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INDICATIONSANDUSAGE

Illuccix®, after radiolabeling with Ga 68, is a radioactive diagnostic agent indicated for
positron emission tomography (PET) of prostate-specificmembrane antigen (PSMA)
positive lesions in menwith prostate cancer:

• with suspectedmetastasis who are candidates for initial definitive therapy

•with suspected recurrence based on elevated serum prostate-specific
antigen (PSA) level

Important Safety Information

WARNINGSANDPRECAUTIONS

Risk forMisdiagnosis
Image interpretation errors can occur with galliumGa 68 gozetotide PET.
A negative image does not rule out the presence of prostate cancer and a positive
image does not confirm the presence of prostate cancer. The performance of gallium
Ga 68 gozetotide for imaging of biochemically recurrent prostate cancer seems to
be affected by serum PSA levels and by site of disease. The performance of gallium
Ga 68 gozetotide for imaging of metastatic pelvic lymph nodes prior to initial
definitive therapy seems to be affected by Gleason score. GalliumGa 68 gozetotide
uptake is not specific for prostate cancer andmay occur with other types of cancer
as well as non-malignant processes such as Paget’s disease, fibrous dysplasia,
and osteophytosis. Clinical correlation, whichmay include histopathological
evaluation of the suspected prostate cancer site, is recommended.

Radiation Risks
GalliumGa 68 gozetotide contributes to a patient’s overall long-term cumulative
radiation exposure. Long-term cumulative radiation exposure is associated with an
increased risk for cancer. Ensure safe handling tominimize radiation exposure to
the patient and health care workers. Advise patients to hydrate before and after
administration and to void frequently after administration.

ADVERSE REACTIONS
The safety of galliumGa 68 gozetotide was evaluated in 960 patients, each receiving
one dose of galliumGa 68 gozetotide. The average injected activity was 188.7 ± 40.7
MBq (5.1 ± 1.1mCi). No serious adverse reactions were attributed to galliumGa 68
gozetotide. Themost commonly reported adverse reactions were nausea, diarrhea,
and dizziness, occurring at a rate of < 1%.

DRUG INTERACTIONS
Androgen deprivation therapy and other therapies targeting the androgen
pathway Androgen deprivation therapy (ADT) and other therapies targeting the
androgen pathway, such as androgen receptor antagonists, can result in changes in
uptake of galliumGa 68 gozetotide in prostate cancer. The effect of these therapies
on performance of galliumGa 68 gozetotide PET has not been established.

You are encouraged to report suspected adverse reactions of prescription drugs
to the FDA.

Please note this information is not comprehensive. Please see brief summary of
the full prescribing information on the next page, or visit illuccixhcp.com for full
prescribing information.
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Illuccix (kit for the preparation of galliumGa 68 gozetotide Injection)
BRIEF SUMMARY: Consult the full prescribing information for complete product information

WARNINGSANDPRECAUTIONS

Risk forMisdiagnosis
Image interpretation errors can occur with galliumGa 68 gozetotide PET. A negative image does not rule out the presence of prostate
cancer and a positive image does not confirm the presence of prostate cancer. The performance of galliumGa 68 gozetotide for imaging
of biochemically recurrent prostate cancer seems to be affected by serum PSA levels and by site of disease [see Clinical Studies (14)].
The performance of galliumGa 68 gozetotide for imaging of metastatic pelvic lymph nodes prior to initial definitive therapy seems to be
affected by Gleason score [see Clinical Studies (14)]. GalliumGa 68 gozetotide uptake is not specific for prostate cancer andmay occur
with other types of cancer as well as non-malignant processes such as Paget’s disease, fibrous dysplasia, and osteophytosis. Clinical
correlation, whichmay include histopathological evaluation of the suspected prostate cancer site, is recommended.

Radiation Risks
GalliumGa 68 gozetotide contributes to a patient’s overall long-term cumulative radiation exposure. Long-term cumulative radiation
exposure is associated with an increased risk for cancer. Ensure safe handling tominimize radiation exposure to the patient and health
care workers. Advise patients to hydrate before and after administration and to void frequently after administration [see Dosage and
Administration (2.1, 2.3)].

ADVERSE REACTIONS

Clinical Trials Experience
Because clinical trials are conducted under widely varying conditions, adverse reaction rates observed in the clinical trials of a drug
cannot be directly compared to rates in the clinical trials of another drug andmay not reflect the rates observed in practice. The safety
of ILLUCCIX has been established based on studies of another formulation of galliumGa 68 gozetotide in patients with prostate cancer
[see Clinical Studies (14)]. Below is a display of the adverse reactions in these studies. The safety of galliumGa 68 gozetotide was evalu-
ated in 960 patients, each receiving one dose of galliumGa 68 gozetotide. The average injected activity was 188.7 ± 40.7MBq (5.1 ± 1.1
mCi). No serious adverse reactions were attributed to galliumGa 68 gozetotide. Themost commonly reported adverse reactions were
nausea, diarrhea, and dizziness, occurring at a rate of < 1%.

DRUG INTERACTIONS

Androgen deprivation therapy and other therapies targeting the androgen pathway Androgen deprivation therapy (ADT) and other
therapies targeting the androgen pathway, such as androgen receptor antagonists, can result in changes in uptake of galliumGa 68
gozetotide in prostate cancer. The effect of these therapies on performance of galliumGa 68 gozetotide PET has not been established.

USE IN SPECIFIC POPULATIONS

Pregnancy

Risk Summary
ILLUCCIX is not indicated for use in females. There are no available data with galliumGa 68 gozetotide injection use in pregnant women
to evaluate for a drug-associated risk of major birth defects, miscarriage, or adversematernal or fetal outcomes. All radiopharmaceuti-
cals, including ILLUCCIX, have the potential to cause fetal harm depending on the fetal stage of development and themagnitude of the
radiation dose. Animal reproduction studies have not been conductedwith galliumGa 68 gozetotide.

Lactation

Risk Summary
ILLUCCIX is not indicated for use in females. There are no data on the presence of galliumGa 68 gozetotide in humanmilk, the effect on
the breastfed infant, or the effect onmilk production.

Pediatric Use

The safety and effectiveness of galliumGa 68 gozetotide in pediatric patients have not been established.

Geriatric Use

The efficacy of galliumGa 68 gozetotide PET in geriatric patients with prostate cancer is based on data from two prospective studies
[see Clinical Studies (14)]. Most patients in these trials were 65 years of age or older (72%). The efficacy and safety profiles of gallium
Ga 68 gozetotide appear similar in younger adult and geriatric patients with prostate cancer, although the number of younger adult
patients in the trials was not large enough to allow definitive comparison.
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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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Improving health care through accreditation®
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Registration is now available for the SNMMI Fall Therapeutics
Conference, November 17-19, 2022, at the Gaylord National
Resort and Convention Center, located on the Potomac River in
the Washington, DC metropolitan area. The resort is a short
distance from both downtown DC and historic Old Town
Alexandria, and is accessible to all three DC area airports. This
two-and-a-half-day event will explore the latest innovations and
clinical applications in radiopharmaceutical therapy, including:
• Setting up a Theranostics Clinic
• Thyroid Therapies
• Prostate Therapies
• Neuroendocrine Therapies
• Pediatric Therapies
• Radiopharmaceutical Supply Chain
• Dosimetry for Therapies
• Therapy Clinical Trials Primer
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www.snmmi.org/TC2022
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ABNM CertLink: Update and “By the Numbers”
Kirk A. Frey, MD, PhD, Associate Executive Director, American Board of Nuclear Medicine

T
he American Board of Nuclear Medicine (ABNM)
CertLink program is the mechanism offered to permit
diplomates to satisfy American Board of Medical

Specialties (ABMS) Maintenance of Certification (MOC)
Part 3 requirements on a continuous, quarterly basis as
opposed to a periodic (10-year cycle) half-day, high-stakes
examination. CertLink offers several distinctive advantages
over the previous periodic approach. Although CertLink
provides the ABMS-required summative evaluation of dip-
lomate cognitive ability, it is implemented in a formative
context, providing participants with questions intended to
emphasize common or new clinical aspects of nuclear medi-
cine and molecular imaging. Each question item is accompa-
nied by a critique describing the key concept, together with
citation(s) to the literature for diplomates who want deeper
understanding, particularly of new innovations in the field.

Approximately 1,250 active ABNM diplomates currently
participate in the CertLink program, which launched in April
2018. Earlier this year, ABNM conducted a review and as-
sessment of the program to determine direction(s) for po-
tential future improvement. An important communication
pathway leading to feedback from participating diplomates is
the opportunity to provide comments to ABNM at the item
response/review step in the examination. Review of the initial
3 years was based on the first 108 distinct exam items distrib-
uted, with the opportunity for up to 135,000 potential diplomate
comments. ABNM received and reviewed 1,136 comments
over this period. Each comment was reviewed and investigated
by ABNM, but individual responses to commenting diplo-
mates were beyond the scope of board resources. A majority
of CertLink question items received diplomate comments.
Twenty-six received $10 comments; of these, 8 items were
excluded from final scoring on the basis of unanticipated prob-
lems. Several overall comment themes were identified.

Image Quality and Display. Frequent comments ad-
dressed difficulty in review of diagnostic images. In the cur-
rent CertLink 2.0 release, images are an integral component
within the question page, and the zoom feature of the work-
station browser program must be employed. When finished
zooming in on an image, the browser display must be reset
to lower resolution to complete the question and see the next
question. The ABNM CertLink FAQ and instruction page on
the Web will be updated to document this approach. In addi-
tion, ABNM will further emphasize image quality and clarity
in future published items, recognizing the critical image-rich
aspect of nuclear medicine and molecular imaging practice.

Review of Questions and Images with Item Critique.
Another frequent comment was the desire to re-review a ques-
tion and images at the level of item feedback and critique
stage of the examination. Current feedback is limited to

identification of the correct vs. incorrect scoring of the diplo-
mate response, together with a brief discussion of the key con-
cept in the question and citation(s) to supporting literature.
ABNM is investigating the possibility of redisplay of questions
and images as a part of the feedback phase, and, if feasible,
this will be added as an update to the examination procedure.

Key Point/Focus of Question(s). Diplomates also com-
mented on the relationship of the key concept of an exam
item to the current practice scope of the diplomate. In this
context, it must be appreciated that ABNM certification cov-
ers the entire spectrum of practice in the field. ABNM does
not offer subspecialty certifications for focused practice
areas such as cardiovascular or pediatric nuclear medicine
and molecular imaging or for diplomates who may not have
ongoing experience with related therapy and theranostics.
Continued ABNM certification applies to the entire breadth
of nuclear medicine and molecular imaging content. An
advantage of the CertLink approach is that it permits diplo-
mates to remain current in aspects of practice that are poten-
tially outside the constraints of their present practice—the
formative aspect of CertLink, directing diplomates to litera-
ture resources for further learning and clarification.

Additional comments identified item-specific aspects.
These included the possibility of incorrect scoring: incorrect
key distractor, multiple correct distractors, or no correct dis-
tractor presented. Each comment was investigated by ABNM,
and, in some instances, unanticipated problems with items
were confirmed. In most such instances, such items were
deleted from final scoring of the overall exam. In addition,
ABNM conducts a retrospective psychometric statistical anal-
ysis of each item to identify items that did not perform as
intended. In most instances, these were also deleted from final
diplomate assessments, supporting the overall validity of the
summative CertLink results for satisfaction of MOC Part 3
requirements.

ABNM CertLink is fully operational and functioning as
intended. However, it is not a “final product” and will con-
tinue to undergo prospective changes and improvements,
many at the suggestion of participating diplomates. Diplo-
mates are encouraged to continue offering comments during
item review. These constitute important input for potential
program modifications. ABNM will further strengthen item
delivery and feedback aspects of the program, with contin-
ued emphasis on supporting participant awareness of impor-
tant clinical innovations and changes throughout all aspects
of nuclear medicine and molecular imaging. Diplomates
who have not yet activated participation in CertLink should
consider enrolling to obtain the benefits of both ABMS Part
3 evaluation as well as formative resources and assistance
with the evolving landscape of clinical practice.
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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

Making Nuclear Medicine a Household Phrase
Munir Ghesani, MD, SNMMI President

A
lthough certain medical terms are known to the gen-
eral public—dialysis, biopsy, and chemotherapy, for
example—nuclear medicine does not usually fall into

that category. Nuclear medicine remains relatively unknown,
misunderstood, and underutilized, to the detriment of patients.
As nuclear medicine and molecular imaging professionals,
we know the vital role that it plays in patient care. On behalf
of the entire field, SNMMI is working to make sure that
others outside of our community know it as well.

As part of SNMMI’s Value Initiative, the society launched
a robust consumer awareness campaign to educate the public
about what nuclear medicine is and what it can accomplish.
By translating the latest research and telling compelling sto-
ries, the society has successfully reached patients, caregivers,
referring physicians, legislators, regulators, and payers about
the benefits of nuclear medicine. In fact, in the campaign’s
first 6 months, stories about nuclear medicine and molecular
imaging were featured in media reaching more than 1 billion
consumers.

The consumer awareness campaign began with the creation
of core messages focused on the fact that nuclear medicine can
diagnose and treat disease effectively and safely, with minimal
side effects and exceptional results for patients. With the latest
advances in nuclear medicine therapies, messages were also
developed about radiopharmaceutical treatments.

Once the key messages were drafted, a plan was made to
garner media attention throughout the country and specifically
in the Washington, DC, market, where a heavy concentration
of regulators and legislators reside. The society developed
relationships with reporters who cover science and health for
major newspapers and magazines, radio, television, and online
news publications. SNMMI promoted stories about recently
published research in nuclear medicine and molecular imaging,
connecting these stories to current events or occasions to pro-
vide relevance. Stories highlighting patients who have bene-
fited from nuclear medicine imaging and therapy were also
made available to the media.

Since the campaign’s inception, the society has garnered
many high-profile media placements. Nuclear medicine was
spotlighted on the popular New York radio channel Q104.3 in
a 3-part series with award-winning radio host Shelli Sonstein.
The first interview in September 2021 focused on nuclear
medicine as an innovative cancer treatment, and the second in
February 2022 covered nuclear medicine in nononcologic dis-
ease. Sonstein saw so much value in these interviews that she
had SNMMI back a third time this past July to discuss nuclear
medicine as a tool to both diagnose and treat prostate cancer,
as well as research from the Annual Meeting.

On the television front, SNMMI
has secured interviews on many news
shows. Placements include the Fox 5
DC Morning Show (unusual imaging
patterns on 18F-FDG PET/CT scans
possibly due to COVID Omicron var-
iant infections), Fox Good Day LA
(PET/CT artificial intelligence mod-
el for predicting risk of future heart
attack), ABC 7 DC News (cardiac
nuclear medicine), NBC 4 DC News
(nuclear medicine to diagnose and
treat cancer), Fox 5 DC Good Day DC (nuclear medicine as a
game-changer), Fox DC Weekend Show (nuclear medicine to
diagnose colon cancer), Fox Good Day LA (nuclear medicine to
treat Parkinson’s disease), and DCTV District Life Show
(nuclearmedicine to diagnose and treat prostate cancer).

Nuclear medicine was also covered in several print and
online publications. CURE Magazine published an article
about the U.S. Food and Drug Administration approval of
Pluvicto, interviewing Richard Wahl, MD, about the treat-
ment. SNMMI patient advocates also represented the society
in interviews with Health Central Online, Authority Maga-
zine, and Thrive Global. Authority Magazine also inter-
viewed Helen Nadel, MD, SNMMI vice president, about
inspiring women in STEM fields.

Complementing our consumer awareness campaign, the
society has also continued its outreach to patient and referring
physician associations with the goal of educating patients and
the medical community about the value of nuclear medicine,
molecular imaging, and radionuclide therapy. SNMMI’s Pa-
tient Advocacy Advisory Board (PAAB) advises the society
on development of patient education materials and public pol-
icy. This year, the PAAB welcomed 2 new members: Cancer
ABCs and the Pheo-Para Alliance. The society also educates
referring physicians by presenting at events hosted by organi-
zations such as the Pediatric Endocrine Society, Large Urology
Group Practice Association, American Urological Association,
and San Antonio Breast Cancer Symposium.

The consumer awareness campaign has seen much success,
and this is only the beginning. As advances in nuclear medi-
cine and molecular imaging continue—especially with the ef-
fectiveness and increased availability of radiopharmaceutical
therapies—we expect that media interest in our field will con-
tinue to grow. And with more awareness from consumers, re-
ferring physicians, legislators, and other key audiences, nuclear
medicine will be well on its way to becoming a common
household phrase.

Munir Ghesani, MD
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Nuclear Medicine Physician
Roswell Park Comprehensive Cancer Center

The Nuclear Medicine Section of the Department of Diagnostic Radiology
of the Roswell Park Comprehensive Cancer Center seeks a Board–Certified,
Fellowship-trained (recent fellowship graduate preferred), full-time Nuclear
Medicine Physician, commencing November 1, 2022. The candidate should
have extensive clinical and research experience with interest in nuclear oncology
and thorough grounding in multi-probe PET/CT and image-guided radionuclide
therapy. Innovative approaches to the treatment of malignancy are emphasized.
Additional background and Board Certification in Radiology,Medicine, Surgery,
or Pathology is a plus.
Responsibilities include teaching 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.
Our state-of-the-art Nuclear Medicine Department is located on the second
floor in the main hospital and is presently staffed by three full time nuclear
medicine physicians. The nuclear medicine team collaborates with surgical and
medical oncologists, radiation medicine physicians, and pathologists to provide
multidisciplinary care to our patients, as well as with RPCCC outreach programs
to increase services in our local community.
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 is commensurate with experience and qualifications, and excellent
fringe benefits are offered. Interested applicants can apply through the position
posting located on our faculty careers webpage. Please contact our faculty
recruitment team if you have any questions at: Executive&FacultyRecruitment@
RoswellPark.org.

RPCCC and the University of Buffalo are M/F/D/V, M/F/H/V,
Equal Opportunity/Afrmative Action Employer
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Bertagnolli to Serve as
NCI Director

President Joe Biden announced
on August 10 his intention to appoint
Monica Bertagnolli, MD, as the 16th
(and first woman) director of the National
Cancer Institute (NCI). She currently
serves as the Richard E. Wilson Pro-
fessor of Surgery in surgical oncology
at the Harvard Medical School, as well
as a surgeon at the Brigham and Wom-
en’s Hospital and a member of the
Gastrointestinal Cancer and Sarcoma
Disease Centers at the Dana–Farber Can-
cer Institute (all in Boston, MA). She
has championed collaborative initiatives
to transform the data infrastructure for
clinical research and is the founding
chair of the Minimal Common Oncol-
ogy Data Elements (mCODE) Executive
Committee. She is a past president and
chair of the board of directors of the
American Society of Clinical Oncology
and has served on the board of directors
of the American Cancer Society and the
Prevent Cancer Foundation.

“I look forward to working with
Dr. Bertagnolli to advance the Presi-
dent’s call to end cancer as we know
it,” said Secretary Xavier Becerra, U.S.
Health and Human Services, referring
to the President’s renewed Cancer
Moonshot initiative. “Her decades of
cancer research expertise around patient-
centered care and her work to create
more inclusive clinical trials will be
instrumental as we accelerate the rate
of research and innovation to fight
cancer.”

The White House

TerraPower Announces Funding
Raised for Nuclear Technologies

Terrapower (Bellevue, WA) an-
nounced on August 15 the close of
an equity raising effort that yielded
.$750 million. The effort was led by
TerraPower founder Bill Gates and by
SK Inc./SK Innovation (Seoul, South
Korea). Additional funding will come
from other investors. According to a
press release from TerraPower, this
effort will enhance the company’s

“groundbreaking work in advanced nu-
clear energy technologies and nuclear
medicine.”

“TerraPower is committed to solv-
ing some of the toughest challenges that
face this generation through innova-
tion,” said TerraPower President and
CEO Chris Levesque. “Whether it’s
addressing climate change with carbon-
free advanced nuclear energy or fight-
ing cancer with nuclear isotopes, our
team is deploying technology solutions,
and investors across the world are ta-
king note.” TerraPower’s recent growth
has been driven in part by a U.S. De-
partment of Energy (DOE) Advanced
Reactor Demonstration Program (ARDP)
award and the construction of the
Natrium demonstration plant at a retir-
ing coal facility in Wyoming. Part of
the ARDP award requires a match of
50% of project costs, up to $2 billion.

The TerraPower Isotopes (TPI) pro-
gram is “supporting the transformation
of the fight against cancer by advancing
the next generation of isotopes.” Across
a range of partnerships, the program is
focusing on isotopic materials harvested
from DOE storage to be used in tar-
geted a therapy. The press release noted
that TPI has “unique access to 225Ac
and is working to provide this isotope
to the pharmaceutical community for
the development of drugs that target
and treat cancer.” TerraPower’s radio-
chemistry laboratory also supports other
radioisotope development initiatives
within the company as part of its nuclear
innovation mission. For more infor-
mation on the TPI, visit: https://www.
terrapower.com/wp-content/uploads/
2022/03/2022-TPI-Isotopes.pdf.

New European Data Law
and FDA

In a perspective article published on
August 9 by the U.S. Food and Drug
Administration (FDA), Heather Messick,
JD, an international policy analyst,
looked at the current and likely future
effects of the General Data Protection
Regulation (GDPR), a law enacted
by the European Union (EU) in 2018

requiring that organizations put in place
certain measures to collect, use, or store
personal data originating from persons
in the European Economic Area (the 27
EU member states plus Iceland, Nor-
way, and Lichtenstein) to ensure that
the data are protected, even if transferred
out of the area. The GDPR defines per-
sonal data as: “any information relating
to an identified or identifiable natural
person (“data subject”); an identifiable
person is one who can be identified, di-
rectly or indirectly, in particular by ref-
erence to an identifier such as a name,
an identification number, location data,
online identifier, or to one or more fac-
tors specific to the physical, physiologi-
cal, genetic, mental, economic, cultural,
or social identity of that person.” Of
note, coded data, referred to in the law
as “pseudonymised data,” are consid-
ered to be personal data and subject
to the protections of the law. Messick
outlined a number of concerns for the
FDA in its current interactions with the
EU, particularly in clinical and other
scientific trials, New Drug Applications/
Biologic License Applications, and ad-
verse event reporting. The FDA is as-
sessing implications for collaborative
medical research involving sites in EU
member states and the United States.
In March, the EU and the United States
agreed “in principle” on a new data
agreement for cross-border transfers of
personal privacy data for commercial
purposes. The FDA will continue to
monitor both requirements and inter-
pretations of the GDPR in the coming
year. The complete perspective article
is available at: https://www.fda.gov/
international-programs/global-perspec
tive/how-european-data-law-impacting-
fda.

U.S. Food and Drug Administration

NIH Centers of Excellence for
Telehealth in Cancer Care

The National Cancer Institute (NCI)
announced on August 18 that it will
award $23 million to 4 academic insti-
tutions to establish centers of excel-
lence to conduct research on the role of
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telehealth in delivering cancer-related
health care. The 5-y awards will estab-
lish the NCI Telehealth Research Cen-
ters of Excellence (TRACE) initiative,
which is being supported by the Cancer
Moonshot program to accelerate the rate
of progress against cancer.

“One of the Cancer Moonshot goals
is to make the cancer experience less
burdensome for patients and their fami-
lies and caregivers,” said Katrina God-
dard, PhD, director of the NCI Division
of Cancer Control and Population Sci-
ences. “We are awarding these centers
of excellence to better understand how
telehealth can contribute to improved
health outcomes across the cancer care
continuum.”

The research being undertaken by
the 4 centers will study the role of tele-
health in fields from prevention to
screening, diagnosis to treatment, and
survivorship. Each center will be led by
an academic institution that has assem-
bled diverse teams of researchers to
conduct large trials in real-world clin-
ical settings such as hospitals, cancer
centers, oncology practices, and pri-
mary care offices. The centers will be

led by the New York University Gross-
man School of Medicine (NY), North-
western University (Evanston, IL), the
University of Pennsylvania (Philadel-
phia), and Memorial Sloan Kettering
Cancer Center (New York, NY)

In addition to developing innovative
ways to use telehealth in cancer care, the
centers will focus on identifying and
addressing telehealth-related disparities
among vulnerable populations, including
racial and ethnic groups, rural residents,
older adults, people who are uninsured
or have low incomes, people who are
socially isolated, and people who have
limited digital literacy. All participating
centers are also committed to training
the next generation of telehealth-focused
researchers.

National Cancer Institute

DOE Medical User Group
Meetings

The Department of Energy (DOE)
Isotope Program held its Annual Medi-
cal Isotope User Group Meetings in a
virtual format in September and Octo-
ber. The meetings, which focused on

emerging a and b emitters, are orga-
nized to facilitate free discussion and
collaboration among users of specific
isotopes and to encourage information
exchange about their applications in
medicine. The webinar-style sessions
featured brief presentations by leading
researchers showcasing progress in these
emerging fields, followed by interactive
panel discussions. The 225Ac User
Group Meeting was held on September
1 and was moderated by Cathy Cutler,
PhD, from the Brookhaven National
Laboratory (Upton, NY). The 211At
User Group Meeting was held on Sep-
tember 6 and moderated by Yawen Li,
PhD, from the University of Washing-
ton School of Medicine (Seattle). On
September 19, the 134Ce User Group
Meeting was moderated by Stosh
Kozimor, PhD, from the Los Alamos
National Laboratory (NM). The final
event, the 212Pb User Group Meeting
was moderated by Matt O’Hara from
the Pacific Northwest National Labora-
tory (Richland, WA).

U.S. Department of Energy
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F R OM T H E L I T E R A T U R E

Each month the editor of Newsline
selects articles on diagnostic, therapeu-
tic, research, and practice issues from
a range of international publications.
Most selections come from outside the
standard canon of nuclear medicine and
radiology journals. These briefs are off-
ered as a window on the broad arena
of medical and scientific endeavor in
which nuclear medicine now plays an
essential role. The lines between diagno-
sis and therapy are increasingly blurred,
as radiolabels are used as adjuncts to
treatment and/or as active agents in 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.

