for an anal-
ysis of PSMA PET can lead to major discordance in patient stratifica-
tion, as described previously (10). Therefore, we recommend explicit
use of the term PSMA-VOL in reference to the whole-body PSMA
PET volumetric assessment and not just low-volume or high-volume
metastatic, as follows: very low PSMA-VOL (,25cm3), low
PSMA-VOL (25–188cm3), moderate PSMA-VOL (189–531 cm3),
high PSMA-VOL (532–1,354 cm3), and very high PSMA-VOL
($1,355 cm3).
As the authors mention, we agree that patients with low-volume

metastatic disease or oligometastases can safely benefit from PSMA-
based radionuclide therapywithout decreasing the commonly applied
dose-activity level of 7.4 GBq per cycle currently in use in the ongo-
ing trial NCT04443062 and as supported by preliminary data (11). On
the other hand, our results suggest that the dose-activity level of 177Lu-
PSMA could be increased safely in patients with very high PSMA-
VOL ($1,355cm3). Nevertheless, these findings warrant further vali-
dation by dosimetry studies and safety assessments in prospective clin-
ical trials.
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Thoughts on “Tumor Sink Effect in 68Ga-PSMA-11
PET: Myth or Reality?”

TOTHEEDITOR:We readwith great interest the recent article by
Gafita et al. published in The Journal of Nuclear Medicine (1). They
observed that patients with a very high tumor load showed a signif-
icantly lower SUV in healthy organs on a 68Ga-prostate-specific mem-
brane antigen (PSMA) PET scan, suggesting a tumor sink effect. A
comparable observation was also described by Gaertner et al. (2).
These authors postulated that a similar effect might occur with
PSMA-targeted radioligand therapy. However, dissimilar results
regarding the tumor sink effect have also been reported (3).
Although the results of Gafita et al. may support higher treatment

activities of 177Lu-PSMA for those with a very high volume of dis-
ease ($1,355mL), there were actually no significant differences in
the SUVmean of healthy organs between a very lowvolume of disease
(,25mL) and a high volume (,1,355mL). These results are in line
with what we recently observed in a therapeutic 177Lu-PSMA study
on patients with low-volume metastatic hormone-sensitive prostate
cancer (4,5). We saw that the dosimetry results based on postthera-
peutic SPECT imaging in patients with a maximum of 10 prostate
cancer metastases—or a very low volume of metastasis following
the definition of Gafita et al.—were comparable to previously
reported results on patients with high-volumemetastatic prostate can-
cer (6–8). This result suggests that the sink effect in the setting of low-
volume metastatic disease may be of less concern than is commonly
anticipated.COPYRIGHT! 2022 by the Society of Nuclear Medicine andMolecular Imaging.
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There are also important limitations to Gafita’s study that need to
be considered and also apply to the previous work investigating the
sink effect. The authors did not take into account tracer pharmacoki-
netics or perform dosimetry but based their results on a single-time-
point SUV as a surrogate for radiation dose. This choice limits the
accuracy with which the radiation dose for 177Lu-PSMA can be esti-
mated, particularly as uptake in healthy organs and tumor occurs
over a prolonged time (5,9). The observed effect could thus relate
to an early differential distribution of tracer to tumors in a very
high-volume setting ($1,355mL), which does not exist at later
time points. Moreover, the precursor used for PSMA imaging
(e.g., PSMA-11) and PSMA therapy (e.g., PSMA-617) generally
differ and may thus confound the outcomes. The study was also
prone to bias due to its retrospective multicenter design with varying
local scan protocols. Therefore, the differences between a very low
and a very high volume of disease may have differed using a differ-
ent study strategy.
All in all, we do believe there is a relevant sink effect but want to

emphasize that the present data suggest that patients with a very low
volume of metastatic disease or oligometastases can safely benefit
from PSMA radioligand therapy and should not be excluded after
this recent report. A prospective study with a low oligometastatic vol-
ume and a high volume of disease in a homogeneous cohort of patients
that includes dosimetry is awaited. Moreover, a post hoc analyses of
the VISION data that compares the adverse events (e.g., xerostomia)
in patients with low-volume and high-volume metastasis may lead to
a better understanding. As a final note, the definition of high volume
and low volume used in the studies also differs from what urooncolo-
gists think of as high and low volumes, as they generally follow the
CHAARTED or LATTITUDE criteria (10). We therefore urge future
studies to base their reports on criteria that are more commonly used.
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