18F-Fluorocholine PET/CT and
Parathyroid Imaging

Jacquet-Francillon et al. from the
Saint-$Etienne University Hospital/Uni-
versity of Saint-$Etienne, Hospices Civ-
ils de Lyon, Universit$e Jean Monnet
(Saint-$Etienne), and the Universit$e de
Lyon (Saint-$Etienne; all in France) re-
ported in the August 2 issue of Fron-
tiers in Medicine (Lausanne) (2022;9:
956580) on a study evaluating the per-
formance of quantitative criteria in 18F-
fluorocholine PET/CT for localization
of hyperfunctioning parathyroid glands,
as well as correlations between detec-
tion rates of 18F-fluorocholine PET/CT
and serum parathyroid hormone levels.
The retrospective study included 120
patients (135 lesions) with biologic
hyperparathyroidism who had undergone
imaging with 18F-fluorocholine PET/CT.
Images were assessed first with visual
analysis and then with a blinded reading
of standardized measurements of SUVmax

and liver, thyroid, and size ratios. Results
were compared with histology, with a
special emphasis on differentiation bet-
ween adenomas and hyperplasias. The
researchers found that areas under the
receiver operating characteristic curve
representing SUVmax and liver ratio were
significantly increased in the study group;
optimal cutoff values for these variables
were .4.12 and .27.4, respectively.

Beyond threshold values of SUVmax

.4.12 and/or liver ratio.38.1, all lesions
were confirmed to be adenomas on histol-
ogy. 18F-fluorocholine PET/CT was cor-
related with serum parathyroid hormone
levels. The authors concluded that semi-
quantitative measurements (specifically,
SUVmax and liver ratio) should be consid-
ered as additional tools in interpretation
of 18F-fluorocholine PET/CT. Although
these quantitative parameters have lower
overall performance than visual analysis,
they have higher specificity in identifying
adenomas, so that above certain PET/CT
threshold values, all lesions are adenomas.
PET/CT in this setting is also useful for
detection of hyperfunctional parathyroids.

Frontiers in Medicine (Lausanne)

Discordant Understanding of
the Freeform PET/CT Report in
Head and Neck SCC

In an article published on August
18 ahead of print in JAMA Otolaryngol-
ogy: Head and Neck Surgery, Patel et al.
from the Wake Forest School of Medi-
cine (Winston-Salem, NC) reported on
a study focusing on clinicians’ percep-
tions of PET/CT freeform reports and
the incidence of discordance between
clinician understanding and the inten-
tion of the nuclear medicine physicians
generating the reports. The retrospec-
tive study included 171 patients (45
women, 126 men; median age, 61 y,
range, 54–65 y) with head and neck squa-
mous cell carcinoma (HNSCC; 149 with
stage III–IV disease) in routine oncologic
management who underwent 18F-FDG
PET/CT for assessment of response to
radiation treatment with or without con-
current chemotherapy. Four clinicians
independently reviewed the freeform
PET/CT reports and assigned perceived
modified Deauville scores (MDS). These
results were then compared with the cri-
terion standard nuclear medicine MDSs
derived from image review. Clinical out-
comes assessed included locoregional
control, progression-free survival, and
overall survival. The researchers found
that although reliability/agreement be-
tween oncology clinicians was moderate

(k 5 0.68), consensus was minimal (k 5
0.36) between clinicians and nuclear me-
dicine physicians. Exact agreement be-
tween clinician consensus and nuclear
medicine physicians was 64%. The au-
thors concluded that “the results of this
cohort study suggest that considerable
variation in perceived meaning exists
among oncology clinicians reading free-
form HNSCC postradiation therapy PET/
CT reports, with only minimal agreement
between MDS derived from clinician
perception and nuclear medicine image
interpretation.” These data suggest that
nuclear medicine use of “a standardized
reporting system, such as MDS, may
improve clinician–nuclear medicine co-
mmunication and increase the value of
HNSCC postradiation treatment PET/CT
reports.”

JAMA Otolaryngology: Head and
Neck Surgery

Improving Transthoracic
Lung Mass Biopsy with
Intraprocedural CT and Prior
PET/CT Fusion

Lin et al. from the China-Japan
Friendship Hospital (Beijing, China) and
the Hospital Seberang Jaya (Penang,
Malaysia) reported on August 13 in
BMC Pulmonary Medicine (2022;22[1]:
311) on a study evaluating the utility of
intraprocedural CT and prior PET/CT
fusion imaging in improving the diag-
nostic yield of CT-guided transthoracic
core-needle biopsy in lung masses. The
study included 145 individuals with lung
masses suspicious for malignancy sched-
uled to undergo image-guided trans-
thoracic core-needle biopsy. Seventy-six
patients had undergone PET/CT imaging
#14 d before biopsy, and their imaging
data were integrated with intraprocedural
CT images. The resulting fused images
were used to plan puncture sites. The
remaining 69 patients underwent routine
CT-guided biopsy procedures. Clinical
characteristics,diagnosticyieldofthebi-
opsies, diagnostic accuracy, procedure-
related complications, and procedure
duration were compared between the 2
patient groups. Final clinical diagnosis
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was determined by histopathology and/
or at$6-mo follow-up. The overall dia-
gnostic yield and accuracy rate were
80.3% and 82.9%, respectively, for the
fusion imaging group, with correspond-
ing percentages of 70.7% and 75.4% for
the group under routine procedures. The
diagnostic yield for malignancy in
the fusion imaging group was higher
than that in the routine group (98.1%
and 81.3%, respectively). No serious
procedure-related adverse events were
noted in either of the groups. The authors
concluded that “core-needle biopsy with
prior PET/CT fusion imaging is partic-
ularly helpful in improving diagnostic
yield and accurate rate of biopsy in
lung masses, especially in heteroge-
neous ones, thus providing greater po-
tentialbenefit forpatients.”

BMC Pulmonary Medicine

Fibroblast-Activation Protein
Expression in Interstitial
Lung Disease

In an article published on August 19
ahead of print in theAmerican Journal of
Respiratory and Critical Care Medicine,
Yang et al. from the State Key Labora-
tory of RespiratoryDisease (Guangzhou),
the First Affiliated Hospital of Guang-
zhou Medical University, Southern
Medical University (Guangzhou), Wuxi
People’s Hospital of Nanjing Medical
University, General Hospital of South-
ern Theatre Command of PLA (Guang-
zhou), and the Shenzhen International
Institute for Biomedical Research (all
in China) reported on a study investigat-
ing whether the expression intensity of
fibroblast-activation protein (FAP), a
recognized surface biomarker of activa-
ted fibroblasts, can be used to estimate/
measure the amounts of activated fibro-
blasts in interstitial lung disease (ILD).
The researchers detailed multiple in vitro
studies characterizing FAP expression
in human primary lung fibroblasts and
clinical lung specimens, including qPCR,
Western blot, immunofluorescence
staining, deep-learning measurement
of whole-slide immunohistochemis-
try, and single-cell sequencing. They
also analyzed FAP-targeted PET/CT
imaging in patients with various ILDs

to determine correlations between FAP
tracer uptake and pulmonary function
parameters. They found that FAP expres-
sion was significantly upregulated in the
early phase of lung fibroblast activation
in response to a low dose of profibrotic
cytokine. Single-cell sequencing data in-
dicated that almost all FAP-positive cells
in ILD lungs were collagen-producing
fibroblasts. Immunohistochemistry con-
firmed that FAP expression levels were
closely correlated with fibroblastic foci
on human lung biopsy sections from
patients with ILDs. The total SUV for the
FAP-inhibitor PET tracer was signifi-
cantly related to lung function decline in
these patients. The authors concluded that
these results “strongly support that in vitro
and in vivo detection of FAP can assess
the profibrotic activity of ILDs, which
may aid in early diagnosis and selection
of an appropriate therapeutic window.”

American Journal of Respiratory
and Critical Care Medicine

Preoperative PET/CT in
Advanced Serous Ovarian
Cancer

Wang et al. from the First Affiliated
Hospital of Chongqing Medical Uni-
versity, the People’s Hospital of Yubei
District of Chongqing City, and Chong-
qing General Hospital/University of
Chinese Academy of Sciences (all in
China) reported on August 18 ahead of
print inActaObstetriciaetGynecologica
Scandinavica on a study analyzing and
comparing the predictive values of
preoperative PET/CT score, CT score,
metabolic parameters, tumor markers,
and hematologicmarkers for incomplete
resection after debulking surgery for
advanced serous ovarian cancer. The ret-
rospective study included data from 62
such patients who had undergone 18F-
FDGPET/CT imagingbeforeprimaryor
secondary debulking surgery. Variables
assessed included PET/CT and CT pre-
dictive scores (based on the Suidan
model), SUVmax, metabolic tumor vol-
ume,humanepididymisprotein4,cancer
antigen 125, lymphocyte-to-monocyte
ratio, platelet-to-lymphocyte ratio, and
neutrophil-to-lymphocyte ratio. Preop-
erative PET/CT was found to have the

highest predictive value for incomplete
resection in the primary debulking sur-
gery group (sensitivity, 65.0%; specific-
ity, 88.9%). In the secondary debulking
surgerygroup,preoperativePET/CTand
CT scores were the same but remained
higher than the other tumor and hemato-
logic variables (sensitivity, 80.0%; spec-
ificity, 94.7%). A preoperative PET/CT
score$3 predicted a high risk of incom-
plete resection after primary debulking,
and a preoperative PET/CT score $2
was highly predictive of incomplete
resection after secondary debulking.The
authors concluded that “the preoperative
PET/CT score may be a feasible and
quantitativemodel for predicting incom-
plete resection after debulking surgery
foradvancedserousovariancancer.”

Acta Obstetricia et Gynecologica
Scandinavica

Multiparametric Model for PET
in Thymic Lesion Diagnosis

In an article published on August
16 in BMC Cancer (2022;22[1]:895),
Wang et al. from the Beijing Friendship
Hospital/Capital Medical University
and the First Medical Center/Chinese
PLA General Hospital (both in Beijing,
China) reported on a study investigating
the diagnostic performance of multipa-
rametric 18F-FDG PET combined with
clinical characteristics in differentiating
thymic epithelial tumors from thymic
lymphomas. The study included 173 pa-
tients (80 with thymic epithelial tumors
and 93 with thymic lymphomas) who un-
derwent 18F-FDG PET/CT before treat-
ment. PET/CT parameters included in
the evaluation were lesion size, SUVmax,
SUVmean, total lesion glycolysis, meta-
bolic tumor volume, and tumor-to-
normal liver SUV ratio. Clinical data
were also included in assessing differen-
tial diagnostic and comparative efficacy.
Age, clinical symptoms, and PET meta-
bolic parameters were found to differ
significantly between patients with
thymic epithelial tumors and those with
thymic lymphomas. The calculated SUV
ratio showed the highest individual
differentiating diagnostic value (sensi-
tivity, 76.3%; specificity, 88.8%). A com-
bined model of age, clinical symptoms,
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and SUV ratio resulted in the highest dif-
ferentiating diagnostic value (sensitivity,
88.2%; specificity, 96.3%). The clinical
efficacy of the model was confirmed by
further analysis. The authors conclu-
ded that this “multiparameter diagnosis
model based on 18F-FDG PET and clini-
cal characteristics had excellent value in
the differential diagnosis of thymic epi-
thelial tumors and thymic lymphomas.”
They added that use of this model has
the potential to avoid unnecessary treat-
ment and surgery.

BMC Cancer

TauDistribution in Early-Onset AD

Frontzkowksi et al. from University
Hospital/LMU Munich (Germany), the
German Center for Neurodegenerative
Diseases (DZNE) (Munich, Germany),
the Munich Cluster for Systems Neurol-
ogy (SyNergy) (Germany), Lund Uni-
versity (Sweden), the Vrije Universiteit
Amsterdam/AmsterdamUMC(TheNeth-
erlands), and Skåne University (Lund,
Sweden) reported onAugust 20 inNature
Communications (2022;13[1]: 4899) on
a study combining resting-state func-
tional MR and longitudinal 18F-flortau-
cipir PET imaging to investigate tau
distribution and accumulation in individ-
ualswith early-onsetAD.The study drew
data from almost 300 participants in 2
independent clinical trials, each cohort
including patients with biomarker-con-
firmed and symptomatic Alzheimer
disease (AD), cognitively normal but
amyloid-positive individuals, and cog-
nitively normal controls with no AD-
associated pathologies. High-resolution
resting-state functional MR imaging data
from 1,000 healthy participants was used
tomap the topologyofgloballyconnected
“hubs” across the brain. 18F-flortaucipir
PET patterns in ADpatients and others in
the studyweremapped to the topology of
these globally connected hubs to deter-
mine the degree to which individual tau
patterns are expressed in globally con-
nected hub regions in the frontoparietal
association cortex compared to weakly
connected nonhub regions. Detailed

imaging analyses indicated: (1) that indi-
vidual tau deposition patterns on PET
are stronger in globally connected hub
regions in younger patients with symp-
tomatic AD and that these patterns are
associated with earlier symptom onset;
(2) that this hub-like pattern of tau depo-
sition at baseline PET is associated with
subsequent accelerated tau accumulation
on annual assessment; and (3) that this
hub-like pattern contributes to the ac-
celeration of cognitive decline. The
authors concluded that “this suggests
that earlier symptommanifestation is not
driven by specific pathophysiological
characteristics but rather by a tau distri-
bution pattern that preferentially targets
brain hubs important for cognitive
function.” They added that “knowledge
aboutdrivers of tauonset, heterogeneous
tau spreading patterns, and clinical tra-
jectories may become important to faci-
litate precision medicine prediction of
cognitive and pathological progression,
aswell as for patient stratification in clin-
ical trials.”

Nature Communications

Articular 18F-FDG Uptake in RA

In an article published online ahead of
print in the Journal of Rheumatology,
Ferraz-Amaro et al. from the Hospital
Universitario de Canarias (Tenerife.
Spain), Kettering Health (Dayton, OH),
and Columbia University College of
Physicians and Surgeons (New York,
NY) reported on a study using 18F-FDG
PET/CT to quantify joint inflammation
in rheumatoid arthritis (RA) and explore
correlations between PET-derived uptake
parameters andRAdisease activitymeas-
ures. The authors studied 34 patients with
RA who were part of the Rheumatoid
Arthritis Study of theMyocardium.Asso-
ciations between disease activity scores
and articular 18F-FDG SUVs were calcu-
lated. Weighted joint volume SUVs rep-
resenting 25%, 50%, 75% and maximal
(100%) uptakewere calculated as global
parameters of the total volume of joint
inflammation in each patient. The 25%,
50%, and 75% weight joint volume

SUVs were found to be significantly
correlated with the number of swollen
joints. No associations were found bet-
ween articular FDG uptake and nonar-
ticular RA-related variables, such as
disease duration, seropositivity, or RA
treatments. The authors concluded that
although articular FDG uptake was sig-
nificantly correlated with the number
of swollen joints in RA, it was not asso-
ciated with biochemical measures of
inflammation and disease activity.

Journal of Rheumatology

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 August. Sparano et al. from
the University of Florence (Italy) and the
Institut Gustave Roussy/Universit$e Paris-
Saclay (Villejuif, France) provided an ov-
erview of “Strategies for radioiodine
treatment: What’s new?” in the August 4
issue of Cancers (Basel) (2022;14[15]:
3800). In the August 3 issue of the Jour-
nal of Clinical Medicine (2022:11[15]:
4514), Dondi et al. from the ASST Spe-
dali Civili di Brescia (Italy), the Uni-
versit"a degli Studi di Brescia (Italy),
Ente Ospedaliero Cantonale (Bellinzona,
Switzerland), Lausanne University Hos-
pital/University of Lausanne (Switzer-
land), and the Universit"a della Svizzera
Italiana (Lugano, Switzerland) surveyed
the “Emerging role of FAPI PET imaging
for the assessment of benign bone and
joint disease.” Albano and experts from
the same universities reported in the
August 5 issue of Cancers (Basel) (2022;
14[15]:3814) on “The role of [68Ga]Ga-
pentixafor PET/CT or PET/MRI in lym-
phoma:Asystematicreview.” In thesame
issue of Cancers (Basel) (2022;14[15]:
3768), Rasul and Haug from theMedical
University of Vienna (Austria) summa-
rized “Clinical applications of PSMA
PETexamination inpatientswithprostate
cancer.”
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D I S C U S S I O N S W I T H L E A D E R S

Integrating Nuclear Imaging and Cardiology in Clinical
Practice
A Conversation Between Jeroen J. Bax and Frank M. Bengel

Jeroen J. Bax1 and Frank M. Bengel2

1Leiden University Medical Center, Leiden, The Netherlands; and 2Hannover Medical School, Hannover, Germany

Frank M. Bengel, director of the Department of Nuclear Medi-
cine and Dean of Research at Hannover Medical School (Germany),
talked with Jeroen J. Bax, a professor of medicine and cardiology,
director of noninvasive imaging, and director of the Echo Lab at the
Leiden University Medical Center (The Netherlands), about contri-
butions at the intersection of advanced cardiology and nuclear medi-
cine/molecular imaging. Dr. Bax studied medicine from 1984 to
1990 before launching his research career at the University of
Miami (FL), where his primary foci were in the fields of immunol-
ogy and associated basic science. In 1996, he received his doctorate
from the Vrije Universiteit Amsterdam (The Netherlands) with a
focus on SPECT metabolic imaging. He completed his training as a
cardiologist in 2002 at the Leiden University Medical Center. His
main interests include clinical cardiology, heart failure, cardiac
resynchronization therapy, and the application of a wide range of
imaging modalities to these clinical fields. He has served on the edi-
torial boards of various journals, including as associate editor for the
Journal of the American College of Cardiology (JACC) and Heart.
From 2016 to 2020, he served as president of the European Society
of Cardiology (ESC). Dr. Bax has authored more than 700 papers in
international peer-reviewed journals. He received the ESC Silver
Medal in 2008, the American Society of Nuclear Cardiology Distin-
guished Service Award for contributions to cardiovascular imaging
and cardiology in 2019, and the American College of Cardiology
Distinguished Scientist Award (Clinical Domain) in 2020.
Dr. Bengel: Jeroen, not many people started their careers in nu-

clear cardiology and moved on to become worldwide leaders in
general cardiology. Your perspective on nuclear medicine today
and your view on the role of diagnostic imaging in clinical medicine
should be of interest to readers of The Journal of Nuclear Medicine
(JNM). Let’s start from the beginning: Early in your career, you
chose a PhD thesis in nuclear cardiology in Amsterdam and worked
on myocardial viability imaging with 18F-FDG. What attracted you
to this technique and to nuclear imaging in general?
Dr. Bax: After 3.5 years of learning the fundamentals of medi-

cine in Leiden in The Netherlands, I wanted to do something else.
I went to the University of Miami, where I did my first research in
immunology, leading to my first scientific publication. During the
rest of my medical school training, I did research in neurology,
and this confirmed my interest in doing scientific projects. When I
finished medical school, cardiology excited me most, and I com-
pleted my PhD thesis in Amsterdam at the Free (or Vrije)

University Medical Center. I spent 4
years on developing 18F-FDG imaging
with SPECT, using special collimators.
There was high hope that 18F-FDG SPECT
would support a broader availability of the
technology. We performed perfusion and
18F-FDG studies to determine viability and
echocardiography before and after revascu-
larization to determine functional outcome.
Also, we compared 18F-FDG imaging to
stress echocardiography, thallium imaging,
and MRI. During my PhD studies, then, I
learned about many cardiac imaging tech-
niques before I even started training in cardiology.
Dr. Bengel: So you always appreciated the range of different

imaging techniques and the ways in which they complement one
another. Were you able to continue along that path during your
cardiology training?
Dr. Bax: I used my specialty training to learn more about cardiac

imaging modalities, but I also started to approach problems from a
clinical perspective. Imaging has to have clinical and therapeutic
relevance, just like viability imaging is used to predict whether
impaired cardiac function will improve after revascularization.
I trained in cardiology in Leiden and for 1 year in Brussels (Bel-
gium). I learned everything about echocardiography there. But I also
learned how to build up a laboratory, because they had a fantastic
organization, with perfect scheduling and standardized reporting.
This helped me to build a well-structured echocardiography labora-
tory after my return to Leiden. From structured imaging and report-
ing, we created a large database. That turned out to be critically
important for my future research, which has built significantly on
database analyses. Today, we have very big databases of all imaging
procedures and for different diseases, therapies, etc., and we use
these to identify ways in which imaging can improve clinical out-
comes for cardiac patients.
Dr. Bengel: You are emphasizing the importance of a clinical

perspective for the best use of imaging techniques.
Dr. Bax:Yes, I usedmy training to also learn more about specific

therapeutic aspects of cardiovascular medicine. I worked closely
with cardiac surgeons, helping themwith their procedures by provid-
ing standardized echocardiography. I also spent time in invasive
angiography and in fundamental electrophysiology, implanting devi-
ces such as pacemakers, cardiac defibrillators, and others. And I tried
to learn how multimodality imaging can be used to optimize these
powerful therapeutic procedures.

Jeroen J. Bax, MD, PhD

COPYRIGHT© 2022 by the Society of Nuclear Medicine andMolecular Imaging.
DOI: 10.2967/jnumed.122.264806

DISCUSSIONS WITH LEADERS ! Bax and Bengel 1455



Dr. Bengel: At the end of your cardiology specialty training,
the question came: What’s next?
Dr. Bax: Leiden offered me a position to build a noninvasive

imaging department with a very strong focus on echocardiography.
I built the echo lab using my experience from Belgium. Then we
started to collaborate with the other imaging modalities, including
nuclear medicine. We also did CT coronary angiography, then with
320 slices. Eventually we began to work more and more with MRI,
specifically for assessing myocardial viability and later in nonische-
mic cardiomyopathies.We gradually built this imaging hub in cardi-
ology where we had all the modalities, and noninvasive imaging
had a fixed role in standard care algorithms of patients admitted to
our hospital. This approach of having standardized imaging in
almost all patients of a given disease entity was fundamental for big
database generation. From those databases, we generated all of our
observational research and publications.
Dr. Bengel: Your approach toward noninvasive cardiac imaging

is that you want to use the modality or the combination of modalities
that is best for answering specific clinical questions. Are multimo-
dality skills generally recommended to cardiac imagers?
Dr. Bax: Every disease is characterized by an anatomic, a func-

tional, and a molecular or inflammatory component. Take a heart
valve as an example: the anatomic point is that you have, let’s say,
an aortic valve with 3 cusps and other features, and you can measure
size and geometry. The functional component is the extent of
the gradient over that valve; that is, what are the functional conse-
quences of the anatomic substrate? Then comes the component of

inflammation. We are learning now more and more that the earlier
phases of valve stenosis formation involve inflammation. You
cannot address all these different aspects with a single technique.
You need very high anatomic resolution, provided by CT or MRI.
You need good measures of functional consequences of anatomic
abnormalities, provided by MRI or echocardiography. And you also
want to know about inflammation, where nuclear imaging can help.
Integration of different modalities is important to understand, diag-
nose, and risk-stratify and ultimately to decide on the best treatment
for each specific disease.
Dr. Bengel: What would be your advice for a nuclear physician

who is trained in using radioisotopes for diagnosis but not neces-
sarily trained in echocardiography or clinical cardiovascular dis-
ease? How can nuclear physicians acquire the depth of knowledge
needed to provide clinically relevant services in a multimodality
environment?
Dr. Bax:We need to strive for clinical collaboration and integra-

tion. Somemodalities may be run by radiology, some by cardiology,
and some by nuclear medicine, but the final common pathway is the
patient with a specific disease. And that specific disease needs a spe-
cific treatment. For that treatment, you need to have diagnostic
information, which may include anatomic, functional, or inflamma-
tory abnormalities. What is unique for nuclear medicine is the abil-
ity to reliably assess inflammation and other molecular components
of a disease. And, of course, nuclear imaging can also assess func-
tional components of a disease. So, what is needed is an integrated

and patient-oriented approach: Which test to start with?What infor-
mation is needed so that the clinician can treat the patient? Nuclear
physicians have an important role in such an environment. You can
never be an expert in all modalities. Your goal, instead, is to have a
multimodal platform. Knowing what the other modalities can pro-
vide is already a big step toward a multimodal approach.
Dr. Bengel: You mention inflammation as a key component of

cardiovascular disease. This also plays a role in other organ dis-
eases, where it can often be identified using the same nuclear med-
icine approaches. What do you think of systems-based medicine,
which looks less at specific organs and more at biologic mecha-
nisms and their effects on the body as a whole?
Dr. Bax: I like the concept of systems-based expertise. Nuclear

medicine typically is a cross-sectional specialty that reaches into
many other, often organ-centered, specialties. There, nuclear medi-
cine can bring in its functional- and molecular-focused information,
and this may be increasingly relevant as therapies start to target
molecular mechanisms. A good example in cardiology is the
increasing attention toward what we call “myocardial diseases”
(although many of them are systemic diseases that affect the heart
but have effects on the rest of the body). This includes amyloidosis,
sarcoidosis, infectious diseases, and others. Those diseases are very
good targets and areas in which nuclear medicine is increasingly rel-
evant for decision making.
Dr. Bengel: Let’s get away from the specifics of nuclear imag-

ing, toward more general aspects of academic medicine and
research. You built an extremely prolific program, producing a

large number of publications and educating many young trainees.
How did you build your research program in Leiden?
Dr. Bax: It started with just 1 fellow in the early 2000s, and the

program grew from there. The key is to have the right projects and
to attract motivated young people. Having imaging databases and
expanding them in a structured way was another very important
point, because this provided the data for our projects. Today, we
have on average about 15 to 20 researchers in the lab. As the pro-
gram grew, we collaborated with other labs, so that many other
centers wanted to send individuals to train in multimodality imag-
ing and to do research.
Dr. Bengel: You also mentioned that clinical databases were an

important component for your research program.
Dr. Bax: In the early 2000s, cardiology moved toward following

clear guidelines, provided by the American College of Cardiology,
the American Heart Association, and later the ESC. We decided in
Leiden to set up clinical care tracks for different diseases. All patients
undergo the same diagnostic tests and therapeutic procedures for spe-
cific diseases, based on our care track algorithms. Results are proto-
colized and put into databases. We adjusted these time after time as
the field changed and when new medications, diagnostics, or thera-
pies were introduced. Through these care track–driven clinical data-
bases, large and well-structured cohorts of patients were generated.
These clinical care pathways directly feed into our research. Our
data resource is not prospective trials or experimental science but
analysis and reporting of true practical clinical care.

`̀ Integration of different [imaging] modalities is important to understand, diagnose, and risk-stratify and ultimately to
decide on the best treatment for each specific disease.´́
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Dr. Bengel: This feedback algorithm, where the research can
directly lead to adjusting clinical care, would be a very useful
approach in nuclear medicine, where theranostics are rapidly
growing and where we have both diagnostic as well as therapeutic
options in our own hands.
Dr. Bax: Randomized controlled trials are, of course, fundamen-

tal for introduction of new therapies, but they do not fully answer
the question of how a new therapy is best implemented in daily prac-
tice. There is often a significant difference between a randomized
controlled trial in a completely optimized and well-defined environ-
ment and its implementation in daily clinical practice. That is what
makes the creation and analysis of our own clinical databases inter-
esting and a way in which care can be further refined.
It is very important for clinicians to think academically and ask

questions. We do this every day, but why do we do this? Does a
technique or innovation really work, or can it be improved? If so,
then how? Those sorts of questions help to advance the field. It is
our current experience using research from our big clinical data-
bases that this sort of resource can be used to design evidence-
creating randomized trials.
Dr. Bengel: Very good point. Let’s get to your “second career”

as a leader in the ESC and international cardiology. How did this
happen?
Dr. Bax: Through our research, I visited many cardiology clinics,

which resulted in a broad international network, building bridges and
relationships. This also included interactions and involvement in sci-
entific committees of various societies, including the ESC, the Amer-
ican Society of Nuclear Cardiology, and our international meeting,
the International Conference of Nuclear Cardiology. I was asked by
the ESC president to become the program chair of the large ESC con-
gress. This showed me the importance of coming together and being
engaged and learning from each other. Later on, I became chair of
the ESCGuideline Committee. Finally, I was asked whether I wanted
to run for vice president of the ESC and then president. During that
presidency, I realized the importance of relationships with industry.
On the one hand, frequent criticism suggests that medical societies
should not be working too closely with industry and that boundaries
should be clearly defined. But when it comes to education, con-
gresses, guidelines, etc., all these activities constantly bring the two
together. Modern drug development, for example, is so advanced
today that industry andmedical doctors really need to work together.
Dr. Bengel: That is quite relevant to nuclear medicine, where

major pharmaceutical companies are now increasingly involved
as a result of the success of theranostics in oncology. How do you
make sure that you can still shape the future of the field with suffi-
cient independence from—but at the same time sufficient integra-
tion with—industry?
Dr. Bax: For many organizational activities in the ESC, we

worked closely together. In education, for example, a committee
was asked to build programs based on clinical needs and created
by physicians. These were then communicated to industry for sup-
port. Industry needs clinical advice and vice versa. When it comes
to daily practice, however, you want to be independent and not
biased by specific industry relations. Hence, we need to be trans-
parent and self-reflective.
The same is true for the creation of guidelines, a key process

within the ESC. Randomized controlled trials are the best evi-
dence, and nonrandomized trials form only a middle layer of evi-
dence. Guidelines are being constructed purely based on evidence
and expert opinions, and this is done by medical specialists.

Industry is not taking part here. They do not even see anything of
the process until it is finalized and published. Achieving a bias-
free perception of our work is ultimately beneficial to everybody.
Dr. Bengel: The successful creation of clinical guidelines that

define the specialty is a key achievement of the ESC. Publication
of guidelines also makes up a large part of the success of the
European Heart Journal, where the guidelines contribute greatly to
the numbers of citations. Has this been an active political develop-
ment in the ESC?
Dr. Bax: At the time when I led the congress program, the then

president of ESC taught me that 3 things are important within the
society: the congress, guidelines, and journals. There was always a
strong focus on these issues. ESC now holds several other meet-
ings in addition to their main annual congress. All of these create
revenue and educate specialists. Scientific societies should make
use of their broad membership resources to create valuable content
such as meetings, which move the field forward.
You also asked about journals. In the 1990s to early 2000, there

were 2 top journals in the field, Circulation and JACC, where I
served as an associate editor for a few years. Then came the Euro-
pean Heart Journal, benefiting indeed from the success of ESC
guidelines and emerging as the third major cardiology journal. I
also served as an associate editor there. This experience helped me
recognize that, in the end, it is important how a journal is run. If
you work diligently on interpreting the submitted science and keep
in touch with what is clinically relevant, this will lead to success.
Dr. Bengel: JACC, Circulation, and the European Heart Journal

all have their cardiovascular imaging spin-off journals today,
where good science that cannot be accommodated in the main jour-
nal can be published in the spin-offs. JNM also wants high-quality
cardiovascular contributions so that cardiovascular imaging re-
mains well represented within the nuclear medicine community.
What is your advice for JNM to sustain a leading position in cardio-
vascular imaging publications and continue to receive good
submissions?
Dr. Bax: As a leading journal in nuclear medicine, JNM should

have outstanding review articles contributed by leading physicians
in cardiovascular disease. Such reviews may highlight the clinical
needs of cardiologists that can be addressed by nuclear medicine.
Then for the research itself, you can also actively recruit submis-
sions by leaders in the field. Abstracts from congresses may be
screened for this purpose. You could think about topics that are of
more specific relevance for the nuclear medicine community so
that these may be preferentially submitted to JNM.
Dr. Bengel: In your leadership role at the ESC congress in Rome

in 2016, you were able to meet Pope Francis. How much does the
pope know about medical science and maybe even nuclear medicine?
Dr. Bax: It was a huge honor for the ESC that Pope Francis

really came. He was very interested in treatment of patients,
patient care, and was really engaged, discussing openly about
medicine, the congress, and our specialty. We felt that he really
cared. Caring for people remains important in today’s medicine,
where technology tends to dominate and where there is so much
time pressure and need for documentation. Let’s not forget to look
each other in the eyes and just listen and find out what is important
for patients, so that they are comfortable. That’s something that
the meeting with Pope Francis helped to reinforce.
Dr. Bengel: Final question: Your son is studying medicine—what

is your advice for young people? How can they find their way in the
field of medicine, and what will be important for their careers?
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Dr. Bax: It is difficult, because just as we were different from the
generation before us, the younger generation is different from our
generation. The world is changing very rapidly. When it comes to
medicine, patient care is central, and the next generation of doctors
will understand that. I think that the work/life balance needs to be
discussed more with this younger generation. Members of the next
generation definitely think more about these things than we did, and

we should accept this. My specific advice to the next generation of
medical doctors is that becoming a good clinician is very important.
If possible, combine this with research. The way we are practicing
medicine is becoming more difficult, with expanding rules, regula-
tions, protocols, and administrative and computer tasks that keep us
away from the patient. To become a good physician, you can also
become a good researcher andmust always be a good human being.
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T H E S T A T E O F T H E A R T

Single-Cell Radiotracer Allocation via Immunomagnetic
Sorting to Disentangle PET Signals at Cellular Resolution

Laura M. Bartos1, Sebastian T. Kunte1, Philipp Beumers1, Xianyuan Xiang2,3, Karin Wind1, Sibylle Ziegler1,4,
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With great interest, our independent groups of scientists located in
Korea and Germany recognized the use of a very similar methodologic
approach to quantify the uptake of radioactive glucose (18F-FDG) at the
cellular level. The focus of our investigations was to disentangle micro-
glial 18F-FDG uptake. To do so, CD11b immunomagnetic cell sorting
was applied to isolate microglia cells after in vivo 18F-FDG injection, to
allow simple quantification via a g-counter. Importantly, this technique
reveals a snapshot of cellular glucose uptake in living mice at the time
of injection since 18F-FDG is trapped by hexokinase phosphorylation
without a further opportunity to be metabolized. Both studies indicated
high 18F-FDG uptake of single CD11b-positive microglia cells and a
significant increase in microglial 18F-FDG uptake when this cell type is
activated in the presence of amyloid pathology. Furthermore, another
study noticed that immunomagnetic cell sorting after tracer injection
facilitated determination of high 18F-FDG uptake in myeloid cells in a
range of tumor models. Here, we aim to discuss the rationale for single-
cell radiotracer allocation via immunomagnetic cell sorting (scRadiotrac-
ing) by providing examples of promising applications of this innovative
technology in neuroscience, oncology, and radiochemistry.

Key Words: scRadiotracing; cell sorting; 18F-FDG; PET; cellular reso-
lution; tracer uptake
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The following sections discuss knowledge gaps of cellular
tracer uptake and potential applications of scRadiotracing in differ-
ent fields of molecular imaging.

POTENTIAL APPLICATIONS OF scRADIOTRACING IN
NEUROSCIENCE

Spatiotemporal alterations in the 18F-FDG PET signal comprise
a well-established readout in the diagnostic workup of patients with
neurologic disorders (1–3). However, the method lacks the cellular
resolution to distinguish respective contributions of different cell
types to the 18F-FDG uptake. Most earlier studies claimed that neu-
ronal activity and neuronal 18F-FDG uptake dominate glucose
uptake and consumption in the mammalian brain (4). However,
several recent studies highlighted a significant contribution of
glial cells to the energy metabolism of the brain (5–7), question-
ing 18F-FDG PET as a pure biomarker of neuronal activation (8).
We applied immunomagnetic cell sorting after in vivo radiotracer
injection and brain extraction, followed by subsequent measure-
ment of g-emission and cell count in enriched cell fractions to cal-
culate radiotracer uptake per specific single cell (scRadiotracing;
Fig. 1 shows the workflow). Subsequently, our 2 recent studies
exploring scRadiotracing technology identified high microglial
18F-FDG uptake in mouse models with amyloid pathology (7,9).
Furthermore, microglial 18F-FDG uptake was the most likely
reason for elevated 18F-FDG PET signals in these mice (7,9).
However, many remaining questions about altered 18F-FDG PET
signals may also be addressed by an analysis of glucose uptake
at cellular resolution. Recently, we discovered a reduction in the
18F-FDG PET signal in a progranulin knockout mouse model with
hyperactivated microglia and in a mouse model with homeostatic
microglia (Trem2 knockout) (10). Although this finding speaks for
reduced brain function in both genotypes, it still remains unclear
whether progranulin knockout microglia have lower 18F-FDG
uptake or whether the net signal is driven by reduced neuronal activ-
ity despite higher 18F-FDG uptake by activated microglia (7,9).
This example illustrates the need to study glucose uptake at cellular
resolution. Given the growing evidence for an astrocyte–neuron lac-
tate shuttle (11,12), it will be of interest to reveal whether increasing
neuronal activity (13) can stimulate glial 18F-FDG uptake, which
could be addressed using scRadiotracing. The presence of such
shuttle systems questions the cellular glucose uptake regardless of
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the individual glucose consumption of different cell types, which is
undeniably high in active neurons (14). In this regard, there could
be an imbalance between the cellular localizations of glucose
uptake and energy consumption. Importantly, scRadiotracing
after 18F-FDG injection could be specifically used to allocate
glucose uptake, whereas other tracers could be used to track
metabolites of aerobic and anaerobic glycolysis at the cellular
level. Furthermore, uptake mechanisms during acute stimulation
of glucose consumption by physiologic (15) or pharmacologic inter-
ventions could be deciphered by scRadiotracing. To this end, task-
related stimuli could be applied together with resurgent functional
PET methodology (16) and scRadiotracing in experimental models.
scRadiotracing could be applied after brain extraction at the time of
maximal stimulation, determined by the functional PET readout, to
track the changes in cellular 18F-FDG uptake in contrast to unstimu-
lated conditions.

As another example in the field of neuroimaging, tau PET tracers
emerged as valuable biomarkers for the differentiation of tauopa-
thies from controls (17). However, the translation of in vitro tau
PET tracer binding to an in vivo signal is still under debate, and the
detailed cellular sources of autoradiography and tau PET signal ele-
vations remain unclear. Hence, our novel scRadiotracing approach
could be used to calculate tau PET tracer uptake at cellular resolu-
tion of single neurons and astrocytes in models of tauopathies in
order to close this knowledge gap. Brain subregion analyses by
scRadiotracing are also feasible as long as the product of the cellular
yield and the tracer abundance exceed the detection limit of the
g-counter. In this regard, we successfully dissected the hippocampus
to study region-specific 18F-FDG uptake in mice with amyloid
pathology (9). In tauopathies, this feature could be used to compare
single-cell radiotracer uptake of regions with high and low tau
abundance.

POTENTIAL APPLICATIONS OF scRADIOTRACING IN
NEUROONCOLOGY AND ONCOLOGY

The novel combination of tracer injection and immunomagnetic
cell sorting could also facilitate dedicated analysis of tumor cells
in experimental models of brain tumors together with analysis of
specific immune cell fractions and tumor surrounding cells such as
neurons and ependymal cells. This ability could be highly valuable
since the target of several tracers for glioblastoma imaging, includ-
ing the 18-kDa translocator protein (TSPO), is not restricted to a
single cell type. Determining the radiotracer uptake of TSPO

FIGURE 1. Workflow of scRadiotracing to determine microglial 18F-FDG uptake in brain at cellular resolution. After tracer injection into tail vein, brain is
removed during tracer-specific uptake period. After generation of single-cell suspension, immunomagnetic cell separation is used to separate fractions
of enriched cells from their depleted counterparts, which contain bound radioactivity. Fluorescent labeling, g-counting, and flow cytometry are used to
calculate radioactivity per cell as primary readout. Time to complete each step is indicated, together with summed time during workflow. CD11b is used
to detect microglia. p.i.5 after injection; S/N5 south and north pole of the magnet. (Courtesy of Miltenyi Biotec B.V. & Co. KG. All rights reserved. Copy-
right © 2022.)

NOTEWORTHY

! Cellular sources of 18F-FDG and other PET imaging radiotracers
are poorly understood.

! scRadiotracing facilitates determination of in vivo radiotracer
uptake per specific single cell.

! scRadiotracing is of high interest when radiotracer targets are
expressed and pathologically altered on different cell types,
such as is applicable for TSPO.
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ligands at cellular resolution in the brain is of general interest since
the target is expressed not only by microglia cells but also by
tumor cells, astrocytes, endothelial cells, and neurons (18). Since
blood–brain barrier disruption is often questioned as a strong influ-
encer of PET tracer signals in brain tumor imaging, scRadiotracing
could also act as a proof of cellular radiotracer allocation. Here,
the magnitude of radiotracer uptake per cell could be multiplied
by respective absolute cell numbers to investigate whether the
entire PET signal is explained by cellular sources.
Apart from brain tumors, the aforementioned oncologic investiga-

tion (19) already applied scRadiotracing in a wide range of tumor
models, including renal cell carcinoma, colorectal carcinoma (CT26,
MC38), and breast cancer. Importantly, the authors used not only
18F-FDG but also 18F-labeled glutamine to disentangle its metabo-
lism in tumor cells and the tumor microenvironment (19). This use
shows that scRadiotracing is not limited to 18F-FDG and highlights
the broad range of potential scRadiotracing applications in experi-
mental oncology. For example, prostate-specific membrane antigen
radiotracers are preferred for targeting of prostate cancer cells
because they exhibit very low glucose consumption and therefore
cannot be detected by 18F-FDG PET. However, prostate-specific
membrane antigen is expressed not only in prostate cells but also in
several other tissues, such as nonprostatic epithelial cells, other neo-
plastic cells, and tumor-associated neovasculature. Prostate-specific
membrane antigen uptake was also associated with inflammatory
and infectious processes (20). Thus, scRadiotracing could be used to
differentiate prostate-specific membrane antigen uptake in prostatic
cancer cells from others and to avoid pitfalls in prostate cancer diag-
nostics. The same applies to the diagnostics of well-differentiated
neuroendocrine tumors such as gastroenteropancreatic neuroendo-
crine tumors and meningiomas using radiolabeled somatostatin
receptor (SSTR) ligands. The importance of neuroendocrine tumor
diagnostics and therapy is underpinned by an interventional multi-
center phase III clinical trial (NETTER) to compare peptide receptor
radionuclide therapy using 177Lu-DOTA0-Tyr3-octreotate with high-
dose octreotide LAR therapy in patients with metastasized or locally
advanced, inoperable, SSTR-positive, midgut carcinoid tumors.
However, SSTR expression is not exclusive to neuroendocrine
tumor or meningioma cells. Tracer uptake was also observed by
inflammatory pathologies such as cardiovascular disease and ische-
mia and by various other benign and malignant tumors (21). scRa-
diotracing has the potential to resolve such inconclusive results by
use of back translation in experimental models. This may help to
determine off-target sources and prevents false-positive findings. In
cases with borderline SSTR expression, dual scRadiotracing may
also be suitable to elucidate whether SSTR radioligands or 18F-FDG
is better suited for follow-up PET imaging of the individual patient.

POTENTIAL APPLICATIONS OF scRADIOTRACING IN
RADIOCHEMISTRY AND RADIOTRACER DEVELOPMENT

scRadiotracing might also be a versatile tool in tracer develop-
ment to investigate cell-specific uptake of acutely isolated cells
when compared with cell cultures, in which the metabolic activity
of cells may be altered. In general, ex vivo radiopharmaceutical
research methods rely mostly on macroscopic samples for quantifi-
cation in a g-counter or on autoradiography blocking experiments,
including correlation studies with immunohistochemistry staining.
However, such techniques do not investigate tracer enrichment on
the cellular level. Nevertheless, cellular-level investigations are of
particular interest when the specificity of a novel tracer has to be

explored or when the radioactivity distribution is to be assigned to
specific cell types. In neuroinflammatory tissue, the discrimination
of tracer accumulation in different microglia phenotypes could be of
eminent importance. Such approaches could support the develop-
ment of specific ligands for homeostatic and disease-associated
microglia, which would facilitate monitoring of therapeutic agents
that modulate distinct microglia phenotypes. In principle, scRadio-
tracing could be applied to any radiotracer binding to an intracellular
target. However, it is questionable whether ligands of membrane-
bound targets on the surface of cells also qualify for scRadiotracing
analysis. Upstream cell processing promises a gentle mechanical
and enzymatic dissociation preserving cell integrity and surface epit-
opes, but it has to be proven whether high-affinity binders withstand
hydrolytic treatment. This also applies to subsequent downstream
applications beyond quantification in a g-counter. In this respect,
ligands showing a high internalization rate may most likely be appli-
cable to scRadiotracing analysis.

METHODOLOGIC LIMITATIONS AND CONSIDERATIONS

First, we note the difficulty in quantifying the uptake of a whole
cell population via scRadiotracing. The procedure of cell dissec-
tion and harvesting may over- or underestimate the proportion of
viable cells in the brain or in specific regions (22), hampering
extrapolation to absolute cell numbers. Cell proportions can also
be influenced by proliferation and cell loss, which lead to subse-
quent alterations in cell density. Thus, scRadiotracing facilitates
robust calculation of radiotracer uptake per cell, but extrapolation
to the whole fraction is erroneous. A full allocation model of
radiotracer uptake per cell type and fraction could be established
by simultaneous light sheet microscopy (23). Light sheet micros-
copy offers the possibility to quantify the absolute number of cells
per cell type in a 3-dimensional and analysis of a subsample
allows combination of cellular tracer uptake with absolute cell
numbers.
Unlike well-established nearly irreversibly bound 18F-FDG, all

non–18F-FDG radioligands may suffer from higher instability dur-
ing the scRadiotracing procedure. For instance, the binding stabil-
ity of a TSPO ligand to the TSPO complex at the mitochondrial
membrane could decrease during the scRadiotracing procedure.
This decreased binding stability also accounts for current tau
ligands such as 18F-PI-2620, which is characterized by a decrease
in target-bound radiotracer over time in 4-repeat tauopathies (24).
Loss of processes and synapses potentially impacts quantitative

results in scRadiotracing. 18F-FDG in neuronal synapses comprises
one important example of missed radiotracer in the scRadiotracing
workflow (7,9). Optimization of the dissociation procedure has the
potential to further enhance the accuracy of scRadiotracing. In a
similar regard, consideration of live and dead cells may stabilize
scRadiotracing results since cells with leaky membranes can be
excluded.
Cell separation after TSPO tracer injection was also proposed by

a recent study using a similar technique of fluorescence-activated
cell sorting (FACS) to determine the cellular source of a 125I-labeled
SPECT TSPO ligand (125I-CLINDE) (25). Here, the long half-life
of 125I offered the opportunity to conduct the experiments with less
of a time constraint. In a comparison of the two approaches, immu-
nomagnetic cell sorting systems can be installed relatively simply
within a radiation protection controlled area, and the higher cell
yield is another advantage of immunomagnetic cell sorting over
FACS, which allows even proteomic analyses (26). On the other
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hand, FACS offers the advantage of direct separation of genetically
determined fluorescent cells (i.e., green fluorescent protein), which
cannot be achieved via immunomagnetic cell sorting. Furthermore,
specific cell populations, such as homeostatic or disease-associated
microglia, can be selected via FACS gating, when discriminative
antibodies are used. Considering the stability of radiotracer binding
once more, there is a need to investigate the impact of emitted
energy during cell sorting via FACS, which could be of high rele-
vance for tracers bound at voltage channels. Head-to-head compari-
sons of both approaches will be required to allow recommendations
on whether immunomagnetic cell sorting or FACS systems are to
be preferred for scRadiotracing.
scRadiotracing in human tissue after in vivo or in vitro tracer

application comprises another promising methodologic variant
(25). In vitro application of radiotracer to tissue allows investiga-
tion of small amounts of tissue that do not yield a sufficient sig-
nal-to-noise ratio when the tracer is applied in vivo (i.e., before
surgery on tumors). However, scRadiotracing after tracer applica-
tion in vivo could be used to validate in vitro scRadiotracing in
the same tissue when amounts are large enough. Furthermore,
blocking with cold ligands could be performed to test for the spe-
cificity of cellular radiotracer binding using in vitro scRadiotrac-
ing. As a limitation, we note that the extensive workflow (Fig. 1)
likely restricts scRadiotracing to an experimental setting and pre-
vents it from use in clinical routine at the current stage.

CONCLUSION

We highlighted some of the broad range of highly demanded
applications for the novel scRadiotracing workflow to elucidate
tracer uptake mechanisms and their underlying cell biology.
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H O T T O P I C S

a-Synuclein PET and Parkinson Disease Therapeutic Trials:
Ever the Twain Shall Meet?

John P. Seibyl

Institute for Neurodegenerative Disorders, New Haven, Connecticut

Neurodegenerative disorders are common brain afflictions with
increasing prevalence in countries with aging populations. This is
true for the two most common neurodegenerative disorders, Alz-
heimer disease (AD) and Parkinson disease (PD), both demonstrat-
ing increases in prevalence over the last decade, with more than 6
million diagnosed with AD and 1 million with PD in the United
States (1,2). The impact on the individual patient, the burden on
families, and the societal and financial costs are becoming more
urgent as these epidemiologic trends play out (3).
Recently, progress has been made in understanding the etiology

of neurodegenerative disorders at the molecular level. We know
that these diseases represent a series of pathologic brain conditions
characterized by protein misfolding and the progressive accumula-
tion of cytotoxic fibrils and oligomers that are believed to result in
selective neurologic and functional impairment (4). The unrelent-
ing progression of symptoms and disability represents ongoing
neuronal degeneration resulting from dissemination of these cyto-
toxic proteins in the brain. In AD, there are PET biomarkers tar-
geting the 2 aberrant proteins, b-amyloid contained in neuritic
plaques and tau found in neurofibrillary tangles, the pathology
described originally by Alois Alzheimer.
These imaging biomarkers have already been deployed to sup-

port the development of therapeutics that target amyloid (5). The
equivalent protein in PD is a-synuclein (a-syn), found in Lewy
bodies. Currently, there is no available PET agent for interrogating
a-syn deposition and no easy way to track in vivo brain changes
mechanistically relevant to clinical progression (6).

WHY A-SYN PET IN PD?

Dopamine transporter (DaT) imaging using SPECT and 123I-
tropane imaging agents such as 123I-ioflupane demonstrate signifi-
cant reductions in striatal binding ratios in PD patients enrolled in
longitudinal studies of 1–2 y or more. DaT SPECT is also an impor-
tant tool for identifying DaT deficits in premotor and at-risk individ-
uals (7,8). Yet DaT imaging interrogates one piece of the pathology
of PD, presumably the consequence of a-syn deposition in the sub-
stantia nigra. DaT SPECT does not directly assess a-syn, which
represents an upstream process against which disease-modifying
treatments are targeted. Hence, the 2 imaging biomarker targets,
DaT and a-syn, are theoretically complementary.

A-syn is a 140-amino-acid protein highly prevalent in the brain,
representing 1% of the cytosolic protein and thought to be local-
ized to the presynaptic terminal, where it facilitates the release of
neurotransmitter into the synapse. The protein undergoes extensive
posttranslational modification and is natively unstructured, rather
taking its conformation from its local milieu. Within cells, fibrils
form oligomers, thought to be the cytotoxic form of a-syn. Differ-
ent conformational states characterize the different synucleinopa-
thies (9,10).
A-syn has now emerged as a key target for development of a PET

biomarker in the evaluation of the pathophysiology and putative
treatments for modifying the course of PD. Why? First, the primary
brain pathologies in PD are Lewy neurites and Lewy bodies, which
are composed of aggregated a-syn resulting from misfolding of pro-
tein and seeding and whose pattern of brain spread is suggested by
postmortem brain examination of Lewy body distribution (11,12).
These studies indicate a discrete pattern of Lewy body formation
that describes a pathway of spread going from the brain stem sys-
tematically to the midbrain (including nigrostriatal projections) and
finally to higher cortical regions. A-syn is found in many body tis-
sues outside the brain, including the skin, salivary glands, and gut.
Biopsy of tissue in PD can demonstrate this and has been proposed
as another biomarker in clinical therapeutic trials. Interestingly,
recent work suggests that the gastrointestinal tract may have a role
in the etiology of PD. Alterations in the microenvironment of the
gut biota can lead to inflammatory changes and conditions that favor
the formation of a-syn fibrils (13). These may then travel into the
central nervous system via the vagus nerve or through vascular path-
ways. Once seeded in the lower brain stem, fibrils are believed to
cross the synapse to affect adjacent connected neurons (Fig. 1). The
presence of these alien fibrils creates conditions that enhance the
formation of additional fibrils and aggregates. As a-syn spreads
superiorly, involvement in midbrain structures may result in some
premotor symptoms associated with PD, including rapid-eye-move-
ment sleep behavior disorder and hyposmia. Both of these have
been used for cohort enrichment for enrollment of at-risk or premo-
tor individuals (14).
Another reason for interest in a-syn in PD comes from genetic stud-

ies. Genomewide association studies have shown a strong association
of variations in the a-syn gene with PD (15,16). In addition, mutations
in the a-syn gene promote formation of a-syn aggregates and fibrils.
These findings support a-syn as an important target of disease-
modifying treatments and potentially a path to better understanding of
the onset and longitudinal course of disease across the synucleinopa-
thies: PD, dementia with Lewy bodies, and multiple-system atrophy.
Further, knowing how differences in a-syn conformational structure
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affect pathophysiologic manifestations of disease may offer additional
clues to treatment, clarify phenotype with regard to differential diagno-
sis and prognosis, and offer needed tools—such as at-risk screening,
proof of target engagement, and assessment of drug efficacy—needed
to conduct therapeutic trials.
The enthusiasm for a PET biomarker of a-syn is underscored by the

sponsorship of the Michael J. Fox Foundation, which has offered a $2
million prize to the first team that develops a viable selective a-syn
PET tracer and agrees to make that tracer available broadly. The abil-
ity to image a-syn deposition in the brain was described in the program
announcement as “a game-changing achievement for the Parkinson’s
disease field.” Efforts by both industry and academic groups are under
way in this and other a-syn biomarker initiatives.

NEW ROLES FOR PET IMAGING IN PD

Up to now, treatment for PD has been symptomatic, rather than
disease-modifying. Designing a clinical trial for a drug that actually
slows, stops, or reverses clinical symptoms and improves function
is exceedingly difficult. Questions arise as to which participants to
enroll, what metric to use for measuring treatment efficacy, and how
many subjects are needed to power a potentially small reduction in a
process that changes relatively slowly as PD progresses.
Medications taken for managing symptoms, such as L-DOPA,

can be another confounder in determining off-medication clinical
status. To get true off-medication assessments, several weeks of
withdrawal from the symptomatic medications may be necessary.

This is not easily done or ethical given the amount of increased
morbidity experienced by patients off medications for that period
(17). Another issue regarding medications is whether the putative
disease-modifying agent has any direct symptomatic effect, mak-
ing it harder to tease out symptom relief from true efficacy in alter-
ing the mechanisms of disease (18).
Questions about when in the course of illness to recruit the test

cohort are extremely important since clinical manifestations occur
only after years of silent, abnormal pathologic processes. How does
one diagnose and treat a disease that is not clinically manifest? This
presymptomatic phase of illness is when a disease-modifying inter-
vention might be most effective, rather than later when there is less
salvageable tissue. Recruiting from this cohort also gets around the
medication issues mentioned above. The length of this window
between initiation of pathology and subsequent clinical manifesta-
tion is on the order of years. As an example, use of the DaT agent
123I-ioflupane and SPECT imaging in the Parkinson Progression
Marker Initiative de novo PD cohort (19), which was serially
scanned over 4 y (baseline and years 1, 2, and 4), allows back-
extrapolation of striatal specific binding ratio curves to the point of
normalcy, permitting a rough estimate of the duration of the clini-
cally silent course of progressive change in the brain. This duration
turns out to be about 13 y in the most affected brain regions, thus
suggesting the important roles that a-syn PET might play in the
arena of clinical trials. For example, a-syn might provide early con-
firmation of disease pathology in at-risk individuals, serve as a
screening tool to ensure the diagnostic integrity of the cohort, offer a

FIGURE 1. Etiologic model of PD and other synucleinopathies. (A) Proposed model for development of Lewy body diseases such as PD suggests gut
may be locus of initial production of a-syn fibrils. This takes place in context of inflammatory changes associated with disruption of integrity of intestinal
epithelium, as occurs in different microbiota environments. (B) These fibrils are taken up by vagus nerve and transported to lower brain stem. (C) Through
process of cell-to-cell spread following along network lines, additional cells become affected, systematically moving up through brain stem to midbrain
and cortex and resulting in progressive symptoms reflective of involved region. Motor symptoms begin at stage 3, when substantia nigra becomes
involved. ENS5 enteric nervous system. (Adapted from (11,13).)
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biomarker directly related to the mechanisms of disease progres-
sion, provide evidence of target engagement, and assess the efficacy
of an intervention designed to slow this progression.

AD DRUG DEVELOPMENT AND TAU PET: A MODEL FOR
A-SYN PET?

The recent development and application of imaging biomarkers
in AD are a model and reminder of the ways that PET imaging
supports therapeutic trials by providing a window on primary path-
ophysiology. The recent, albeit controversial, FDA approval of the
amyloid-targeting antibody aducanumab for AD serves as an
example of the integration of PET biomarkers into clinical drug
trials and hints to future clinical roles (20). Perhaps most relevant
to the development of a radiotracer for the a-synucleinopathies is
the recent history of the development of radiotracers for the tauo-
pathies. The parallels between tau and a-syn are significant and
could provide a road map of expectations for some potential paths
toward the successful development of an a-syn PET agent.
Tau PET developed as follows. Briefly, phase 1 was the period of

concept formation, articulation of need, and scientific and medical
community buy-in as to the need or desire for targeted tau imaging
biomarkers. Next was phase 2, a period of radiochemistry develop-
ment called the wandering lost-in-the-desert-of-failed-compounds
stage. Even so, while wandering, research teams were getting more
sophisticated about binding affinities and selectivity of candidate
structures. The move out of the desert was phase 3, when one or
more promising structures were discovered and in vitro and nonclinical
evaluation occurred. This led to phase 4, or the human proof-of-concept
trials in AD, where there was characterization of the pharmacokinetics
and validation of an outcome measure (21). Phase 5 was sharing of
the pioneering compound among investigators and incorporation
into clinical trials as an exploratory outcome.While this was happen-
ing, further development of second-generation tau tracers was initi-
ated. Finally, phase 6 was the extensive incorporation of tau tracers
as biomarkers in clinical trials and more nuanced understanding of
differences in affinity to tau isoforms relative to the use of the radio-
tracer (22).

A-SYN PET: WHY HAS IT BEEN SO DIFFICULT?

Considering the tau PET experience just outlined, why has it been
so difficult to develop an a-syn radiotracer for PD? Why not simply
label the therapeutic? Although compelling, this strategy generally
does not work out because the properties of a good therapeutic, such
as high lipophilicity for brain penetrance, causes a higher back-
ground level and a lower PET signal-to-noise ratio. Further, radio-
tracers require nanomolar to subnanomolar affinity and high
selectivity for a-syn, as well a preference for kinetics that offer fast
washout of background signal and no confounding labeled metabo-
lites. Fayyad et al. proposed several additional obstacles to develop-
ing an a-syn imaging biomarker: no good compound leads (e.g.,
dyes or tissue stains), lack of a library of compounds for selectivity
screening against tau and b-amyloid, low target density, and poor
PET resolution (23). Other issues include the potential confounders
of isoform heterogeneity and cost. Recent work suggests that the
field is addressing these concerns. For example, Ferrie et al.
described an ultrahigh-throughput in silico screening strategy using
idealized pseudo ligands (exemplars) to identify compounds,
including confirmation of the binding site and evaluation of the
structure–activity relationship of analogs for development of multi-
ple molecules with nanomolar affinity for a-syn fibrils (24). More

sophisticated understanding of the conformation-dependent binding
sites on a-syn (25) can be used to inform radiotracer (and drug)
development (26). Finally, there have been initial a-syn PET human
studies with promising structures but mixed results to date (27,28).

CONCLUSION

Will we ever develop an a-syn PET tracer for clinical trials? Opti-
mistically, there are several factors that suggest we will. There are
increasingly pressing needs from the numbers of therapeutic trials
with new a-syn–targeting treatments. The body of knowledge about
a-syn function (binding sites, conformational states, and structure–
activity relationship) and dysfunction (misfolding, aggregate forma-
tion, seeding, and spread) inform the medicinal and radiochemistry
development as well as the in vivo validation of a-syn PET ligands.
In addition, prior experience in AD suggests that imaging of protein-
opathy in PDmay be a useful clinical research tool and offers a road
map for development of a-syn PET. Perhaps most encouraging
is the recent presentation (March 2022) of the first apparently suc-
cessful human a-syn PET agent, AC-12589, from AC-Immune and
Oskar Hansson and colleagues at Lund University, Sweden. These
very preliminary studies in multiple-system atrophy, PD, and con-
trols demonstrated the expected increased uptake in cerebellar white
matter in multiple-system atrophy, but not PD or healthy volunteers.
The lack of specific uptake in PD could be related to a-syn conforma-
tional differences with multiple-system atrophy, relative target affin-
ity, small sample size, or other factors.
In summary, we already know a great deal about pathologic a-

syn formation and spread, as well as how to develop and validate
imaging tools for clinical and research needs, and even a promis-
ing compound in initial human trials. We just need to keep going
and make our way through the desert.
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The application of radiopharmaceutical therapy for the treatment of cer-
tain diseases is well established, and the field is expanding. New thera-
peutic radiopharmaceuticals have been developed in recent years, and
more are in the research pipeline. Concurrently, there is growing inter-
est in the use of internal dosimetry as a means of personalizing, and
potentially optimizing, such therapy for patients. Internal dosimetry is
multifaceted, and the current state of the art is discussed in this con-
tinuing education article. Topics include the context of dosimetry,
internal dosimetry methods, the advantages and disadvantages of
incorporating dosimetry calculations in radiopharmaceutical therapy,
a description of the workflow for implementing patient-specific dosim-
etry, and future prospects in the field.
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Currently, there is intense interest in radiopharmaceutical ther-
apy (RPT), particularly in terms of a theranostic paradigm that
incorporates both diagnostic and therapeutic elements. Ideally, this
consists of matched pairs of radiopharmaceuticals: a diagnostic
partner (labeled with a positron-emitting or single-photon–emitting
radionuclide) that provides information about disease extent and
phenotype and serves to predict the utility of a therapeutic partner
(usually labeled with a b- or a-particle–emitting radionuclide) that
delivers targeted radiation. A key issue in protocol design is the
choice of therapeutic activity and the time schedule for its admin-
istration. These may be based on patient-specific information or a
simpler one-size-fits-all (i.e., population-averaged) approach.
The RPT strategy should align with the therapeutic objective:

curative or palliative. A treatment designed to maximize the likeli-
hood of cure would aim to deliver a high therapeutic dose over a
relatively short time. The scope for future retreatment would be
limited, similar to the case of external-beam radiotherapy (XRT).

In contrast, a treatment designed to maximize the duration of dis-
ease control would entail a less aggressive delivery of therapy over
an extended period, ideally retaining the option for future retreat-
ment. Most current RPT designs for systemic treatment conform
with the latter approach. Examples of clinical applications of RPT
are provided in the supplemental material (available at http://jnm.
snmjournals.org) (1–23).
Traditionally, in medicine, dose refers to the mass amount (e.g.,

mg) of drug administered. For radiopharmaceuticals, the analogous
quantity is activity (e.g., MBq). Prescribing treatment in terms of
mass dose is rational for nonradioactive drugs because there is little
way of knowing how much localizes in target and nontarget tissues
and how this localization varies among patients. In contrast, most
radiopharmaceuticals permit quantification of their biodistribution
and enable the administered activity to be modified on the basis of
patient-specific factors via the metric of absorbed dose, the radia-
tion energy deposited per unit mass (expressed as grays).
The aim of dosimetry is to estimate the absorbed dose to normal

tissues and tumors and thereby anticipate the biologic effects of
radiation. Calculation of absorbed dose takes into account (patient-
dependent) anatomy and radiopharmaceutical biodistribution and
(patient-independent) radionuclide properties. For RPT, the absorbed
dose is calculated as the area under the dose rate–versus–time curve
for a given target volume and generally requires multiple point esti-
mates of dose rate. The dose rate in a tissue is proportional to the
activity concentration in that tissue (self-dose) and in other tissues
within range of the radionuclide’s emissions (cross-dose). For
radionuclides typically used for therapy, most of the energy is emit-
ted as short-range particles, and for those tissues that receive the
highest absorbed doses, self-dose is the dominant contribution
(Fig. 1; Table 1).
The key physical determinants of biologic response are the radia-

tion quantity (absorbed dose) and quality (linear energy transfer
[LET]). XRT and brachytherapy treatments are prescribed, and nor-
mal-tissue tolerances defined, in terms of absorbed dose. However,
for RPT, patient-specific dosimetry remains controversial. Important,
recently introduced therapies featuring 223RaCl2,

177Lu-DOTATATE,
and 177Lu-PSMA-617 are prescribed on the basis of activity, not
absorbed dose. Several factors contribute to this current practice.
First, protocol design and pivotal clinical studies are increasingly dic-
tated by industrial sponsors, for whom it is advantageous to minimize
logistical complexity and maximize throughput. As more RPTs are
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approved, simplified treatment delivery will become even more
desirable. Second, a dosimetry-based protocol requires reliable tumor
and normal-tissue dose–response information. However, RPT dose–
response data remain largely anecdotal. There is a chicken-and-egg
element to this: dosimetry is not performed because dose–response
data are lacking, and dose–response data are lacking because dosime-
try is not performed. Each radiopharmaceutical has a range of admin-
istered activity that results in at least some clinical responses without
excessive adverse effects, generally identified in chemotherapy-like
dose-escalation (i.e., phase 1 and 2) trials. Third, dosimetric and clini-
cal factors in RPT make direct comparisons with XRT problematic.
Absorbed dose distributions are driven by biology in RPT but by the
geometry of intersecting radiation beams in XRT. XRT dose distribu-
tions are uniform at the microscopic level, but in RPT they are non-
uniform. Clinically, RPT is a systemic treatment in which targets
may differ in size, location, and phenotype. Tumors too small to be
imaged cannot be treated with XRT but are valid targets for RPT.
Further, RPT patients have typically received prior therapies, compli-
cating normal-organ radiation response.
Prescribing RPT on the basis of a one-size-fits-all activity ignores

patient-specific differences and sets limits on treatment that are

defined by the most susceptible patients
(24,25). A dosimetry-based approach is pred-
icated on the assumption that better clinical
results can be achieved using individualized
absorbed dose estimates rather than fixed
activities. However, this hypothesis must be
tested clinically. Recent approvals of new
therapeutic radiopharmaceuticals were based
on the results of randomized controlled clini-
cal trials (3,12,26). For dosimetry, too, clini-
cal trials will be required to determine
whether it can improve RPT outcomes.

DOSE PRESCRIPTION ALGORITHMS

There are 3 prescription algorithms for
RPT: fixed administered activity (e.g., MBq,
MBq/kg of body mass, and MBq/m2 of body

surface area), maximum tolerated absorbed dose (MTAD), and pre-
scribed tumor-absorbed dose (PTAD).
The approach using a fixed administered activity is patient-

independent and does not require any patient measurements, apart
from possibly mass and height. Treatment activities are based on
chemotherapylike dose-escalation phase 1 and 2 clinical trials. For
example, 177Lu-DOTATATE (Lutathera; Advanced Accelerator
Applications) treatment of somatostatin receptor–expressing neuro-
endocrine tumors is generally delivered in 4 cycles of 7.4 GBq at
8-wk intervals (27). For 223RaCl2 (Xofigo; Bayer), 6 administrations
of 55 kBq/kg are given at 4-wk intervals (28). A fixed administered
activity is the simplest, most convenient, and least expensive
approach. Inevitably, however, some patients could safely have
received higher (and presumably more therapeutically effective)
activities and were thus underdosed. Conversely, other patients
receiving the same fixed activity may have experienced excessive
normal-tissue side effects and were therefore overdosed (24).
The MTAD and PTAD approaches are both patient-specific and

involve absorbed-dose projections. These approaches typically require
a series of measurements, either performed in advance of the therapy
or during the first administration of a multiadministration treatment.
The objective is to predict the activity to administer to achieve a
specified absorbed dose either to the dose-limiting normal tissue or to
the tumor.
In the MTAD approach, it is likely that only a small number of

normal tissues will receive absorbed doses approaching tolerance
limits. For 131I-iodide treatment of metastatic thyroid cancer, one
approach is to prescribe a therapeutic activity that is calculated to
deliver 2 Gy to blood (29). For renal toxicity, an MTAD of 23 Gy
is often used as a guideline, based on XRT data, and is reasonably
consistent with RPT experience with 90Y-DOTA-octreotide after
appropriate radiobiologic corrections for dose rate (30). However,
it may be an inappropriately low threshold for 177Lu-DOTATATE
(31). Organ MTAD likely depends on the type of emissions, uni-
formity of the activity/dose distribution, dose rate, prior treatment,
and life expectancy (32).
Treating patients according to PTAD is a concept extended from

XRT practice. However, there are few dose–response data avail-
able for RPT on which to base treatment prescription. In a small
series of postthyroidectomy thyroid cancer patients, Maxon et al.
(33) successfully treated lymph node metastases in 74% of patients
with thyroid remnants and in 86% of athyrotic patients with a sin-
gle administration of 131I calculated to deliver lesion-absorbed

FIGURE 1. Graphical representation of dose deposition ranges delivered by different radionuclides
having varying modes of decay. Top row shows relative geometric dose deposition delivered by point
source of activity. Bottom row shows same data represented with 2-dimensional curve, illustrated as
point spread function. Figure illustrates variable dose deposition properties and is not to scale.

TABLE 1
Summary Characteristics of Commonly Used

Radionuclides in RPT

Isotope
Primary
emission Half-life LET

Maximum range
in tissue

(therapeutic radiation)

211At a 7.21 h High 80 mm
212Pb a 10.6 h High 100 mm
213Bi a 45.6 min High 100 mm
223Ra a 11.4 d High 70 mm
225Ac a 10.0 d High 85 mm
227Th a 18.7 d High 70 mm
67Cu b 61.8 h Low 2.1 mm
90Y b 64.1 h Low 11 mm
131I b 8.02 d Low 3.3 mm
153Sm b 46.5 h Low 3.3 mm
177Lu b 6.65 d Low 1.8 mm
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doses of 85 and 140 Gy, respectively. Dewaraja et al. (34) found
that for 90Y-microsphere radioembolic therapy of liver tumors, the
mean absorbed dose and biologically effective dose (an absorbed
dose-based metric that takes account of radiobiologic features) that
yielded a 50% tumor control probability were 292 and 441 Gy,
respectively (34). The current state of knowledge of tumor dose
response was recently summarized (35). However, only macro-
scopic, imageable tumors are amenable to the PTAD approach.

PARADIGM FOR PATIENT-SPECIFIC DOSIMETRY

The paradigm for patient-specific dosimetry for RPT (Fig. 2) is
as follows: administration of a test activity of either the therapeutic
or a surrogate radiopharmaceutical; measurement—by serial imag-
ing and possibly blood and whole-body counting—of its time-
dependent biodistribution; definition of the pertinent anatomy by
high-resolution structural imaging (CT, MRI); derivation of time-
dependent activity concentration or absorbed dose rate, with appro-
priate adjustment for differences in half-life between the therapeutic
and surrogate radionuclides; integration of time–activity data to
yield region- or voxel-specific time-integrated activity coefficients
(alternatively, time–dose-rate data can be integrated directly to yield
absorbed dose); calculation of absorbed dose coefficients for organ
at risk or tumor for the therapeutic radiopharmaceutical (optional
modifications for radiobiologic modeling can be incorporated at this
step); and prescription of the activity to deliver the intended
absorbed dose to the organ at risk or tumor.
Implicit in this paradigm is that the absorbed dose coefficients

for the full RPT will be the same as those projected on the basis of
the test study, and this is more likely to be true when the test and
therapeutic radiopharmaceutical are chemically identical. If the
test and therapeutic radiopharmaceuticals are different or if target
tissue uptake depends nonlinearly on administered mass or activity
(36), this approach may be less reliable. Changes in the patient’s
condition between test and therapy administrations, such as thy-
roid stunning (37), may also undermine this approach.

The time and effort required for the dosimetry paradigm may be
considerable. Preparation and assay of the radiopharmaceutical may
take 10–20 min; its administration may take less than a minute for a
bolus injection to as long as 1–2 h for a slow infusion. The imaging
time per point ranges from 2–5 min for a single static image to
20–40 min for a whole-body scan or single-bed-position SPECT/CT
study to 1–2 h for a multiple-bed-position SPECT/CT study. A sin-
gle imaging time point may be sufficient for reasonably accurate
dosimetry, greatly reducing the time commitment. Segmentation
(i.e., contouring) of normal organs and tumors can be particularly
time-consuming—several hours—if done manually. Automated and
semiautomated segmentation procedures can accelerate this process,
and ultimately, artificial intelligence (AI)–based routines may make
segmentation fully automated and rapid. Subsequent steps in the
workflow—fitting or integrating mathematic functions to measured
data and calculating absorbed doses or dose distributions—are com-
puter-intensive but largely automated. Individuals performing clini-
cal dosimetry calculations must have appropriate training and a full
understanding of the process. Recent international guidance suggests
allotting 1.1 d of a medical physicist’s time to perform calculations
per case (38).

MEASUREMENT OF ACTIVITY AND TIME–ACTIVITY DATA

Radiopharmaceutical activity is routinely measured with a dose
calibrator with uncertainties of 65% or less. However, for isotopes
with complex decay schemes—with nonequilibrium progeny such as
some a-particle emitters, pure b-particle emitters (e.g., 90Y), and non-
standard source geometries—dose calibrator uncertainties can be sig-
nificant (39). For such isotopes, reference standard sources traceable
to a national agency should be used to verify accuracy. Any uncer-
tainties associated with activity measurements will be propagated
through the entire dosimetry analysis (40).
Therapeutic radiopharmaceuticals are often single-photon emit-

ters, and their time-dependent activities or activity concentrations
may be measured by serial planar g-camera imaging (i.e., the

FIGURE 2. General workflow for RPT dosimetry. Process begins with test administration (may be either pretherapy administration or first cycle of multi-
dose therapy regimen). Serial quantitation measurements can then support calculation of absorbed doses, either in terms of tumor and organ mean
doses (D) or dose distributions (D[x,y,z]). Dose estimation per unit of administered activity can then be used to tailor treatment. The term dose metricmay
refer to absorbed dose (for physical dosimetry) or biologically effective dose (BED), equieffective dose (EQD2a/b), or effective uniform dose (EUD) (for
bioeffect dosimetry).
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conjugate-view method (41)), SPECT/CT (42), or a combination of
planar and SPECT/CT imaging (the hybrid method (42)). Subject
to corrections for collimator–detector response, scatter, attenuation,
and partial-volume effects, the count rate per voxel in reconstructed
tomographic images is proportional to the local activity concentra-
tion. The corrected count rate (cps) per voxel is divided by a mea-
sured system calibration factor [(cps/voxel)/(kBq/mL)] to yield
activity concentrations:

SPECT activity concentration kBq=mLð Þ5 cps=voxel
calibration factor

:

Eq. 1

SPECT/CT imaging is relatively time-consuming (15–30 min per
bed position). A practical alternative is hybrid SPECT/planar imag-
ing, in which both SPECT/CT and planar scans are acquired at a sin-
gle time point and only the more rapid planar scans are acquired at
the remaining time points (Fig. 3) (42). The multiple planar scans
provide the shapes of the source-region time–activity curves (i.e., the
kinetics), and the single SPECT/CT study provides a (more accurate)
point estimate of activity. Comparison of the contemporaneous planar
and SPECT/CT scans provides a SPECT/CT-to-planar scaling factor.
Quantitative PET remains more mature than quantitative SPECT,

but with rare exceptions (10), positron-emitting radionuclides are not
used for RPT. Positron emitter–labeled surrogates may, however, be
used to provide time–activity data for therapeutic radiopharmaceuti-
cals (43), such as the 124I/131I PET/therapeutic radionuclide pair in
metastatic thyroid cancer. The PET and therapeutic radionuclides
must be well matched in terms of physical half-life for serial PET
scans to be performed over a sufficiently long total time frame to
yield reliable estimates of the time–activity data for the therapeutic
radionuclide. 124I (physical half-life, 4.18 d) and 131I (physical half-
life, 8.04 d) satisfy this criterion. In contrast, 68Ga-DOTATATE
(physical half-life, 67.7 min) is too short-lived to estimate later tissue
activities of 177Lu-DOTATATE (physical half-life, 6.65 d).
For radiopharmaceuticals with well-characterized kinetics that

exhibit little variability among patients, population-averaged normal-
organ time–activity curves may be scaled by image-derived, patient-
specific organ activities measured at a judiciously selected single
time point (44,45). The utility of this method has been demonstrated
for 90Y-DOTATOC (46) and 177Lu-DOTATATE/DOTATOC (47)
for kidney dosimetry. The reliability of single-time-point imaging for

planning RPT requires further validation and may be less applicable
to tumors.
The hematopoietic bone marrow is radiosensitive and is often

dose-limiting for RPT (48). However, quantifying activity in red
marrow for dosimetry is especially challenging as it is a widely
distributed source region with regional variations in activity concen-
tration. One practical approach is based on counting weighed samples
of peripheral blood in a scintillation well counter. For radiopharma-
ceuticals that do not localize to blood or marrow cells, the activity
concentration in plasma has been estimated as equal to that in the red
marrow extracellular fluid ($20% of the marrow by volume) at equi-
librium (49,50). Alternatively, red-marrow activity concentration may
be estimated by scintigraphic imaging of vertebrae (51,52).
Whole-body clearance kinetics may be measured by serial conju-

gate-view whole-body scans or probe-based counts beginning shortly
after radiopharmaceutical administration but before the patient’s first
postadministration void or bowel movement. The initial net (back-
ground-subtracted) geometric-mean whole-body or probe count rate
corresponds to 100% of the administered activity. The values at
each subsequent time point, normalized to the 100% count-rate
value, yield whole-body activity (as a percentage of the adminis-
tered activity).

CALCULATION OF ABSORBED DOSE

Calculation of absorbed doses requires estimating the source
region time-integrated activity coefficients, calculated as areas
under curves of activity/activity concentration or dose rate. These
data may be fitted by mathematic functions (typically sums of
exponentials) and integrated analytically to infinity. Alternatively,
numeric methods (e.g., trapezoidal integration) may be used to
integrate to the last measured point with an additional contribution
to account for terminal behavior. Operationally, the terminal con-
tribution may be taken to correspond to physical decay or apparent
clearance derived from the last 2 measurements. Although it has
been recommended that the last measurement be performed no
earlier after administration than twice the radionuclide’s physical
half-life (53), this is rarely done for radionuclides with relatively
long half-lives (e.g., 131I [8.0 d] and 177Lu [6.7 d]). Areas under
curves can also be deduced by compartmental modeling (54).
There are 3 approaches to calculating absorbed dose from inter-

nal radionuclides: dose factor–based calculation (such as the MIRD
formalism), dose point kernel convolution,
and Monte Carlo (MC) radiation transport
simulation (55).
In the organ-level time-independent for-

mulation of the MIRD schema(56), the ab-
sorbed dose coefficient d rT ,TDð Þ (mGy/
MBq) is defined, for a target region rT irradi-
ated over a time period TD, as the absorbed
dose (mGy) normalized to the administered
activity (MBq):

d rT ,TDð Þ5
X
rS

~aðrS ,TDÞSðrT  rSÞ:

Eq. 2

Here, ~aðrS,TDÞ is the time-integrated
activity coefficient, and SðrT  rSÞ is known
as the S value (or S coefficient), the absorbed
dose to rT per unit time-integrated activity in
source region rS . S values have been tabulated

FIGURE 3. Hybrid SPECT/planar imaging approach to imaging-based measurement of time–
activity data (55).
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for a large number of radionuclides and source-region–target-
region pairs in several reference anatomic models from newborns
to adult men and women (57). Self-irradiation dose factors for tumors,
modeled as unit-density spheres, are also available (58,59). Several
computer programs for organ-level dosimetry have been developed;
these include OLINDA (approved by the U.S. Food and Drug
Administration) (58), MIRDOSE (its predecessor) (60), IDAC-Dose
2.1 (61), and MIRDcalc (59); the latter two are freely available.
Suborgan and subtumor dosimetry, or voxel-level dosimetry, is

addressable by MC radiation transport simulation (62,63), dose point
kernel convolution (64,65), or voxel S values (66). MC simulation
has the advantages of applicability to inhomogeneous media, complex
3-dimensional geometries, and conditions in which charged-particle
equilibrium is not achieved (e.g., tissue interfaces). A historical draw-
back of MC was its large computational burden, but technologic
advances have made it increasingly practical. Dose point kernel has
also been adapted to heterogenous media by applying relatively sim-
ple multiplicative scaling factors to those in water-equivalent media,
yielding results that closely approximate those of MC with reduced
computational overhead.
A software tool that has been developed, MIRDcell, adapts the

MIRD formalism to cellular and subcellular dosimetry (67). This
freely downloadable applet models the radiation dose to the cellu-
lar and subcellular compartments (i.e., the cell membrane, cyto-
plasm, and nucleus modeled as concentric unit-density spheres)
for both isolated cells and collections of cells using cellular S val-
ues (68). It also models the responses of the labeled and unlabeled
cell populations as a function of the fraction of cells radiolabeled.

UNCERTAINTIES IN DOSE ESTIMATION

Sources of uncertainty in radiopharmaceutical dosimetry include
assay of administered activity, determination of organ and tumor
volumes or masses, measurement of time-dependent activity distri-
butions, estimation of time-integrated activities, and translation of
activity/time-integrated activity and anatomic data to dose-rate/
absorbed dose. The European Association of Nuclear Medicine has
published guidelines on uncertainty analysis for RPT absorbed-dose
calculations (69). Error propagation in RPT results in net uncertain-
ties of 10%–15% for absorbed dose estimates to the major organs
and much higher values for small lesions. Efforts to determine and
minimize the quantitative uncertainties in SPECT/CT activity quanti-
fication have been reviewed (70). Harmonization of calibration pro-
cedures, acquisition protocols, and reconstruction techniques will be
required to achieve, in multicenter trials, the precision needed to
build robust dose–response data.

BIOEFFECTS MODELING

Factors other than absorbed dose can impact the outcome of
RPT. Historically, the linear-quadratic model has been used to
describe normal-tissue and tumor responses to radiation (71,72):

SF5e2 aD1GðTÞbD2ð Þ, Eq. 3

where SF is the surviving fraction (i.e., the fraction of irradiated
cells that has not undergone reproductive failure), D is the absorbed
dose (in Gy), a is the linear sensitivity coefficient (in Gy21), b is
the quadratic sensitivity coefficient (in Gy22), and G(T) is a modi-
fier that, for RPT, depends on the dose-rate curve and the time
constant for repair (73).
The modulation of biologic response due to differences in dose

rate or fraction size has led to the concept of biologically effective

dose (71,74). This is the absorbed dose (Gy) projected to cause
some biologic effect if it were delivered at the mathematic limit of
infinitely low dose rate. The equieffective dose (EQDX, in Gy),
like biologically effective dose, is dependent on the a/b ratio and
is usually written as EQDXa/b (75). Typically, X 5 2 Gy is taken
as the reference dose because of its common use in conventionally
fractionated XRT, yielding EQD2a/b. Using this notation, the bio-
logically effective dose could be expressed as EQD0a/b (i.e., a ref-
erence dose per fraction of 0 Gy, corresponding to radiation
treatment delivered by an infinite number of infinitesimally small
fractions or at an infinitesimally low dose rate).
Tumor therapeutic response and normal-tissue toxicity may not

correlate with mean absorbed doses because of spatial nonuniform-
ity in the dose distribution. The equivalent uniform dose is the sin-
gle value of absorbed dose that, if distributed uniformly, would
achieve the same overall survival fraction as a nonuniform dose dis-
tribution (76,77). The equivalent uniform dose has been formulated
as the “equivalent uniform biological effective dose” (77). Several
studies have shown a better response correlation with equivalent
uniform dose than with tumor mean absorbed dose (78–80).

RPT WITH a-EMITTERS

The radiobiologic advantages of high-LET radiation include
intense ionization density along particle tracks that produce diffi-
cult-to-repair DNA damage and a reduced dependency on dose
rate and local oxygen tension (81). In addition to high-LET radio-
biologic advantages, the short range of a-particles (40–90 mm)
can produce highly localized dose delivery (82) with the possibil-
ity of beneficial normal-tissue sparing if parts of critical organs lie
beyond their emission range (e.g., marrow stem cells from radium
deposition on bone surface). Other high-LET radiations include
Auger electrons, emitted from some radionuclides. However,
high-LET effects from Auger electron emission have only nano-
meter ranges and are not currently of clinical significance (83).
Alpha-particle–emitting radionuclides that have been used in

clinical trials include 213Bi (84,85), 211At (86,87), 212Pb (88), 223Ra
(89), 225Ac (90,91), and 227Th (92), listed in Table 1. These radio-
nuclides may be separated into those that emit a single a-particle
(213Bi, 211At, and 212Pb) and those that undergo multiple decays
with up to 4 (223Ra and 225Ac) or 5 (227Th) a-particle emissions.
For 213Bi, the combination of a short 46-min half-life and absence

of a-particle–emitting progeny allows for the administration of rela-
tively high, imageable (440-keV g-ray) activities ($37 MBq) (84).
211At has a longer 7.2-h half-life and emits characteristic x-rays
(77–92 keV) suitable for quantitative imaging (93). 212Pb (10.6-h
half-life) decays via b-particle emission, but its progeny emit, on
average, one a-particle either via 212Bi (36%) or 212Po (64%). It has
2 disadvantages: the first is that one of its progeny, 208Tl, emits a
very-high-energy g-ray (2.6 MeV; 36%) that complicates radiation
protection; the second is that about 40% of 212Pb b-transitions are
accompanied by nuclear deexcitation by internal conversion, produc-
ing an Auger-electron cascade and charge-neutralization effect that
can lead to molecular fragmentation and release of 212Bi (94,95).
However, 212Pb has the advantage that it forms a theranostic pair
with 203Pb for imaging (52-h half-life; 279-keV g-ray) and for
patient selection and dosimetry (96,97).
Imaging 223Ra, 225Ac, or 227Th poses challenges for accurate

activity quantification. Because of their long half-lives and multi-
ple a-particle–emitting progeny, trials with these radionuclides
use only kBq/kg activities, compared with MBq/kg activities for
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213Bi and GBq activities for 177Lu. The resulting low-count images
are noisy. Another challenge is determining the fate of the radioactive
progeny dissociated from the radiopharmaceutical, as a-particle
decay results in a high (100 keV) nuclear recoil energy that disrupts
chemical bonds. Radioactive progeny can thus potentially translocate
from the site of the parent decay, as with bismuth translocation to the
kidney after 225Ac decay in blood (98). Although current g-cameras
are ill-equipped for imaging many a-particle–emitting radionuclides,
scanners with improved energy resolution may distinguish the imag-
ing signals from multiple progeny (99).
Xofigo is the first, and thus far only, a-particle–emitting radiophar-

maceutical approved by the Food and Drug Administration, for the
treatment of patients with castration-resistant prostate cancer meta-
static to bone with no visceral component. Initial studies in Europe
and the United States included imaging and dosimetry, but this is not
required for current protocols. The low administered activities of
223Ra (55kBq/kg per treatment) produce noisy images (100) in which
bone lesions are often inconspicuous, and a 99mTc-diphosphonate or
18F-fluoride bone scan is required for definitive identification. The
partial-volume effect reduces lesion contrast further, and even though
uptake in bony lesions is stable, the lack of lesion mass information
makes accurate dose estimation problematic.
Dosimetry of a-particle emitters is additionally challenging with

respect to imaging because of their short emission range, 2 orders of
magnitude smaller than g-camera pixel dimensions. Even if g-camera
images of a-particle–emitting radionuclides can provide biodistribu-
tion data (100), subvoxel microscopic nonuniformities in dose distri-
butions may produce different biologic effects depending on the
association of the agent to tumor cells or normal tissue structures.
Obtaining source microdistribution within patients is currently not pos-
sible except in limited cases from biopsy or surgical samples (101).
One possibility may be to infer this information from preclinical stud-
ies in tumor-bearing animals by autoradiographic methods. Using
a-particle MC codes, digitized histologic images, and radiobiologic
modeling, cell survival fractions may thus be deduced (67,102,103).

Currently, there is considerable interest in RPT with a-particle–
emitting radionuclides, at least partly because of reports of remark-
able clinical responses in some patients with macroscopic disease,
often after a limited clinical response to RPT with b-particle–
emitting radionuclides (104–106). From a purely dosimetric per-
spective, a-particles have a limited range (several cell diameters),
and optimal target sizes would be expected to be of submillimeter
dimensions. In addition, the adverse effects of nonuniform radio-
pharmaceutical uptake in macroscopic disease would be expected
to be severe. Taken together, this suggests that a-RPT would be
optimally used in the adjuvant or neoadjuvant setting, specifically
addressing subclinical microscopic disease. The unanticipated clini-
cal effectiveness of a-RPT for macroscopic disease may be related
to immunologic or abscopal factors or to absorbed dose contributions
from diffusible a-particle–emitting progeny. Despite our lack of
understanding of the biologic mechanisms involved, clinical imple-
mentation of a-RPT is accelerating. However, its full potential may
not be realized unless rigorous dosimetric analyses are performed
(107). It is a field that warrants proceeding cautiously since many
unknowns remain.

FUTURE PERSPECTIVES

RPT has emerged as a major new treatment modality spurred
by the recent approval of Lutathera, 177Lu-vipivotide tetraxetan
(Pluvicto; Novartis), and Xofigo and the anticipation of new

agents to follow. At present, the ability to perform accurate 3-
dimensional dosimetry for RPT is clinically achievable, though
requiring specialized software and technical capabilities and a sig-
nificant commitment of time by the treating facility and patient.
The available dose–response data, though still sparse, suggest that
patient-specific dosimetry may help to improve RPT by minimizing
toxicity or maximizing efficacy. However, additional dose–response
data are still required and should remain a priority of future studies.
Constructing a tumor dose–based prescription will be challenging, as
at least some of the targets will be either phenotypically diverse or
too small to be imaged. The use of RPT for the treatment of bulky
macroscopic disease is likely transitional, and in the future, this type
of disease conformation may be better treated by the addition of a
supplementary XRT component, as part of a combined-modality
therapy. RTP can selectively target and treat subclinical microscopic
disease, even if imaging is not possible.
Practical dosimetry is rapidly advancing, progressing beyond his-

torical obstacles. New imaging hardware has recently been introduced
as well: g-cameras and SPECT scanners with solid-state detector
technologies that allow better energy resolution, SPECT scanners
with full-ring detector geometries (making whole-body SPECT
faster and more feasible), and whole-body PET scanners allowing
whole-body dynamic imaging and reliable imaging of much lower
administered activities than those currently used. Advancements in
commercial software and regulatory approval of tools that facilitate
clinical implementation will provide new opportunities for standardi-
zation of methods across centers. Artificial intelligence–assisted
workflows that may reduce dosimetry time and effort and improve
standardization are also being developed.
RPT dosimetry remains a work in progress. Specialized centers

will continue to refine dosimetric methodology, introduce novel
radiopharmaceuticals, investigate combined-modality therapies,
and elucidate issues such as patient-specific susceptibility to radia-
tion injury, interactions with the immune system, and abscopal
effects of radiation. Work to standardize and validate dosimetry
calculations and simplify the dosimetry process must continue,
bearing in mind Einstein’s dictum of “… as simple as possible but
no simpler.” In particular, scenarios in which single-time point
imaging provides adequate dosimetric accuracy will need to be iden-
tified. The opposing considerations of minimizing complexity and
maximizing throughput on the one hand and optimizing treatment
for individual patients on the other need to be recognized and recon-
ciled. This will be especially important as the field expands—the
recent approval of 177Lu-PSMA-617 therapy will have a major
impact on patient load, and it is likely that an increasing number of
RPT agents will become available. If dosimetry is to become more
than an academic exercise, we need to show that it makes a signifi-
cant difference to clinical outcomes with RPT. Ultimately, the only
acceptable way of achieving this is through multicenter randomized
controlled clinical trials comparing dosimetry-based prescriptions
with one-size-fits-all activity-based prescriptions.
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Single-domain antibody (sdAb) is among the most promising vectors
for developing molecular imaging tracers. Several sdAb tracers tar-
geting human epidermal growth factor receptor 2 or programmed
death ligand 1 have entered clinical practice. However, radiolabeled
single-valent sdAbs generally have high kidney retention, limiting their
therapeutic applications. Therefore, engineering strategies such as
PEGylation or incorporation of renal cleavable linkers can be adapted
to improve pharmacokinetics and reduce kidney retention. In this
Focus on Molecular Imaging review, we try to summarize the latest
developments in sdAb-derived agents and propose potential strate-
gies that can be used to improve the theranostic value of radiolabeled
sdAbs.
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The term molecular imaging has been well defined as the
“visualization, characterization, and measurement of biological pro-
cesses at the molecular and cellular levels in humans and other living
systems” (1). With the increasingly approved therapeutic antibodies
and commercial supply of long-lived radionuclides such as 89Zr and
64Cu, immuno-PET imaging with radiolabeled monoclonal antibod-
ies has fulfilled some of the tasks by visualizing target expression
and guiding antibody development (2). Safety profiles, easy access,
availability in large amounts, and robust labeling protocols are natu-
ral advantages of developing monoclonal antibody–based tracers, but
slow clearance, less optimal tumor-to-background ratios, poor pene-
tration in tumor interstitium, and noticeable radiation dose are practi-
cal considerations hindering their routine clinical use. Additionally,
imaging at several time points in a week is inconvenient for patients.
Immuno-PET imaging with radiolabeled single-domain antibod-

ies (sdAbs) has rapidly evolved (3,4). There are 2 major types of
sdAbs, one isolated from human antibody repertoires and another
from camelid heavy-chain–only antibodies. But sdAbs can also
be engineered from sharks. As the smallest antibody fragment,
with a molecular size of 15 kDa, variable domain of the heavy
chain of heavy-chain–only antibodies (VHH, or Nanobody;
Ablynx) is characterized by high affinity, high stability, efficient

extravasation, and, most importantly, ease of engineering. Herein,
we present the latest progress in sdAb theranostics and lay out
future innovation and translation perspectives.

AGENTS TARGETING BIOMARKERS ON TUMOR CELLS

Human Epidermal Growth Factor Receptor 2 (HER2)
HER2 is among the most thoroughly explored receptor tyrosine kin-

ases for molecular imaging. Currently, 2 HER2-specific sdAb tracers
have been translated for clinical use. 68Ga-NOTA-2Rs15d was pre-
clinically investigated in 2013 (5), followed by successful clinical
translation in 2016 (6). More recently, the same group developed
131I-4-guanidinomethyl-3-iodobenzoate (GMIB)-anti-HER2-VHH1
(7), in which 131I was attached to the VHH1 (2Rs15d) via the linker
N-succinimidyl-GMIB (SGMIB). Accumulation of 131I-GMIB-anti-
HER2-VHH1 was observed in patients with metastatic breast cancers
(8). A low dose (46 6 28 MBq for healthy subjects and 64 6 46
MBq for patients) was administered in the study. A phase I/II dose-
expansion study to evaluate the safety, tolerability, dosimetry, and
efficacy of 131I-GMIB-anti-HER2-VHH1 is currently ongoing
(NCT04467515). Increased tumor uptake and faster clearance of
radioiodinated sdAbs are favored for radioimmunotherapy. Feng
et al. recently reported that iso-131I-SGMIB-VHH_1028 exhibited
significantly higher tumor uptake and lower kidney accumulation
than 131I-SGMIB-2Rs15d (131I-GMIB-anti-HER2-VHH1). More
importantly, the theranostic agent significantly suppressed tumor
growth and prolonged survival (9).

Meanwhile, Zhao et al. developed another sdAb tracer, 99mTc-NM-
02, and conducted an early phase I study (NCT04040686) enrolling
10 patients with breast cancer (10). After bolus injection of 458 6

37 MBq of 99mTc-NM-02 (100 mg of NM-02), no adverse effects
were reported and tumor uptake of 99mTc-NM-02 correlated well
with HER2 expression (Fig. 1). Traditionally, N-succinimidyl-
4-18F-fluorobenzoate, a nonresidualizing prosthetic agent, was used
to develop the HER2-specific probe 18F-RL-I-5F7, which imaged
HER2 status, but the diagnostic efficacy was compromised by a
problematic renal background (11,12). Residualizing prosthetic
agents for 18F labeling are favored for improving the tumor trap of
the tracers. By migrating high temperature and organic solvents,
which may denature the sdAbs, click chemistry reactions are
increasingly used to facilitate 18F labeling. Zhou et al. harnessed a
tetrazine/trans-cyclooctene inverse electron-demand Diels-Alder
cycloaddition reaction and incorporated a renal brush border
enzyme-cleavable linker and a polyethylene glycol (PEG) 4 chain
between 18F and 5F7 in developing 18F-5F7GGC (13), which
yielded high retention in the tumor with very little background
activity. Several clinical trials are investigating either the diagnostic
(NCT04591652, NCT03331601, and NCT03924466) or the
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theranostic (NCT04467515) value of radiolabeled HER2-targeting
sdAbs in HER2-overexpressing solid tumors.

Epidermal Growth Factor Receptor (EGFR)
EGFR is another receptor tyrosine kinase involved in cancer

development and progression. Although monoclonal antibody and
small-molecule–based tracers have entered clinical translation, no
sdAb-based tracers have achieved clinical translation so far. 7C12
and 7D12 are the most widely used EGFR-targeting sdAbs in molec-
ular imaging. Vosjan et al. synthesized 89Zr-Df-Bz-NCS-7D12 and
reported the diagnostic value in A431 tumor–bearing mice (14). The
generally introduced His6 tag could be used for site-specific labeling
using [99mTc(CO)3]

1. 99mTc-7C12 and 99mTc-7D12 were labeled
with 99mTc at their His6 tag tails.

99mTc-7C12 showed a higher tumor
uptake, higher kidney uptake, and lower liver uptake than 99mTc-
7D12 (15). D10, another anti-EGFR sdAb, was also site-specifically
labeled with [99mTc(CO)3]

1, and 99mTc-D10 detected small tumors
more efficiently than 99mTc-cetuximab (16).

Programmed Death Ligand 1 (PD-L1)
PD-L1 is an immune checkpoint that interacts with the receptor

programmed death 1 on T cells, inhibiting T-cell activation and
suppressing antitumor immunity. Immune checkpoint blockade
with antibodies targeting the programmed death 1/PD-L1 axis has

prolonged survival in cancer patients.
However, reliable biomarkers that can pre-
dict the responses are lacking. PD-L1 sta-
tus revealed by immunohistochemistry is
not always associated with treatment effi-
cacy (17), possibly because of inherent
artifacts of immunohistochemistry such as
tissue sampling errors and inequivalent
interpretation of the staining results (18).
Xing et al. developed the sdAb-derived

99mTc-NM-01 and reported the physiologic
uptake of the tracer in the liver, spleen, and,
to a lesser extent, bone marrow and lungs.
The translational study showed intratumoral
and intertumoral heterogeneity of PD-L1
expression and a good correlation between
the SPECT signal and immunohistochemistry
results (19). Although 99mTc-labeled tracers
have long half-lives and good availabilities,
the low spatial resolution and lack of quantita-
tion with SPECT are potential challenges in
quantifying PD-L1. To this end, 68Ga-labeled
sdAb tracers targeting PD-L1 have been
developed (20–22). Although site-specific
labeling yields well-defined and homoge-
neous conjugates, there were no differences
in binding affinities and diagnostic efficacies
between the site-specifically and randomly
labeled sdAb tracers (22). KN035 is an engi-
neered sdAb derivative with a molecular
weight of 79.6 kDa. Li et al. developed 89Zr-
Df-KN035 and reported the diagnostic effi-
cacy in glioma xenografts and the circulation
profiles in nonhuman primates (Supplemental
Fig. 1; supplemental materials are available at
http://jnm.snmjournals.org) (23). An ongoing
clinical trial is evaluating the safety and bio-

distribution of 89Zr-Df-KN035 in patients with PD-L12positive solid
tumors (NCT04977128). Notably, KN035, with a commercial name of
envafolimab (Alphamab Oncology), has been approved for treating
late-stage solid tumors in China and late-stage biliary tract carcinoma
and soft-tissue sarcoma in the United States.

Biomarkers for Multiple Myelomas
CD38 (12,24,25), B-cell maturation antigen (26), CS1 (27,28),

and paraprotein (29) are promising targets exploited for molecular
imaging of multiple myeloma. 68Ga-NOTA-Nb1053 is the first-
generation CD38-specific sdAb tracer that realized precise delinea-
tion of disseminated multiple myeloma in preclinical settings
(Fig. 2A). And the tracer had advantages over 18F-FDG in terms
of diagnostic contrast and specificity (Fig. 2B) (12). By taking
advantage of biorthogonal click chemistry (24), 18F-Nb1053 was
further innovated and the diagnostic value was also confirmed in
multiple myeloma models (Figs. 2C and 2D). The justification for
developing 18F-labeled cousins is that such tracers allow distribu-
tion to multiple centers on clinical translation. 2F8 is an sdAb
binding to human CD38 independently of daratumumab. A recent
work developed 99mTc-H6-2F8 and 177Lu-diethylenetriaminepenta-
acetic acid (DTPA)-2F8 using untagged and tagged 2F8, respec-
tively. Although the former showed a specific uptake facilitating
diagnosis of subcutaneous multiple myeloma, the latter at either a

FIGURE 1. 99mTc-NM-02 immuno-SPECT/CT imaging of breast cancers. (A) Whole-body SPECT
images at different time points (10 min, 1 h, 2 h, 3 h, and 24 h) after injection of radiotracer. (B) Vary-
ing uptake patterns in patients with breast cancer. From left to right: heterogeneous uptake in primary
tumor and in metastatic lymph node in patient with HER2 31 breast cancer, and homogeneous
uptake in primary tumor and in metastatic lymph node in another patient with HER2 31 breast
cancer. Primary and metastatic tumors are indicated by red circles. (Reprinted from (10).)
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high dose (18.5 6 0.5 MBq) or a low dose (9.3 6 0.3 MBq) sig-
nificantly prolonged the median survival of the tumor-bearing
mice (30). Notably, His6 tag-free 2F8 was used in constructing
177Lu-DTPA-2F8, and the agent was intravenously given at 3 con-
secutive times with coinjection of a 150 mg/kg dose of Gelofusine
(B. Braun). The formulation matters because a single injection of
radiolabeled His6-tagged sdAb may lead to unacceptable nephro-
toxicity. In our experience, bolus injection of 3.72 7.4 MBq of
177Lu-labeled His6-tagged sdAb is still too toxic in preclinical
models.

Carbonic Anhydrase IX
Carbonic anhydrase IX catalyzes the conversion of carbon dioxide

and water to carbonic acid (CO2 1 H2O ! HCO3
2 1 H1) and is

regulated by the von Hippel–Lindau hypoxia-inducible factor axis.
Carbonic anhydrase IX is highly expressed in over 95% of clear cell
renal cell carcinomas. Radiolabeled sdAb is excreted through the kid-
neys, detracting from imaging of the primary foci of renal cell carci-
noma. Therefore, research on renal cell carcinoma–targeted tracers
should focus on solving the impact of renal physiologic excretion and
reabsorption. Modifications such as the incorporation of the albumin-
binding domain (ABD) may alter the physiologic distribution and
improve the diagnostic performance of the tracers (31). Recent exqui-
site work by van Lith et al. adopted the strategy and developed
3 sdAb-derived tracers, that is, 111In-DTPA-B9, low-affinity 111In-
DTPA-B9-ABD, and high-affinity 111In-DTPA-B9-ABD (32). Their
results showed the high affinity and specificity of [111In]In-DTPA-B9
in CAIX-expressing head and neck cancer xenografts. Although low-
affinity 111In-DTPA-B9-ABD and high-affinity 111In-DTPA-B9-ABD

had increased tumor uptake, the uptake was
partially CAIX-independent because the pre-
injected girentuximab failed to thoroughly re-
duce the uptake. The authors concluded that
the low absolute uptake of 111In-DTPA-B9
and the CAIX-independent uptake of low-
affinity 111In-DTPA-B9-ABD and high-
affinity 111In-DTPA-B9-ABD preclude these
tracers from being used to image hypoxia-
induced CAIX expression.

Other Theranostics-Relevant
Biomarkers
“One marker fits all” is not realistic from

a diagnostic perspective; sdAb tracers target-
ing other emerging biomarkers are warranted.
Epithelial cell adhesion molecule (33), glypi-
can 3 (31), and dipeptidyl peptidase 6 (34,35)
are also promising biomarkers exploited for
sdAb molecular imaging.

IMAGING TUMOR MICROENVIRONMENT

The tumor microenvironment comprises
multiple types of cells, including immune
cells, vascular cells, and stromal cells. Given
this complexity, it is still challenging to gain
a full understanding of the tumor microen-
vironment and to image it. Although PD-
L12targeted tracers have been discussed in
the above section, other representative sdAb
tracers targeting tumor microenvironment
markers are illustrated in the section.

Intratumoral CD8-positive (CD81) T cells can selectively detect
and eradicate cancer cells. With the progression of the tumors,
CD81 T cells differentiated to a hyporesponsive state with impaired
cytotoxic capacity. Although lymphocyte activation gene 3 and pro-
grammed death 1 are expressed by both early and late dysfunctional
T cells, CD38, CD39, CD101, and TIM3 are expressed predomi-
nantly by late dysfunctional T cells. These exhaustion markers are
spatiotemporally regulated in the tumor microenvironment. Imaging
CD81 T cells may provide a certain clinical value (36). Since the
clinical translation of 89Zr-IAB22M2C, a minibody tracer targeting
CD81 T cells (37,38), several sdAb-derived tracers have been
reported. 89Zr-VHH-X118-PEG20, an sdAb tracer that recognizes
mouse CD8a, monitored the antitumor immune responses (39). The
tracer also tracked immune cell distribution and infiltration in the
graft-versus-host disease model (40) and in models of influenza A
virus (41). In the context of immunotherapy, the tracer could depict
the infiltration of CD81 T cells into the tumors and predict the ther-
apeutic responses (42). We reported that 68Ga-NOTA-SNA006a, an
antihuman CD8a sdAb tracer, could visualize CD81 tumors and
track human CD81 T cells in humanized models (Supplemental
Fig. 2) (43). The tracer is currently undergoing clinical translation
(NCT05126927).
Secondary to CD8, CD4 is another lineage marker exploited for

molecular imaging of T cells. Traenkle et al. generated a series of
sdAbs specifically recognizing human CD4 and further labeled the
most promising candidate (Nb1) with 64Cu (44). Imaging studies
showed that 64Cu-CD4-Nb1 CD41 specifically accumulated in T-
cell–rich tissues, including lymph nodes, thymus, liver, and spleen.
Lecocq et al. developed an antimouse lymphocyte activation gene

FIGURE 2. Preclinical immuno-PET imaging of multiple myelomas. (A) Immuno-PET imaging with
68Ga-NOTA-Nb1053 delineated subcutaneous MM.1S tumor (blue arrows) with excellent contrast.
Unbound tracer was largely excreted from urinary system (kidneys indicated by yellow arrows and
bladder by white arrow), and small proportion was catabolized in liver (red arrow). (B) In comparison,
PET imaging with 18F-FDG visualized subcutaneous MM.1S tumor (blue arrows) with substantial
uptake in normal tissues, such as bone joints (white circles) and muscles (red circles). (C) Immuno-PET
imaging with 18F-Nb1053 also clearly outlined involved bones (red circles). (D) In contrast, no obvious
18F-Nb1053 uptake was observed in disseminated MM.1S models that were premedicated with CD38-
targeting monoclonal antibody daratumumab. The gallbladder is indicated by the yellow arrow. %ID5

percentage injected dose; Dara5 daratumumab; HU5 Hounsfield units. (Reprinted from (12,24).)
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3sdAb tracer and reported the efficacy of the tracer in imaging
dynamic lymphocyte activation gene 3 expression on tumor-infil-
trating lymphocytes (45).
Macrophage mannose receptor (CD206) is an endocytic C-type lec-

tin receptor (175 kDa) highly expressed on macrophages. Nb3.49 is an
sdAb cross-reactive for both mouse (dissociation constant, 12 nM) and
human (dissociation constant, 1.8 nM) macrophage mannose receptor,
and the 68Ga-labeled version is ready for clinical translation (46,47).
Varasteh et al. further reported the specific uptake of the tracer in ath-
erosclerotic lesions of APOE–/– mice on the high-fat diet (48). Along
with this progress, Devoogdt and coauthors characterized a series of
sdAb tracers targeting 3 atherosclerosis-related markers, that is, vascu-
lar cell adhesion molecule-1 (49), lectinlike oxidized low-density lipo-
protein receptor-1 (50), and macrophage mannose receptor (51), in
APOE–/–mice and atherosclerotic rabbits. The authors reported that a
multiparametric study of atherosclerosis using different sdAb tracers
was feasible (52). Two ongoing clinical trials are exploring the use
of 68Ga-NOTA-antimacrophage mannose receptor-VHH2 in patients
with cancers, cardiovascular atherosclerosis, or abnormal immune
activation (NCT04758650 and NCT04168528). Meanwhile, imaging
immune-related cells by targeting other markers is actively explored
in preclinical studies (53). The most promising sdAb-derived molecu-
lar imaging or theranostic agents are listed in Supplemental Table 1.

CHALLENGES AND POTENTIAL SOLUTIONS IN NANOBODY
THERANOSTICS

Most of the sdAb agents explored in preclinical models are
immunoreactive with human antigens but not with murine anti-
gens, indicating that the preclinical evidence may not reliably
mirror clinical imaging outcomes, especially for those targeting
immune checkpoints. Therefore, the use of humanized models and
nonhuman primates is suggested before moving to clinical trials.
Better safety profiles, higher affinity, better tissue penetration, and
less immunogenicity are the merits of sdAbs for molecular imaging
and endoradiotherapy (54). Since sdAbs, monoclonal antibodies,
and antibody fragments are biomacromolecules, the production and
quality control procedures should follow similar protocols. In other
words, sdAbs for translational studies should be produced in cur-
rent good-manufacturing-practice grade, either in bacteria, yeast, or
Chinese hamster ovary systems. The His6 tag is generally intro-
duced to facilitate purification, but it may potentially cause immu-
nogenicity. Removal of the His6 tag is preferred at the initial
plasma design stage or after purification of the sdAbs.
Notably, the kidney accumulation of radiometal-labeled sdAbs is

exceptionally high because of excretion and reabsorption, leading to
limited detection efficiency near the kidneys and undesired nephrotox-
icity at therapeutic doses. Engineering strategies for migrating such
drawbacks should be explored (55). Receptors such as megalin and
cubilin are involved in the reabsorption of proteins (e.g., albumin and
sdAb) in the proximal tubule (56). The introduction of cleavable link-
ers between chelator and sdAb (57), PEGylation (39), and the devel-
opment of sdAb fusion proteins (31,32) are potential strategies to
improve the pharmacokinetics and pharmacodynamics of sdAbs. For
instance, the Belgium team has elucidated that the removal of the
His6 tag dramatically reduced kidney retention of radiometal-labeled
sdAbs (5,58). Moreover, replacement of the His6 tag with the
HEHEHE tag reduced kidney retention of radiometal-labeled Affi-
body molecules (59), but the efficacy needs to be investigated in
sdAb-derived agents. Along with the engineering strategies, small
molecules (e.g., fructose and maleate), positively charged amino acids

(e.g., lysine), and Gelofusine are reported to reduce kidney retention
of radiolabeled sdAbs, but these are not general approaches because
the efficiencies vary greatly between different tracers (12,60).
From a diagnostic perspective, only probes solving unmet clinical

demands and having easy accessibility and high reproducibility will
carve a niche in the companion diagnostics field. For multiinstitu-
tional studies and commercial development, standardized and kit-
based radiolabeling protocols can be innovated and adapted (61).
In addition to solely imaging the patients for staging and restaging,
new tracers may be introduced as companion diagnostics with
the same or similar scaffold harnessed for therapeutic applica-
tions. Preliminary evidence has shown the promise of sdAb-derived
theranostic pairs (6,8). In the HER2-targeted theranostic pair, the
therapeutic agent 131I-GMIB-anti-HER2-VHH1 was developed using
131I-SGMIB as the prosthetic group, leading to increased stability
and lower kidney accumulation of the radiopharmaceutical. The
future of nuclear medicine will be continuously shaped by theranos-
tics (62); a-particle2labeled sdAbs are also promising therapeutic
components in the sdAb theranostic toolbox (63).

CONCLUSION

Molecular imaging has substantially improved the diagnosis
and treatment of cancers. With further optimization and transla-
tion, sdAb theranostics may play important roles in the manage-
ment of human diseases, especially cancers.
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Then He said to Thomas, “Put your finger here; see my
hands. Reach out your hand and put it into my side. Stop
doubting and believe.”

—John 20:27

A recent commentary from Sartor et al. in The Journal of
Nuclear Medicine (1) questions the use of prostate-specific mem-
brane antigen (PSMA) PET imaging for selection criteria for
PSMA-targeted therapy, commenting on the newly published out-
come of patients with PSMA PET/CT screen failure by VISION
trial criteria (2). In addition, comments by Hussain et al. in Jour-
nal of Clinical Oncology (3) regarding the role of PSMA PET in
patients with metastatic hormone-sensitive prostate cancer have
added to the controversy. Both commentaries require a response,
with our main points of concern below.

PERSONALIZED MEDICINE

Targeted therapy intends to selectively hit tumor cells expressing
the specific target. In contrast to many novel targeted therapies that
rely on a single tissue sample, PSMA PET, which serves as a com-
panion diagnostic for PSMA radioligand therapy, displays in vivo the
presence of PSMA expression in all detected tumor lesions. The like-
lihood to benefit from PSMA radioligand therapy is clearly higher in
patients with more PSMA-avid metastases (4). Although careful
investigation of the benefit of PSMA radioligand therapy in PSMA
PET–negative patients indeed warrants further formal testing, ques-
tioning the predictive value of PSMA PET in metastatic hormone-
sensitive prostate cancer ridicules the concept of precision oncology.

MISGUIDED CONCLUSIONS

Many worthy points are made, including an emphasis on patient
quality of life and that medicine is an art in which management

decisions integrate physical examination, laboratory, imaging, and
other data with clinical judgment. We also wholeheartedly agree
with the statement that management discussions should be had with
an interdisciplinary group, often including the image-interpreting
physician (3). However, this does not tally with the conclusion of
Hussain et al. (3) that, “Outside clinical trials, our shared recom-
mendation is that there is little utility currently for the routine use of
PSMA-PET in patients with detectable metastases on [conventional
imaging] and recommendations regarding therapy should be based
on [conventional imaging] findings.” We do not see how this con-
clusion was drawn, nor do we see the methodology Hussain et al.
used to build this recommendation after citing a work demonstrat-
ing that PSMA PET imaging is more sensitive than conventional
imaging (5), with fewer false-positive and equivocal findings at a
lower radiation dose, which are the relevant measures for a diagnos-
tic test. Additionally, PSMA PET has a per-node specificity of 99%
(6) and has been convincingly shown to lead to major patient man-
agement changes in the hands of experienced genitourinary oncolo-
gists (7–10). Furthermore, PSMA PET is predictive of freedom
from progression in men undergoing salvage radiation therapy for
biochemical recurrence after radical prostatectomy (11). Given
these advantages and regulatory approval, it seems bizarre to use
less accurate tests to guide therapy decisions. This is akin to manag-
ing lung cancers using chest radiographs instead of CT.

FEAR OF OVERDIAGNOSIS

One of the arguments made was that with a more sensitive imag-
ing modality, more micrometastases will be found, leading to
upstaging and overtreatment, with possible declines in quality of
life and no proven survival benefit (3). We agree that longer-term
studies evaluating survival differences with PSMA PET compared
with conventional imaging are needed but are not without chal-
lenges (12). However, one must consider that a higher specificity
leads to fewer harms caused by the false-positive results of conven-
tional imaging. In the ProPSMA study sensitivity analysis, when
equivocal imaging findings were considered positive, the false-
positive rate of conventional imaging was an alarming 23% (9).
Curiously, the authors then go on to contradict their first point of
avoiding upstaging, by adding that despite the higher sensitivity of
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PSMA PET, micrometastases could be missed (false-negatives)
and that curative adjuvant therapy should not be withheld on the
basis of negative PET results (3). The claim, therefore, is that
PSMA PET is both too sensitive and not sensitive enough.

STAGE MIGRATION

Hussain et al. (3) state that replacing conventional imaging with
PSMA PET/CT is likely to cause stage migration. However, we
believe that stage migration should be distinguished from the study
biases it may produce (13). Stage migration is a consequence of the
introduction of any new (and usually better) classification technique
due to higher sensitivity. This is counterbalanced by improved spe-
cificity, with the overall impact being unknown, requiring further
study. The authors do not make this distinction or note that biases
potentially caused by stage migration need to be considered in trial
designs, instead suggesting that the Will Rogers effect is a reason
against replacing conventional imaging with new techniques (3).

CONCLUSION

For diagnosis of high-risk prostate cancer, localization of bio-
chemical recurrence, and PSMA treatment selection, the most
accurate diagnostic method should be used—PSMA PET/CT. This
principle is accepted by multiple international guidelines. The
opportunity to study both the benefits and the detriments of PSMA
PET use remains open.
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I N V I T E D P E R S P E C T I V E
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Selection of patients for treatment with prostate-specific mem-
brane antigen (PSMA)–targeted therapy is somewhat controversial.
There are those who have suggested that no selection is necessary
and those who have suggested that tight imaging-based selection
criteria are required. What is optimal, what is required, and what is
practical are all different questions.
Given the importance of the VISION trial (the only trial demon-

strating overall survival benefit with PSMA-targeted therapy), find-
ings in this trial will be examined in some detail (1). Of note, the
VISION trial enrolled patients with at least 1 metastatic lesion present
on baseline contrast-enhanced CT, MRI, or bone scanning obtained
no more than 28 d before beginning study therapy. Thus, metastatic
disease on conventional imaging was required. In addition, patients
must have progressed after one or more androgen axis inhibitors
(e.g., abiraterone, enzalutamide, darolutamide, or apalutamide) and
at least one taxane-based chemotherapy. Approximately 41% of
VISION participants were previously treated with 2 taxane regimens.
What were the eligibility criteria relative to PSMA PET/CT imag-

ing in VISION? First, all patients must have had a centrally read
68Ga-PSMA-11 PET/CT scan for trial entry. Second, a metastatic
lesion (one or more) that was PSMA PET–positive was required.
PSMA PET positivity was determined by uptake in the lesion at an
intensity level greater than that in the liver. There was no SUV cutoff
requirement; potential metastatic lesions in each patient were com-
pared with liver uptake by a centralized PET reading. There were no
size criteria for metastatic PSMA PET–positive lesions.
Importantly, the patients screened for the VISION trial had addi-

tional imaging-based exclusion criteria. Patients were excluded if
there were PSMA PET–negative lesions (uptake less than in liver)
measuring at least 1 cm in solid organs, at least 2.5 cm in lymph
nodes, or at least 1 cm in a bone lesion with a soft-tissue compo-
nent. Assessment was by contrast-enhanced CT combined with the
PET/CT findings. These negative selection criteria are quite

important and helped to exclude patients harboring lesions with low
levels of PSMA expression.
During the VISION design phase, there was a strong desire to

avoid using 2 PET scans as a requirement for trial entry, knowing
that the VISION entry criteria would likely be cited by regulatory
authorities considering 177Lu-PSMA-617 as an approved therapy.
In the United States, and many other areas of the world, obtaining
reimbursement for 2 distinct types of PET scans was deemed
potentially problematic. Thus, for practical reasons, 18F-FDG PET
scans were not used in the VISION entry criteria.
In the plenary session at the 2021 American Society of Clinical

Oncology meeting, the discussant questioned whether PSMA-based
imaging was required for selection of patients (2). This discussion
followed the initial presentation of the VISION trial. Of the 1,003
patients screened with PET/CT, 49 (4.9%) had no PSMA-positive
metastatic lesions. Of the 954 patients with PSMA PET metastatic
lesions, 87 patients were excluded because PSMA-negative metasta-
ses were also detected. All told, only about 13% of patients were
excluded because of PET imaging criteria. Given the overall survival
benefit with a hazard ratio of 0.62 relative to control (hazard ratio,
0.62; 95% CI, 0.52–0.74), it is likely that had the VISION trial been
conducted on non–PSMA PET-selected patients, the overall survival
benefit would still have been statistically significant; that is, the CIs
would not have crossed 1.0. Thus, questioning the requirement for
PSMA PET selection for 177Lu-PSMA-617 is reasonable.
Have any investigators used PSMA-targeted therapies without

regard to PSMA PET selection? The answer is yes. Data on non–
PSMA-selected patients have been presented from studies using
177Lu J591, 225Ac J591, PSMA bispecific antibodies, a PSMA anti-
body–drug conjugate, and PSMA-targeted chimeric antigen receptor
T cells. J591 is a monoclonal antibody that binds to PSMA and has
been used to target either 177Lu or 225Ac (3,4). The J591 radiophar-
maceutical studies have not compared PSMA PET–selected and
non–PSMA PET-selected patients; thus, it is not possible to deter-
mine how important selection might be to patient outcomes. The bis-
pecific antibodies pasotuxizumab (also called AMG 212) and AMG
160 have also been studied in non–PSMA PET-selected patients
(5,6). What is clearly noted is that many patients not selected by
PSMA PET appear to respond to these treatments. Some meaningful
responses have also been seen in the PSMA antibody–drug conju-
gate studies (7) and in patients treated with chimeric antigen receptor
T cells (8). All in all, given the absence of long-term survival data
and the absence of PSMA PET selection compared with non–PSMA
PET selection, it is speculative to conclude that PSMA PET
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selection criteria improve outcomes in any of these studies. ICAR-T
and bispecific antibodies may be very different from radioligands in
terms of cellular PSMA expression requirements.
The TheraP Australian trial is a large phase II trial assessing

prostate-specific antigen (PSA) responses to cabazitaxel or 177Lu-
PSMA-617 (9). The prior therapies administered to TheraP patients
and the dosing of 177Lu-PSMA-617 were distinct from VISION.
The TheraP trial applied a double PET/CT selection using 68Ga-
PSMA-11 and 18F-FDG criteria. PSMA-positive metastatic disease
required an SUVmax of at least 20 at a disease site and greater than
10 at all other measurable sites of metastatic disease. In addition,
18F-FDG PET positivity must be concordant. Patients with 18F-FDG
PET–positive lesions that were discordant by PSMA PET were
deemed not eligible for 177Lu-PSMA-617 treatment.
The data from TheraP suggest a high rate of PSA response to

177Lu-PSMA-617 treatments; an unconfirmed PSA decline of at least
50% occurred in 66% of patients. Direct comparisons of the PSA
response rate between TheraP and VISION can be made, but the
patient populations are distinct in several ways. Not only were the
imaging entry criteria distinct, but prior treatments were distinct (no
cabazitaxel pretreatments were allowed in TheraP) and doses of
177Lu-PSMA-617 differed between the trials. Thus, direct compari-
sons of PSA response rate in TheraP and VISION are problematic.
It is possible to compare exclusion rates between TheraP and

VISION. As noted previously, approximately 13% of patients were
excluded from VISION because of imaging issues. For TheraP, 291
patients were screened and 29 (10%) were excluded because PSMA
uptake was insufficient and 51 (18%) were excluded because of
imaging discordance between the 18F-FDG PET and the PSMA PET
findings. Thus, a total of 28% of the patients screened in TheraP
were not treated because of PSMA PET criteria. Clearly, this exclu-
sion rate was higher than in VISION.
Investigators had previously treated several patients on various

protocols with 177Lu-PSMA-617 (10). These clinical trials had
entry criteria distinct from VISION, but all patients had undergone
a baseline 68Ga-PSMA PET/CT scan. A retrospective analysis of
these findings is now available for analysis. There was a higher
percentage of visceral disease in those not meeting VISION criteria
(58.6% vs. 25.4%). Their findings indicated that treating patients
who were excluded by using VISION criteria led to a lower PSA
response rate (PSA decline of $50%) and a longer time to PSA
progression. These data were striking in that a PSA decline rate of
at least 50% was 50.3% versus 20.7%. Survival analyses were not
properly powered and thus were not informative (however, survival
trended favorably among those meeting VISION entry criteria).
These data help to support the validity of the VISION criteria in
patient selection and, to our knowledge, represent the only pub-
lished experience addressing this issue.
What are the optimal PSMA PET criteria for selection of

patients? This question is important for radioligands (both bs and

as), bispecific antibodies, antibody–drug conjugates, and chimeric
antigen receptor T cells. Answers to this question are not yet clear,
and trials with overall survival as an endpoint will likely be best to
assess this question. It is intuitive to say that higher PSMA expres-
sion is better, but the different PSMA-targeted approaches may
yield different answers. What is required? One can create an argu-
ment that no PSMA PET imaging is required for patient selection
when using PSMA-targeted therapy. Little data are available to
date. That said, administration of expensive therapies with poten-
tial toxicities to patients who stand little chance to benefit seems
unwise. What is practical? Practicality depends on perspective and
geography and economics. What is practical in one region may
not be practical in another. In many respects, what is practical is
what the regulators allow. There is much work to do before we
can be definitive in our conclusions, especially now that PSMA-
targeted therapy has many iterations.
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The aim of the study was to assess the outcome of patients with
metastatic castration-resistant prostate cancer treated with 177Lu-
prostate-specific membrane antigen (PSMA) who would have been a
screen failure (SF) in the VISION trial based on PSMA PET/CT criteria.
Methods: We conducted a retrospective multicenter cohort study
on 301 patients with metastatic castration-resistant prostate cancer
treated with 177Lu-PSMA. The patients were classified into eligible
(VISION-PET-E) and SF (VISION-PET-SF) groups on the basis of the
baseline PSMA PET/CT results. Prostate-specific antigen (PSA)
response rates, PSA progression-free survival, and overall survival
were compared. Results: Of 301 patients, 272 (90.4%) and 29
(9.6%) were VISION-PET-E and VISION-PET-SF, respectively. The
VISION-PET-SF patients had a worse rate of $50% PSA decline
(21% vs. 50%, P50.005) and PSA progression-free survival (2.1 vs.
4.1 mo, P5 0.023) and tended to have a shorter overall survival (9.6 vs.
14.2 mo. P5 0.16) than the VISION-PET-E patients. Conclusion: The
VISION-PET-SF patients had worse outcomes than the VISION-PET-E
patients. Our cohort did not include preexcluded patients (10%–15%)
by local site assessments. Thus, 20%–25% of the patients may be
SFs in unselected populations. Refinements in patient selection for
177Lu-PSMA are needed to optimize outcomes.

Key Words: metastatic castration-resistant prostate cancer; radionu-
clide therapy; PSMAPET; 177Lu; VISION trial
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Men with metastatic castration-resistant prostate cancer have
few alternative therapeutic options when the disease progresses after
androgen-deprivation therapy, androgen receptor signaling inhibi-
tors, and chemotherapy. Recently, the VISION trial, an international
open-label, randomized phase 3 trial showed that prostate-specific
membrane antigen (PSMA)–targeted molecular radionuclide ther-
apy (MRT) with 177Lu-PSMA can improve the outcome of patients
with advanced metastatic castration-resistant prostate cancer. In this
trial, 831 patients with metastatic castration-resistant prostate cancer
previously treated with androgen receptor signaling inhibitor and

taxane regimens were randomized in a 2:1 ratio to 177Lu-PSMA
(7.4 GBq every 6 wk 3 6 cycles) plus the best standard of care
(n5 551) or the standard of care alone (n5 280). The trial met both
primary endpoints of overall survival (OS) and radiographic
progression-free survival (PFS). The median OS was 15.3 mo in the
177Lu-PSMA arm versus 11.3 mo in the standard-of-care–alone
arm, resulting in a 38% reduction in the risk of death. The radio-
graphic PFS was 8.7 versus 3.4 mo, respectively (1).
The VISION trial used PSMA PET/CT to select patients for in-

clusion. The screen failure (SF) rate was “only” 12.6% (126/1,003)
(1), and some have argued that the trial could have been positive
even in an unselected population (2). Eligibility by PSMA PET/CT
results was determined by the sponsor’s central readers (criteria ini-
tially not disclosed). The VISION PET selection criteria were
released publicly at the American Society of Clinical Oncology
2021 meeting (3). It remains unknown whether the VISION PET
criteria were appropriate to screen for and identify patients who will
not benefit from 177Lu-PSMA. Here, we exploited a database estab-
lished retrospectively from multiple institutions to evaluate the out-
come of patients treated with 177Lu-PSMA who would have been a
SF by VISION PET criteria.

MATERIALS AND METHODS

We conducted a retrospective cohort study in our institutional data-
base of patients treated with at least 1 cycle of 177Lu-PSMA between
November 2017 and July 2021 (n5 74) and a multicenter dataset pub-
lished previously (n5 230) (4). Patients were treated under compassion-
ate use, an expanded access program, or clinical trials (Supplemental
Table 1; supplemental materials are available at http://jnm.snmjournals.
org). All patients underwent a baseline 68Ga-PSMA-11 PET/CT scan
before receiving 177Lu-PSMA therapy. The eligibility criteria and insti-
tutional treatment protocols are described in Supplemental Tables 1 and
2. The presence of PSMA-positive disease by PET was not consistently
predefined and was determined by the local clinical investigators at each
institution.

One reader dually board-certified in radiology and nuclear medicine,
and masked to the patient outcomes, reviewed the baseline PSMA PET/
CT scan of each patient to apply the VISION PET criteria and determine
eligible (VISION-PET-E) versus SF (VISION-PET-SF) patients. Patients
were classified as VISION-PET-E if they had at least 1 PSMA-positive
and no PSMA-negative metastatic lesions. The presence of PSMA-positive
lesions was defined as PSMA uptake greater than uptake by liver paren-
chyma (3). The patients were classified as VISION-PET-SF if the baseline
scan showed either of the following: absence of a metastatic lesion with
uptake greater than in the liver background (i.e., low PSMA expression) or
the presence of at least 1 metastatic lesion measurable by CT ($1cm for
bone lesions with a soft-tissue component [M1b] or solid/visceral organ
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lesions [M1c], $2.5 cm for
lymph node lesions [N1-M1a])
with uptake less than or equal to
that in the liver background (i.e.,
PSMA-negative lesions) (1).
Typical PSMA PET/CT images
of low PSMA expression and
PSMA-negative lesions are
shown in Figures 1 and 2,
respectively.

Outcome measures included
prostate-specific antigen (PSA)
response rates ($50% PSA de-
cline or any decline), PSA PFS,
and OS. Kaplan–Meier curves
with log-rank testing and Cox
regression analysis were used to
compare survival outcomes. The
Fisher exact test and logistic re-
gression analysis were used for
categoric variable comparisons.
The UCLA institutional review
board waived written informed
consent requirements because of
the retrospective design of the
analysis (waivers 19-000896 and
21-001565).

RESULTS

Overall, 3 of 304 (1.0%) men were lost to follow-up (n5 2) or
had missing DICOM CT images (n5 1) and were excluded. Among
301 men, 272 (90.4%) and 29 (9.6%) were classified as VISION-PET-
E and VISION-PET-SF, respectively. Cohort characteristics are pro-
vided in Table 1. The VISION-PET-SF patients had more visceral
metastasis than VISION-PET-E patients (58.6% vs. 25.4%, P ,

0.001). The median number of cycles was lower for VISION-PET-SF
patients than for VISION-PET-E patients (2 cycles [interquartile range,
2–3] vs. 3 [interquartile range, 2–4], P5 0.010).
In the VISION-PET-SF group, 8 (2.7%) and 21 (7.0%) of 301

men were deemed to have low–PSMA-expressing or PSMA-negative
lesions, respectively (summary images of these 29 patients are pro-
vided in Supplemental Figs. 1–29). The PSMA-negative lesions were
in lymph nodes (n5 7), bone (n5 1), and visceral organs (liver,
n5 4; lung, n5 5; pleura, n5 2; brain, n5 1; and muscle, n5 1).
Our cohort of VISION-PET-E patients was fairly comparable to

the cohort included in the VISION trial (analysis set used for imag-
ing-based PFS, Supplemental Table 3) (1). However, the treatment
history differed. All VISION patients had been treated with a regi-
men of androgen receptor signaling inhibitor and taxane. In contrast,
94.5% and 80.1% of the current cohort underwent androgen receptor
signaling inhibitor therapy and chemotherapy before MRT, respec-
tively. Nevertheless, the PSA response and OS were comparable
between the 2 cohorts ($50% PSA decline, 50.3% vs. 46.0%; any

PSA decline, 71.3% vs. 71.5%; OS, 14.2
mo vs. 14.6 mo).
The median follow-up time was 22.5 mo

(interquartile range, 12.5–29.2 mo; range,
2.1–62.3 mo). The outcomes of the
VISION-PET-E and VISION-PET-SF
patients are shown in Table 2. The
VISION-PET-SF patients had a signifi-
cantly worse rate of $50% PSA decline,
any PSA decline, and median PSA PFS
than the VISION-PET-E patients. Although
not statistically significant, median OS was
4.6 mo shorter in the VISION-PET-SF
patients (Fig. 3).
In the VISION-PET-SF patients, the pa-

tients with PSMA-negative lesions (n5 21)
had a shorter OS than those with low PSMA
expression (n5 8) (Supplemental Table 4).
However, there was no statistical difference
in $50% PSA decline, any PSA decline,
and median PSA PFS between the patients
with PSMA-negative lesions and those with
low PSMA expression (Fig. 4).

DISCUSSION

The VISION trial used PSMA PET as
a biomarker to select patients for 177Lu-
PSMA therapy. The VISION-PET-SF rate
was “only” 12.6% (126/1,003) (1). There-
fore, some have argued that the trial could
have been positive even in an unselected
population (2).
Here, we report that the VISION-PET-

SF patients had worse outcomes than the

FIGURE 2. Baseline PSMA PET maximum-intensity projection (A), CT image (B), and PSMA PET/CT
image (C) of patient withmetastatic castration-resistant prostate cancer categorized as VISION-PET-SF
because of PSMA-negative lesion (i.e., PSMA-negative metastatic lesion: liver metastasis $ 1.0 cm,
uptake# liver). One liver metastasis (arrow) showed lower uptake (SUVmax, 4.1) than liver parenchyma
(SUVmax, 6.3).

FIGURE 1. Baseline PSMA PET
maximum-intensity projection of pa-
tient with metastatic castration-resis-
tant prostate cancer categorized as
VISION-PET-SF because of low
PSMA expression (i.e., no PSMA-
positive [.liver] metastatic lesion).
SUVmax of liver and highest-uptake
lesion were 9.6 and 6.4, respectively.
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VISION-PET-E patients in response to 177Lu-PSMA therapy. We
retrospectively identified a VISION-PET-SF rate of 9.6% in a
cohort of 301 patients who were nevertheless deemed VISION-
PET-E and treated with PSMA MRT on the basis of local assess-
ments. Eligibility for treatment was determined by the local clinical
investigators at each institution. The VISION PET criteria were
released in June 2021 and were not available at the time of initial treat-
ment. There are 2 main explanations for why patients with SF criteria
by VISION PET criteria were still treated with 177Lu-PSMA. First,
VISION-PET-SF patients with PSMA-negative lesions also had
PSMA-positive lesions. The local investigators may have considered
that these PSMA-positive lesions were sufficiently suggestive of a
treatment response. Second, in VISION-PET-SF patients with low
PSMA expression, the local investigators may have considered the
PSMA expression PET signal uptake as not sufficiently low to
exclude patients from treatment, as there was no consistently pre-
defined threshold to characterize PSMA positivity.
Our cohort did not include patients who were excluded upfront

from PSMA MRT by the local clinical investigators. The local SF
rate was estimated at around 10%–15% by contributing sites. Thus,
SF numbers in our cohort are underestimated and can range from
20% to 25% in unselected populations. Including these patients in the
analysis would further enhance the observed outcome differences.
Absent or low target expression limits the response to PSMA-

targeted therapies (5,6). However, the key driving parameter of patient
outcome seems to be the presence of PSMA-negative lesions that

TABLE 1
Patient Characteristics

Characteristic VISION-PET-E VISION-PET-SF P

n 272 29

Median age (y) 72 (range, 66–76) 73 (range, 65–76) 0.91

Median PSA (ng/mL) 116.6 (interquartile range,
28.4–340.0)

74.0 (interquartile range,
17.5–198.3)

0.069

Treatment history

Previous docetaxel 218 (80.1%) 25 (86.2%) 0.62

Second-line chemotherapy 95 (34.9%) 8 (27.6%) 0.54

Androgen receptor signaling inhibitor 257 (94.5%) 27 (93.1%) 0.67

Extent of disease on PSMA PET/CT

Number of metastases $ 20 194 (71.3%) 16 (55.2%) 0.089

Number of metastases , 20 78 (28.7%) 13 (44.8%)

Sites of disease on PSMA PET/CT

Node only (N1 or M1a) 21 (7.7%) 1 (3.4%) 0.71

Bone only (M1b) 60 (22.1%) 3 (10.3%) 0.23

Node 1 bone (M1b and [N1 or M1a]) 122 (44.9%) 8 (27.6%) 0.08

Viscera (any M1c) 69 (25.4%) 17 (58.6%) ,0.001

Number of cycles of 177Lu-PSMA received

1 38 (14.0%) 5 (17.2%) 0.065

2 68 (25.0%) 13 (44.8%)

3 37 (13.6%) 5 (17.2%)

4 91 (33.5%) 5 (17.2%)

.4 38 (13.9%) 1 (3.4%)

Median injected activity per cycle (GBq) 7.4 (interquartile
range, 5.7–8.9)

7.4 (interquartile
range, 6.0–8.5)

0.30

TABLE 2
Outcomes of VISION-PET-E and VISION-PET-SF Patients

Outcome
VISION-
PET-E

VISION-
PET-SF P

n 272 29

$50% PSA decline

n 131 (50.3%) 6 (20.7%) 0.005

Odds ratio 1 0.28 (95%CI,
0.11–0.71)

0.007

Any PSA decline

n 194 (71.3%) 12 (41.4%) 0.003

Odds ratio 1 0.28 (95%CI,
0.13–0.62)

,0.001

PSA PFS

Median months 4.9 (95%CI,
4.0–5.8)

2.1 (95%CI,
1.4–3.3)

0.023

Hazard ratio 1 1.6 (95%CI,
1.1–2.5)

0.025

OS

Median months 14.2 (95%CI,
12.6–15.9)

9.6 (95%CI,
4.7–14.0)

0.16

Hazard ratio 1 1.4 (95%CI,
0.89–2.3)

0.16
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respond poorly to PSMA-targetedMRT and drive the prognostic of the
patient (7,8). These lesions can be better identified with 18F-FDG PET
than with conventional imaging, as illustrated by the higher PSA
response rates and PSA PFS observed in the Australian trials that used
18F-FDGPET in addition to PSMAPET for patient selection (9).
Our results highlight the importance of using baseline PSMA

PET/CT to identify patients unlikely to respond to PSMA-targeted
therapies and stratify them toward other treatment options. How-
ever, the best management of patient with PSMA-negative lesions
or with low–PSMA-expressing disease is unknown. Combination
with stereotactic body radiation therapy to the largest or most gly-
colytic (i.e., aggressive) or non–PSMA-expressing lesions together
with PSMA-targeted MRT may be one effective synergistic thera-
peutic approach. Use of this approach alternatively or in combination
with other non–PSMA-targeted systemic therapies may be required.
Refinements in patient selection for PSMA MRT are needed to

optimize patient outcomes. More comprehensive phenotyping via
PET imaging may provide the road map to such refinements. Not
characterizing target expression before PSMA-targeted treatment

appears now nonethical, as a predictive whole-body imaging bio-
marker for response to PSMA-targeted therapies is available.

CONCLUSION

Patients with low or no PSMA-expressing lesions as assessed by
PSMA PET/CT have a poor response profile to 177Lu-PSMA ther-
apy. Refinements in patient selection for 177Lu-PSMA are needed to
optimize patient outcomes.
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KEY POINTS

QUESTION:What is the outcomeof patientswhowould havebeen
VISION-PET-SF andwhowere still treatedwith 177Lu-PSMA therapy?

PERTINENT FINDINGS: The patients who were VISION-PET-SF
showed worse outcomes after 177Lu-PSMA therapy than those
who were VISION-PET-E.

IMPLICATIONS FOR PATIENT CARE: Pretherapy PSMA PET/CT
is a biomarker of target expression that helps to predict patient
response to 177Lu-PSMA therapy. Refinements in patient selection
for 177Lu-PSMA are needed to optimize patient outcomes.
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The prostate-specific membrane antigen (PSMA)–targeted radiohybrid
(rh) ligand [177Lu]Lu-rhPSMA-7.3 has recently been assessed in a pre-
therapeutic dosimetry study on prostate cancer patients. In comparison
to [177Lu]Lu-PSMA I&T, application of [177Lu]Lu-rhPSMA-7.3 resulted in
a significantly improved tumor dose but also higher kidney accumula-
tion. Although rhPSMA-7.3 has been initially selected as the lead com-
pound for diagnostic application based on the characterization of its
gallium complex, a systematic comparison of the most promising 177Lu-
labeled rhPSMA ligands is still missing. Thus, this study aimed to identify
the rhPSMA ligand with the most favorable pharmacokinetics for 177Lu-
radioligand therapy. Methods: The 4 isomers of [177Lu]Lu-rhPSMA-7
(namely [177Lu]Lu-rhPSMA-7.1, -7.2, -7.3, and -7.4), along with the novel
radiohybrid ligands [177Lu]Lu-rhPSMA-10.1 and -10.2, were compared
with the state-of-the-art compounds [177Lu]Lu-PSMA I&T and [177Lu]Lu-
PSMA-617. The comparative evaluation comprised affinity studies (half-
maximal inhibitory concentration) and internalization experiments on
LNCaP cells, as well as lipophilicity measurements. In addition, we
determined the apparent molecular weight (AMW) of each tracer as a
parameter for human serum albumin (HSA) binding. Biodistribution stud-
ies and small-animal SPECT imaging were performed on LNCaP-tumor
bearing mice at 24 h after injection. Results: 177Lu labeling of the radio-
hybrids was performed according to the established procedures for the
currently established PSMA-targeted ligands. All ligands showed potent
binding to PSMA-expressing LNCaP cells, with affinities in the low
nanomolar range and high internalization rates. Surprisingly, the most
pronounced differences regarded the HSA-related AMW. Although
[177Lu]Lu-rhPSMA-7 isomers demonstrated the highest AMW and thus
strongest HSA interactions, [177Lu]Lu-rhPSMA-10.1 showed an AMW
lower than for [177Lu]Lu-rhPSMA-7.3 but higher than for the 177Lu-
labeled references PSMA I&T and PSMA-617. In biodistribution studies,
[177Lu]Lu-rhPSMA-10.1 exhibited the lowest kidney uptake and fastest
excretion from the blood pool of all rhPSMA ligands while preserving
a high tumor accumulation. Conclusion: Clinical investigation of
[177Lu]Lu-rhPSMA-10.1 is highly warranted to determine whether the
favorable pharmacokinetics observed in mice will also result in high
tumor uptake and decreased absorbed dose to kidneys and other non-
target tissues in patients.
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Radioligand therapy (RLT) of metastatic castration-resistant
prostate cancer with ligands targeting prostate-specific membrane
antigen (PSMA) holds great promise for patients who have exhausted
conventional treatment regimens. Currently, 177Lu-labeled PSMA-617
(1) and PSMA I&T (2) are the most extensively evaluated agents in
this class and have demonstrated favorable safety and good treatment
response rates (3,4). Although regulatory approval is still awaited for
both agents, their application in compassionate-use programs has
recently been reaffirmed by the European Association of Nuclear Med-
icine procedure guidelines for 177Lu-PSMA therapy (5). [177Lu]Lu-
PSMA-617 has been evaluated by Novartis in a phase 3 clinical trial
(NCT 03511664) on patients with metastatic castration-resistant pros-
tate cancer. In that trial, [177Lu]Lu-PSMA-617 was compared with
the best standard of care. The investigators recently announced that
both primary endpoints—overall and radiographic progression-free
survival—were met (6). In addition, an ongoing phase 3 trial investi-
gating [177Lu]Lu-PSMA I&T (NCT 04647526) is evaluating its effi-
cacy versus abiraterone or enzalutamide in delaying radiographic
progression in patients with metastatic castration-resistant prostate
cancer after second-line hormonal treatment. Retrospective clinical
comparison of 177Lu-labeled PSMA-617 and PSMA I&T point to-
ward nearly identical pharmacokinetics for both tracers, and clinical
efficacy is assumed to be similar, with no clear advantage to either
compound (7).
Recently, the novel class of radiohybrid (rh) PSMA-targeted

ligands was introduced by our group (8). These compounds combine
a silicon-fluoride acceptor for 19F/18F-isotopic exchange radiolabeling
and a chelator for complexation of a metal or radiometal (e.g., 177Lu,
68Ga, or 225Ac). Respective ligand pairs of 18F/nonradioactive metal
and 19F/radiometal, such as [18F]Lu-rhPSMA and [177Lu]Lu-rhPSMA,
are chemically identical and thus display identical pharmacokinetics,
offering unique possibilities for theranostic applications (Fig. 1).
For prostate cancer diagnosis, the first clinical evaluations were

conducted with the 18F-labeled natGa chelate of rhPSMA-7, which
demonstrated a favorable biodistribution and indicated a high diag-
nostic performance for N-staging and localization of biochemical
recurrence in patients with prostate cancer (9–11). Since rhPSMA-7
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was found to comprise 4 diastereoisomers (rhPSMA-7.1, -7.2, -7.3,
and -7.4), a preclinical selection process was initiated that identified
[18F]Ga-rhPSMA-7.3 (often abbreviated as 18F-rhPSMA-7.3) as the
novel diagnostic lead compound (12) for current phase 3 clinical tri-
als (NCT04186819 and NCT04186845).
For initial evaluation of the radiohybrid technology for therapeutic

applications, rhPSMA-7.3 was labeled with 177Lu and compared
with [177Lu]Lu-PSMA I&T in biodistribution and dosimetry studies
on mice. Both ligands showed similar uptake in healthy organs,
resulting in a similar dose to all major organs, including bone marrow
and kidney (13). Compared with [177Lu]Lu-PSMA I&T, [177Lu]Lu-
rhPSMA-7.3 exhibited a 2.8- and 4.7-fold higher tumor uptake at 1
and 168 h after injection, respectively, resulting in a significantly
higher dose at the tumor and a superior treatment response (13).
In a pretherapeutic comparative dosimetry study of 177Lu-labeled

rhPSMA-7.3 and PSMA I&T on a small patient cohort (n5 6, intra-
individual comparison), an approximately 2.4-fold higher mean
absorbed dose for tumor lesions of the radiohybrid ligand was found,
consistent with the preclinical observations (14). However, contradic-
tory to animal studies, the mean absorbed dose to different healthy
organs was also higher—for example, 2.3-fold higher doses to kid-
neys and 2.2-fold higher doses to bone marrow for [177Lu]Lu-
rhPSMA-7.3 versus [177Lu]Lu-PSMA I&T. The authors concluded
that the radiohybrid tracer holds promise for therapeutic effects simi-
lar to those obtained with [177Lu]Lu-PSMA I&T while offering
potential economic advantages by an approximately 2-fold reduction
in the injected radioactive doses (14).
The selection of rhPSMA-7.3 as lead compound for diagnostic

application was based on the evaluation of gallium chelates [18F]Ga-
rhPSMA-7.1, -7.2, -7.3, and -7.4 (12). Since it is known from the
literature that the complex structure of themetal chelate (e.g., [Ga]DO-
TAGA and [Lu]DOTAGA) within a radioligand can influence
its pharmacokinetic properties (15,16), all 177Lu-labeled isomers of
rhPSMA-7 have been included in this comparison. The isomers differ
in the stereoconfiguration of the diaminopropionic acid branching unit
(D-Dap or L-Dap) and the glutamic acid arm at the DOTAGA chelator
(R- or S-DOTAGA: rhPSMA-7.1 [D-Dap–R-DOTAGA], rhPSMA-
7.2 [L-Dap–R-DOTAGA], rhPSMA-7.3 [D-Dap–S-DOTAGA],
rhPSMA-7.4 [L-Dap–S-DOTAGA]).

Given the promising initial data from 177Lu-labeled rhPSMA-7.3,
the aim of the present study was to evaluate whether other isomers
of 177Lu-labeled rhPSMA-7 or the closely related compounds
[177Lu]Lu-rhPSMA-10.1 (D-Dap) and -10.2 (L-Dap) (where DOTA
replaces the DOTAGA chelator) might have further improved
biodistribution kinetics in normal organs while maintaining the high
tumor uptake found with [177Lu]Lu-rhPSMA-7.3. We evaluated
the ligands in comparison with reference ligands [177Lu]Lu-PSMA-
617 and [177Lu]Lu-PSMA I&T (Fig. 2) in vitro (lipophilicity, half-
maximal inhibitory concentration, internalization into LNCaP cells,
binding to human serum albumin [HSA]) and in biodistribution
studies on LNCaP tumor–bearing mice.

MATERIALS AND METHODS

A detailed description of the chemical synthesis of rhPSMA and the
analytic instruments is provided in the supplemental materials (avail-
able at http://jnm.snmjournals.org).

Radiolabeling
Radiolabeling with no-carrier-added 177Lu was performed according

to the established procedures for PSMA-targeted ligands (1,2). Briefly,
the precursor (1.0 nmol, 10 mL, 0.1 mM in dimethylsulfoxide) was
added to 10 mL of 1.0 M aqueous NaOAc buffer (pH 5.5). Subsequently,
20–50 MBq of [177Lu]LuCl3 (specific activity . 3,000 GBq/mg at the
time of radiolabeling, 740 MBq/mL, 0.04 M HCl; ITM) was added, and
the mixture was filled up to 100 mL with 0.04 M HCl. The reaction mix-
ture was heated for 20–30 min at 90"C, and the radiochemical purity
was determined using radio-high-performance liquid chromatography
and radio-thin-layer chromatography with 0.1 M sodium citrate buffer
on instant thin-layer chromatography–silica gel chromatography paper
(Agilent) and 1.0 M NH4OAc/dimethylformamide buffer (1/1; v/v) on
thin-layer chromatography silica gel 60 F254 plates (Merck Millipore).

Lipophilicity
Approximately 1MBq of the 177Lu-labeled PSMA ligand was dissolved

in 1 mL of a 1:1 mixture (v/v) of phosphate-buffered saline (pH 7.4) and
n-octanol (n 5 6). After vigorous mixing of the suspension for 3 min, the
vial was centrifuged at 15,000g for 3 min, and 100-mL aliquots of both
layers were measured in a g-counter. Finally, the ratio of the radioactivity
detected in the n-octanol sample and the phosphate-buffered saline buffer
was calculated and expressed as distribution ratio logD7.4.

Binding to HSA
Binding of 177Lu-labeled ligands to HSA was assessed by albumin-

mediated size-exclusion chromatography (AMSEC), a novel method that
has recently been developed by our group to determine the apparent
molecular weight (AMW) of a compound in the presence of HSA. A ded-
icated and detailed description of the AMSEC method will be published
elsewhere to cover the context and the development process of this
method in its entirety. Briefly, a gel filtration size-exclusion column
(Superdex 75 Increase 10/300 GL; fractionation range, 70–3 kDa; GE
Healthcare) was calibrated as recommended by the manufacturer using a
commercially available set of proteins (Gel Filtration LMW Calibration
Kit; GE Healthcare). AMSEC experiments were performed by injection
of the various radioligands using an HSA buffer at physiologic concentra-
tion (Biowest) as the mobile phase at room temperature. Depending on
the strength of the HSA/ligand interaction during the chromatographic
procedure, an injected radioligand (1.0 MBq, 10–20 GBq/mmol) can
show a reduced retention time that correlates to AMWs higher than the
actual, physical, molecular weight (the latter being for all investigated
ligands , 2 kDa, and thus below the column fractionation range). The
stronger this interaction, the longer the mean time the ligand is bound to
HSA during the chromatographic process and the faster the ligand is

FIGURE 1. Theranostic radiohybrid concept applied to PSMA-targeted
ligands. Molecules offer 2 labeling sites for radionuclides, silicon-fluorine
acceptor site for 18F labeling via isotopic exchange and chelator for radio-
metallation. 18F-labeled cold lutetium–complexed ligand ([18F]Lu-rhPSMA)
is chemically identical to 177Lu-labeled cold fluorine compound ([177Lu]Lu-
rhPSMA), therefore representing true theranostic agents for PET imaging
and RLT.
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eluted from the column. By means of calibration, the retention time can
be translated into a ligand-specific AMW (expressed in kDa) as a parameter
allowing quantification of the extent of HSA binding. The detection win-
dow ranges between 2.1 kDa (cutoff value, determined by [18F]fluoride; no
HSA interaction) and 70.2 kDa (experimental molecular weight of HSA;
maximum HSA interaction). [177Lu]Lu-rhPSMA-7.3 served as an internal
standard during AMSEC studies (30.46 0.5 kDa; n5 10).

Affinity Determinations (Half-Maximal Inhibitory
Concentration) and Internalization Studies

Competitive binding studies were determined on LNCaP cells
(1.5 3 105 cells in 0.25 mL/well) after incubation at 4"C for 1 h, using

(((S)-1-carboxy-5-(4-([125I]iodo)benzamido)pentyl)carbamoyl)-L-glutamic
acid ([125I]IBA)KuE; 0.2 nM/well) as the reference radioligand (n 5 3).
Internalization studies of the radiolabeled ligands (1.0 nM/well) were per-
formed on LNCaP cells (1.253 105 cells in 0.25 mL/well) at 37"C for 1 h
and accompanied by ([125I]IBA)KuE (0.2 nM/well) as a reference. Data
were corrected for nonspecific binding and normalized to the specific inter-
nalization observed for the reference (n5 3), as previously published (8).

In Vivo Experiments
All animal experiments were conducted in accordance with general

animal welfare regulations in Germany (German animal protection act,
as amended on May 18, 2018, article 141 G, version March 29, 2017, I
626, approval 55.2-1-54-2532-71-13) and the institutional guidelines for
the care and use of animals. LNCaP tumor xenografts were established
in 6- to 8-wk-old male CB-17 SCID mice as described previously (8).
Biodistribution Studies. The 177Lu-labeled PSMA ligands (2–5

MBq; 0.1 nmol) were injected under isoflurane anesthesia into the tail
vein of mice, which were euthanized 24 h after injection (n 5 4–5).
Selected organs were removed, weighed, and measured in a g-counter.
All rhPSMA ligands were evaluated during the same period (first quarter
of 2020), whereas 177Lu-labeled PSMA-617 and PSMA I&T (17) were
assessed in 2016, using the identical cell line, mouse model, and experi-
mental procedure.
Small-Animal SPECT/CT Imaging. Static images of 177Lu-labeled

ligands in euthanized mice were recorded 24 h after injection directly
after blood collection, with an acquisition time of 45 min using a high-
energy, general-purpose rat-and-mouse collimator and a stepwise multi-
planar bed movement. For imaging studies, a VECTor4 small-animal
SPECT/PET/optical imaging/CT device fromMILabs was applied. Data
were reconstructed using MILabs.Rec software (version 10.02) and
PMOD software (version 4.0; PMOD Technologies LLC). After imag-
ing, the mice underwent biodistribution studies.

RESULTS

Synthesis and Radiolabeling
Uncomplexed PSMA ligands were obtained via a solid-phase/

solution-phase synthetic strategy with chemical purities of more than
97% as determined by high-performance liquid chromatography
(absorbance at 220 nm). Identity was confirmed by mass spectrometry.
Complexation with a 2.5-fold molar excess of LuCl3 led to quantita-
tive formation of the respective lutetium-PSMA ligands, which were
used for in vitro studies. 177Lu labeling of PSMA ligands according to
standard manual procedures resulted in a radiochemical purity of more
than 95%, determined by radio-high-performance liquid chromatogra-
phy and radio-thin-layer chromatography (Supplemental Table 1).

In Vitro Characterization
Results of the in vitro evaluation of all rhPSMAs and the refer-

ence ligands PSMA-617 (1) and PSMA I&T (2) are summarized in
Figure 3 and Supplemental Table 2. PSMA binding affinity (half-
maximal inhibitory concentration; Fig. 3A) was high and in the low
nanomolar range for all lutetium-rhPSMA ligands (range, 2.86 0.5
to 3.6 6 0.6 nM) and the 2 reference ligands ([177Lu]Lu-PSMA
I&T, 4.26 0.8 nM; [177Lu]Lu-PSMA-617, 3.36 0.2 nM).
Slight differences between the ligands were found for the PSMA-

mediated internalization into LNCaP cells (1 h, 37"C), which is
expressed as a percentage of the specific internalization of the reference
ligand ([125I]IBA)KuE (Fig. 3B). Although [177Lu]Lu-rhPSMA-7.1
and [177Lu]Lu-PSMA I&T showed the lowest internalization rates,
with values of 137% 6 6% and 145% 6 14%, respectively, the
other rhPSMA compounds showed an approximately 1.4-fold higher

FIGURE 2. (A) rhPSMA-7 isomers differ in stereoconfiguration of diami-
nopropionic acid branching unit (D- or L-Dap) and glutamic acid arm at
DOTAGA chelator (R- or S-DOTAGA). (B) rhPSMA-10.1 (D-Dap) and
rhPSMA-10.2 (L-Dap), both equipped with DOTA chelator, also differ in
stereoconfiguration of branching unit (D-or L-Dap). Well-established
PSMA-addressing ligands PSMA-617 (C) and PSMA I&T (D) served as ref-
erence compounds (1,2).
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internalization (range, 177% 6 15% to 206% 6 8%), similar to that
of [177Lu]Lu-PSMA-617 (203%6 10%).
The 177Lu-labeled rhPSMA-7 isomers, as well as the references

([177Lu]Lu-PSMA I&T and [177Lu]Lu-PSMA-617), demonstrated
a high and similar hydrophilicity, expressed as a partition coeffi-
cient (log D7.4; n-octanol and phosphate-buffered saline, pH 7.4)
with values between 24.1 6 0.1 and 24.3 6 0.3. The DOTA
conjugates [177Lu]Lu-rhPSMA-10.1 and -10.2 showed a slightly
lower hydrophilicity, with a log D7.4 of 23.8 (Fig. 3C).
The AMW of the tracers was determined to compare the relative

HSA-binding strength of the ligands. Exemplary chromatograms of
AMSEC experiments showing ligand-specific retention times are
provided in Supplemental Figures 1–3. Interestingly, remarkable
differences were found for the AMWs of the state-of-the-art referen-
ces and even among the single isomers of 177Lu-labeled rhPSMA-7
and rhPSMA-10 (Fig. 3D). Although [177Lu]Lu-PSMA I&T showed
the lowest HSA interaction (AMW, 5.3 kDa), followed by
[177Lu]Lu-PSMA-617 (AMW, 13.7 kDa), all radiohybrid ligands
demonstrated an at least 1.5-fold higher AMW, with values between
21.8 and 35.7 kDa. Among the radiohybrids, the 2 DOTA conju-
gates, [177Lu]Lu-rhPSMA-10.1 and -10.2, showed the lowest
AMWs (25.1 and 21.8 kDa, respectively), whereas D-Dap–configured
[177Lu]Lu-rhPSMA-7.1 (molecular weight, 26.3 kDa) and [177Lu]Lu-
rhPSMA-7.3 (molecular weight, 30.4 kDa) showed the lowest
AMWs within the rhPSMA-7 series (AMWs of L-Dap–comprising
isomers: [177Lu]Lu-rhPSMA-7.2, 31.7 kDa; [177Lu]Lu-rhPSMA-7.4,
35.7 kDa).

In Vivo Characterization
Biodistribution Studies. Overall, the comparative biodistribution

study of the 177Lu-labeled PSMA ligands in LNCaP tumor–bearing

mice at 24 h after injection revealed a quite
similar distribution pattern with high tumor
uptake, fast excretion from background or-
gans, but a varying degree of activity reten-
tion in the kidneys (Fig. 4; Supplemental
Tables 3 and 4).
At 24 h after injection, the highest activity

retention in the kidneys was found for
[177Lu]Lu-PSMA I&T (34.7 6 17.2 per-
centage injected dose [%ID]/g), whereas
[177Lu]Lu-PSMA-617 (1.46 0.4 %ID/g) and
[177Lu]Lu-rhPSMA-10.1 (2.0 6 0.8 %ID/g)
demonstrated the fastest renal clearance. Kid-
ney uptake of the former lead compound,
[177Lu]Lu-rhPSMA-7.3, was found to be
9.8 6 2.7 %ID/g, thus showing slower renal
clearance than [177Lu]Lu-rhPSMA-7.1 (4.16
0.8 %ID/g), [177Lu]Lu-rhPSMA-10.1 (2.0 6

0.8 %ID/g), and [177Lu]Lu-rhPSMA-10.2
(8.16 1.7 %ID/g). These differences are also
well illustrated in the small-animal SPECT/
CT images (Fig. 5). Tumor uptake was high-
est for all [177Lu]Lu-rhPSMA-7 isomers and
in the range of 11.6–12.7 %ID/g, followed by
[177Lu]Lu-rhPSMA-10.2 (10.5 6 3.3 %ID/g)
and -10.1 (9.8 6 0.3 %ID/g), whereas the
references, 177Lu-labeled PSMA-617 (7.5 6

0.9%ID/g)andPSMAI&T(4.161.1%ID/g),
exhibited a lower tumor uptake.
Tumor-to-Organ Ratios. Interestingly, all

radiohybrid ligands are cleared from the blood pool and background
tissues with a kinetic profile that resembles that of small molecules
more than that of larger proteins, despite their extensive binding to
HSA. Among all radiohybrids, the highest tumor-to-blood and tumor-
to-kidney ratios were found for [177Lu]Lu-rhPSMA-10.1 (tumor-
to-blood, 11,498; tumor-to-kidney, 5.7), followed by [177Lu]
Lu-rhPSMA-7.1 (tumor-to-blood, 5,971; tumor-to-kidney, 3.2),
whereas [177Lu]Lu-rhPSMA-7.3 showed inferior values (tumor-
to-blood, 3,843; tumor-to-kidney, 1.2). Although [177Lu]Lu-PSMA
I&T (tumor-to-blood, 408; tumor-to-kidney, 0.2) exhibited rather
slow excretion in mice, [177Lu]Lu-PSMA-617 showed the highest
tumor-to-kidney ratio (tumor-to-blood, 1,424; tumor-to-kidney, 5.9),
whereas its tumor-to-blood ratio was lower than all radiohybrid
ligands (Supplemental Tables 5 and 6).

DISCUSSION

Although it has recently been demonstrated in patients that the
uptake of [177Lu]Lu-rhPSMA-7.3 in tumor lesions was on average
2- to 3-fold higher than that of [177Lu]Lu-PSMA I&T, the slower
clearance resulted in a comparatively higher dose to the kidney as
the organ at risk (14). In retrospect, this result is hardly surprising,
since the selection process of the best diagnostic rhPSMA-7 iso-
mer was based on criteria that are considered suboptimal for ther-
apy: fast blood clearance to reach high tumor-to-background ratios
at early time points, predominantly renal clearance, and high kid-
ney retention to ensure low activity in the bladder at early time
points. In contrast, the selection criteria for the best therapeutic
isomer are different. Compared with today’s therapeutic ligands, a
slightly delayed blood clearance is preferred. The ligand should be
excreted renally while showing almost no retention in the kidneys.

FIGURE 3. (A) Binding affinities (half-maximal inhibitory concentration [IC50; nM], 1 h, 4"C) of
[177Lu]Lu-rhPSMA-7.1 to -7.4 (white; n 5 3), [177Lu]Lu-rhPSMA-10.1 and -10.2 (black/white stripes;
n 5 3), and references [177Lu]Lu-PSMA-617 and [177Lu]Lu-PSMA-I&T (black; n 5 3). (B) PSMA-
mediated internalization of [177Lu]Lu-rhPSMA-7.1 to -7.4 (white; n 5 3), [177Lu]Lu-rhPSMA-10.1 and
-10.2 (black/white stripes; n 5 3), and references [177Lu]Lu-PSMA-617 and [177Lu]Lu-PSMA I&T
(black; n 5 3) by LNCaP cells (1 h, 37"C) as percentage of reference ligand ([125I]IBA)KuE). (C) Lipo-
philicity of [177Lu]Lu-rhPSMA-7.1 to -7.4 (white; n 5 6), [177Lu]Lu-rhPSMA-10.1 and -10.2 (black/
white stripes; n 5 6), and references [177Lu]Lu-PSMA-617 and [177Lu]Lu-PSMA I&T (black; n 5 6),
expressed as partition coefficient (log D7.4 in n-octanol/phosphate-buffered saline, pH 7.4). (D) AMW
of [177Lu]Lu-rhPSMA-7.1 to -7.4 (white), [177Lu]Lu-rhPSMA-10.1 and -10.2 (black/white stripes), and
references [177Lu]Lu-PSMA-617 and [177Lu]Lu-PSMA I&T (black), as determined by HSA-mediated
size-exclusion chromatography.
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It must also be considered that the change in the isotope (lutetium
for RLT instead of gallium for the diagnostic compound) results
in a different structure and charge at the chelate–metal complex
(gallium-DOTA: hexadentate, zwitterionic; lutetium-DOTA: octa-
dentate, uncharged) (15). This matter obviously influences the
pharmacokinetic properties of the entire ligand, as demonstrated
by the prolonged clearance kinetics of the 177Lu-labeled “best
diagnostic isomer” rhPSMA-7.3 in patients (14).
With the aim of addressing these therapeutic criteria and of identi-

fying a 177Lu-labeled rhPSMA tracer with more favorable character-
istics for RLT, we performed a coevaluation of 6 different rhPSMA
ligands (4 rhPSMA-7 isomers and 2 rhPSMA-10 isomers) and com-
pared the results with preclinical data on the 2 reference compounds,
PSMA-617 and PSMA I&T.

All lutetium-complexed radiohybrid trac-
ers and the external references, PSMA I&T
and PSMA-617, demonstrated potent bind-
ing to LNCaP cells with an excellent affin-
ity in the low-nanomolar range and high
internalization rates, which did not allow
prioritization of certain candidates for fur-
ther evaluation.
In the context of PSMA-targeted RLT, the

kidney and then the bone marrow are still
considered the main organs at risk, and uptake
in these should be carefully considered (18).
In our comparative biodistribution stud-

ies, pronounced differences in kidney uptake
values were observed. Whereas our inter-
nal reference, D-Dap-S-DOTAGA–configured
[177Lu]Lu-rhPSMA-7.3, showed a kidney
uptake of 9.86 2.7 %ID/g at 24h after injec-
tion, the uptake of the D-Dap-DOTA deriva-
tive, [177Lu]Lu-rhPSMA-10.1, reached only
20% of that value (2.06 0.8 %ID/g). More-
over, the stereoconfiguration of the Dap-

branching unit (D-Dap or L-Dap) also resulted in a pronounced
different kidney uptake, as shown for [177Lu]Lu-rhPSMA-7.1
(D-Dap, 4.1 6 0.8 %ID/g) and the 5-fold higher value of
the corresponding L-Dap version, [177Lu]Lu-rhPSMA-7.2 (19.0 6
4.5 %ID/g). As already demonstrated in a previous study of
[18F]Ga-rhPSMA ligands (12), these results impressively demon-
strate once more that even small modifications in the arene binding
region of PSMA-targeted ligands can have a remarkable influence
on the biodistribution. In this former study, the modification of the
stereoconfiguration of the Dap branching unit and the DOTAGA
chelator resulted in superior pharmacokinetics of [18F]Ga-rhPSMA-
7.3 in mice compared with the diastereomeric mixture [18F]Ga-
rhPSMA-7. This result was confirmed in patient studies, revealing a
5-fold lower excretion of [18F]Ga-rhPSMA-7.3 into the bladder, a

1.6-fold lower kidney uptake, and a 1.6-fold
higher tumor uptake than for the diastereo-
meric mixture [18F]Ga-rhPSMA-7 (19).
Even though the results of our preclinical

comparison are highly promising, there are
many examples in the literature that question
the direct transferability of the preclinical
results to clinical studies, particularly with
regard to kidney clearance and kidney reten-
tion. The low kidney uptake of [177Lu]Lu-
PSMA-617 (1.4 6 0.4 %ID/g at 24 h after
injection) in mice has often been highlighted
as a major selection criterion that promoted
its rapid clinical development and thus was
considered a major advantage compared with
[177Lu]Lu-PSMA I&T (kidney uptake, 34.76
17.2 %ID/g at 24 h after injection) (20). How-
ever, in contrast to preclinical results, head-to-
head comparison of both ligands in patients
has impressively demonstrated a nearly iden-
tical kidney uptake and clearance kinetic of
both tracers (7). Moreover, a similar absorbed
dose to the kidney was found in dosimetry
studies: 0.4 6 0.2 to 0.8 6 0.3 Gy/GBq
for [177Lu]Lu-PSMA-617 (21–23) and

FIGURE 4. Biodistribution of [177Lu]Lu-rhPSMA-7.1 to -7.4, [177Lu]Lu-rhPSMA-10.1 and -10.2, and
references [177Lu]Lu-PSMA-617 and [177Lu]Lu-PSMA I&T at 24 h after injection in male LNCaP
tumor–bearing SCID mice. Data are expressed as %ID/g, mean 6 SD (n 5 42 5). Values of
[177Lu]Lu-PSMA I&T were taken from previously published study by our group (17) that was per-
formed under identical conditions.

FIGURE 5. Static small-animal SPECT/CT images (maximum-intensity projections) of 177Lu-
labeled rhPSMA-7.3, -7.1, and -10.1 in LNCaP tumor–bearing mice, euthanized 24 h after injection
and imaged directly after blood collection, with acquisition time of 45 min on VECTor4 small-animal
SPECT/PET/optimal imaging/CT device. Tumor weight and tracer uptake in tumor (%ID/g) were
determined from subsequent biodistribution studies.
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0.7 6 0.2 Gy/GBq for [177Lu]Lu-PSMA I&T (24). Until further
investigations improve our understanding of species-dependent
renal handling of PSMA tracers, and in the absence of alternative
and more valid selection criteria, the evaluation of the biodistribu-
tion in mice, including the assessment of the different excretion
behavior, will remain our only viable option—although we should
treat such data with appropriate caution.
Regarding important nontarget organs such as liver, muscle, and

heart, all ligands demonstrated almost identical and complete
clearance 24 h after injection. Even though only low activity levels
were found in the blood pool for all ligands, [177Lu]Lu-rhPSMA-
10.1 showed the best clearance of all investigated PSMA ligands,
and this superior clearance is also expressed by the highest tumor-to-
blood ratio (11,498): 3 times higher than for [177Lu]Lu-rhPSMA-7.3
and 8 times higher than for [177Lu]Lu-PSMA-617.
The tendency of both DOTA-conjugated [177Lu]Lu-rhPSMA-10

isomers to clear more quickly can at least in part be explained by the
HSA-binding experiments and our newly introduced in vitro param-
eter, AMW. The molecular weight of a molecule is known to have a
direct implication in the glomerular sieving coefficient (GSC) (as a
rule of thumb, the lower the molecular weight, the higher the GSC
and the faster the excretion kinetics) (25). Thus, the stronger the
interaction of a molecule with HSA or the higher the ratio of HSA-
bound ligand to free ligand, the less ligand is subjected to glomeru-
lar filtration and thus the less ligand is excreted. In our assay, this
ratio is indirectly determined by calculating the AMW of each com-
pound (details on these methods will be described elsewhere).
Looking at the AMW of 177Lu-labeled PSMA-617 (13.7 kDa)

and PSMA-I&T (5.3 kDa) as key reference points, the 2.3-fold
lower AMW of PSMA I&T appears prima facie unproportional:
Kulkarni et al. could demonstrate that [177Lu]Lu-PSMA-617
exhibits only a marginally slower clearance in patients than does
[177Lu]Lu-PSMA I&T (7). However, taking into account the non-
linear correlation of the molecular weight and GSC and the tiny
changes in the GSC at low molecular weights, the differences in
the AMW of PSMA I&T and PSMA-617 result in only slightly
different GSCs, which explains the similar kidney excretion kinet-
ics of these 2 ligands in patients (25). In contrast, the higher
AMW of [177Lu]Lu-rhPSMA-7.3 (molecular weight, 30.4) would
translate into a markedly lower GSC and thus a delayed clearance,
which has been confirmed by clinical results from Feuerecker et al.
(14). On the basis of these results, we expect that the blood
clearance kinetics of [177Lu]Lu-rhPSMA-10.1 and -10.2 in humans
will be somewhere between that of [177Lu]Lu-rhPSMA-7.3 and
[177Lu]Lu-PSMA-617/PSMA-I&T. As demonstrated by Feuerecker
et al. (14), the remarkable tumor uptake of [177Lu]Lu-rhPSMA-7.3
found in our preclinical experiments (13) could also be
observed in patients (effective dose of 6.4 6 6.7 mGy/MBq for
[177Lu]Lu-rhPSMA-7.3 vs. 2.6 6 2.4 mGy/MBq for [177Lu]Lu-
PSMA I&T). Thus, we are optimistic that we will be able to obtain
a similarly improved tumor uptake in patients during the clinical
assessment of [177Lu]Lu-rhPSMA-10.1 and thus tumor doses higher
than those currently obtained with the state-of-the art nonhybrid
ligands (14).
Certainly there are also other effects determining different clearance

kinetics of radiopharmaceuticals in mice and patients that must be
considered—for example, species differences in drug binding to serum
albumin (26) and differences in magnitude and binding affinities of
the tracers to plasma proteins other than HSA, such as a-1-acid glyco-
protein (27), transthyretin (28), or lipoproteins (29). Moreover, indi-
vidual differences in uptake of PSMA ligands into the kidneys (30),

varying relative proportions of hepatobiliary to renal clearance, and
effects of species differences between mice and humans must be con-
sidered. In summary, however, we are optimistic that the promising
biodistribution profile of [177Lu]Lu-rhPSMA-10.1 observed in mice,
together with its low AMW, will translate into improved tumor doses
and tumor-to-kidney dose ratios of this isomer in patients.

CONCLUSION

On the basis of this preclinical comparison, [177Lu]Lu-rhPSMA-
10.1 seems to be a promising lead for the clinical development of an
rhPSMA-targeted ligand for RLT. [177Lu]Lu-rhPSMA-10.1 could
have the potential to outperform the in vivo characteristics of the
currently developed state-of-the-art PSMA targeted radioligands
[177Lu]Lu-PSMA-617 and [177Lu]Lu-PSMA-I&T in men. Clinical
studies are required to demonstrate whether our newly introduced
additional preclinical selection criterion, the AMW, could be a valu-
able parameter for the future development of further therapeutic
radiopharmaceuticals with optimally adjusted clearance kinetics.
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KEY POINTS

QUESTION: Which 177Lu-labeled rhPSMA ligand shows the best
characteristics for RLT of prostate cancer?

PERTINENT FINDINGS: In preclinical experiments,
[177Lu]Lu-rhPSMA-10.1 demonstrated fast clearance kinetics
from healthy tissues while preserving high tumor uptake.

IMPLICATIONS FOR PATIENT CARE: Preclinical data indicate
more favorable pharmacokinetics for [177Lu]Lu-rhPSMA-10.1 than
for [177Lu]Lu-PSMA-617 and [177Lu]Lu-PSMA-I&T for RLT, a
finding that has to be investigated in prospective clinical studies.
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mCRPC Patients Receiving 225Ac-PSMA-617 Therapy in the
Post–Androgen Deprivation Therapy Setting: Response to
Treatment and Survival Analysis
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225Ac-PSMA-617, targeting the prostate-specific membrane antigen
(PSMA), which is overexpressed on prostate cancer cells, has shown
a remarkable therapeutic efficacy in heavily pretreated patients with
metastatic castration-resistant prostate carcinoma (mCRPC). Here,
we report on treatment outcome and survival using this novel treat-
ment modality in a series of 53 patients with mCRPC directly after their
androgen deprivation treatment (ADT). Methods: 225Ac-PSMA-617
was administered to 53 such patients. 68Ga-PSMA PET/CT was
obtained at baseline, before every treatment cycle, and on follow-up
to select patients for treatment, determine the activity to be adminis-
tered, and assess their response. Serial prostate-specific antigen
(PSA) measurements were obtained for response assessment.
Results: The median age of the patients was 63.4 y (range, 45–83 y).
In total, 167 cycles were administered (median, 3; range, 1–7). Forty-
eight patients (91%) had a PSA decline of at least 50%, and 51
patients (96%) had any decline in PSA. 68Ga-PSMA PET findings
became negative in 30 patients. In the multivariate analysis, a PSA
decline of at least 50% proved predictive of both progression-free sur-
vival (PFS) and overall survival (OS), and platelet count also proved
predictive for PFS. The median estimated OS was 9 mo for patients
with a PSA decline of less than 50% but was not yet reached at the
latest follow-up (55 mo) for patients with a PSA decline of 50% or
more. The estimated median PFS was 22 mo for patients with a PSA
decline of at least 50% and 4 mo for patients with a PSA decline of
less than 50%. No severe hematotoxicity was noted, and only 3
patients had grade III–IV nephrotoxicity. The commonest toxicity seen
was grade I–II xerostomia, observed in 81% of patients. Conclusion:
In 91% of 53 patients with mCRPC, treatment with 225Ac-PSMA-617
immediately after ADT resulted in at least a 50% decrease in PSA
level. Furthermore, a PSA decline of at least 50% proved the single
most important factor predicting PFS and OS after 225Ac-PSMA-617
treatment. Of interest, median OS in patients with a PSA decline of at
least 50% was not yet reached at the latest follow-up (55 mo). These
favorable results suggest that it would be of major clinical relevance to

perform a prospective randomized study comparing 225Ac-PSMA-
617 with current standard-of-care treatment options such as enzaluta-
mide, abiraterone acetate, and docetaxel after ADT.

Key Words: 225Ac-PSMA; ADT; therapy response; PSA response;
prostate carcinoma
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Prostate cancer is the second most frequent malignancy (after
lung cancer) in men worldwide, accounting for approximately 4%
of all deaths caused by cancer in men (1,2). Although the 5-y sur-
vival rate of localized prostate carcinoma is nearly 100%, the 5-y
survival rate for patients with metastatic castration-resistant pros-
tate carcinoma (mCRPC) is only about 30% (3). Standard-of-care
treatment for mCRPC is androgen deprivation therapy (ADT),
which normalizes serum levels of prostate-specific antigen (PSA)
and produces an objective tumor response in over 90% of patients.
However, despite an initial favorable response to ADT, most
patients with mCRPC eventually experience disease progression
within an average of 18–36 mo after treatment initiation (4,5). Once
ADT-resistant or castration-resistant, mCRPC patients are treated
with other options such as abiraterone acetate, enzalutamide, che-
motherapy, 223Ra-dichloride, or sipuleucel-T, the choice of which
depends substantially on patient preference, current symptoms, bur-
den of disease, and local availability (5).
Treatment of prostate carcinoma patients in low- to middle-

income countries is challenging. Because of the lack of regular PSA
screening, most prostate carcinoma patients in low- to middle-
income countries present with metastatic disease at initial diagnosis
(6). In addition, because of fear of associated side effects, some
patients often refuse both ADT and chemotherapy. Furthermore,
abiraterone and enzalutamide are not easily accessible to most
patients.

225Ac-PSMA-617, targeting the prostate-specific membrane anti-
gen (PSMA), which is overexpressed on prostate cancer cells, has
shown remarkable therapeutic efficacy in heavily pretreated
mCRPC patients (7–11). When 225Ac-PSMA-617 therapy is applied
in dose-deescalation fashion, the most prevalent treatment-related
toxicity is grade 1–2 xerostomia, making the therapy an acceptable

Received Nov. 30, 2021; revision accepted Jan. 20, 2022.
For correspondence or reprints, contact Mike Sathekge (mike.sathekge@

up.ac.za).
*Contributed equally to this work.
Published online Feb. 17, 2022.
Immediate Open Access: Creative Commons Attribution 4.0 International

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

COPYRIGHT© 2022 by the Society of Nuclear Medicine andMolecular Imaging.

1496 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 63 ! No. 10 ! October 2022



alternative for mCRPC patients in low- to middle-income countries
who refuse chemotherapy because of fear of associated side effects
or to whom novel treatment options such as enzalutamide or abira-
terone are not readily available.
We previously reported on the favorable outcome and toxicity

results from 225Ac-PSMA-617 therapy in a small group (17 pa-
tients) with mCRPC (12). In this study, we report treatment outcome
and survival in a larger series (53 patients) directly after ADT.

MATERIALS AND METHODS

This was a retrospective review of patients with histologically con-
firmed mCRPC treated with 225Ac-PSMA-617 radioligand therapy. In
patients who presented with early-stage disease, primary therapy was
by radical prostatectomy, external-beam radiotherapy to the prostate
gland, or brachytherapy. In patients who presented with metastatic dis-
ease, initial therapy was by ADT using surgical or medical castration.
Eligibility for 225Ac-PSMA-617 radioligand therapy was based on PSA
progression: a minimum of 2 rising PSA values from a baseline mea-
surement, with the measurements separated from one another by at least
1 wk. Inclusion criteria included mCRPC precluding treatment with
localized therapy such as radiotherapy, patient refusal of chemotherapy,
and lack of access to second-generation antiandrogen therapy such as
abiraterone and enzalutamide (i.e., patients without medical insurance).
Exclusion criteria included urinary tract obstruction and bone marrow
suppression (Common Terminology Criteria for Adverse Events grade
3 or more). The decision to treat patients with 225Ac-PSMA-617 was
made in a multidisciplinary setting in our hospital for patients who
eventually experienced disease progression despite an initial favorable
response to ADT within an average of 18 mo after treatment initiation.
At the time of treatment, all patients were aware that 225Ac-PSMA-617
had not yet received regulatory approval for use in the routine care of
patients with mCRPC. They understood that the treatment was applied
on a compassionate basis for patients who refused available life-
prolonging treatment options or had no access to these novel therapies.
All patients therefore provided written informed consent to undergo
treatment with 225Ac-PSMA-617 with a full awareness of its possible
complications, including xerostomia, bone marrow suppression, renal
impairment, and potential currently unknown side effects. The institu-
tional review board (Research Ethics Committee of the Faculty of
Health Sciences, University of Pretoria, reference number 173/2021)
approved this retrospective study, and the requirement to obtain
informed consent was waived.

Patient Preparation
The patients first underwent 68Ga-PSMA-11 PET/CT imaging and

were deemed suitable candidates for therapy with 225Ac-PSMA-617 if
uptake by the tumor lesions was higher than physiologic uptake in the
normal liver parenchyma. A full blood count, liver function tests, and
measurements of electrolytes, urea, and creatinine were performed
before treatment commencement and were repeated 2 wk before sub-
sequent treatment cycles to determine patient fitness for them. 68Ga-
PSMA-11 PET/CT was repeated after each subsequent treatment cycle
to determine the burden of residual tumor to guide dose deescalation.

Preparation and Administration of 225Ac-PSMA-617
PSMA-617 was radiolabeled with 225Ac as described previously

(8,12). The initial administered activity of 225Ac-PSMA-617 was
8 MBq for all patients. For subsequent treatment cycles, the adminis-
tered activity was deescalated to 7, 6, or 4 MBq on the basis of the
response to earlier treatments as assessed on repeat 68Ga-PSMA-11
PET/CT as previously described (12). Treatments were repeated every
8 wk, provided that a continued response was demonstrated, no limiting

toxicity developed, and residual tumor demonstrating 68Ga-PSMA-11
avidity was shown on PET/CT imaging.

Safety
All patients were observed for a minimum of 4 h after 225Ac-PSMA-

617 administration to detect any immediate side effects. Within 2 wk
before the first cycle of treatment, a baseline assessment was performed
of hemoglobin level, leukocyte count, platelet count, glomerular filtra-
tion rate, and liver function. Except when the clinical situation war-
ranted more frequent follow-up, these blood tests were repeated 2 wk
before subsequent cycles of treatment (i.e., every 8 wk). After comple-
tion of all treatment cycles, these blood tests were repeated every 12 wk
until disease progression or death. Patients who developed toxicity were
followed up until resolution or death. In addition to undergoing the
blood tests, patients reported any observed side effects during treatment
or on follow-up. When the patients came for each cycle of treatment or
follow-up, they were asked about side effects known to occur with
PSMA-based radioligand therapy. Toxicity was defined according to
the Common Terminology Criteria for Adverse Events, version 5.0.

Treatment Response Evaluation
Treatment response was evaluated using serial measurements of

serum PSA values and 68Ga-PSMA-11 PET/CT imaging. 68Ga-PSMA-
11 PET/CT was repeated every 8 wk (before each treatment cycle) and
subsequently every 12 wk after treatment completion until disease pro-
gression or death. PSA response was defined as a PSA decline of at least
50% of the baseline value, according to the Prostate Cancer Working
Group 3 criteria. Follow-up 68Ga-PSMA-11 PET/CT was used to evalu-
ate the status of initially identified metastatic lesions fulfilling the inclu-
sion criteria on the baseline PET/CT scan. We used PSMA PET/CT
criteria to categorize patients as responders or nonresponders. Favorable
responders were categorized as showing stable disease, a partial
response, or a complete response on PSMA PET/CT imaging; nonres-
ponders were patients with progressive disease on PSMA PET/CT (13).
The PSMA response was defined as complete if all lesions with tracer
uptake disappeared; as partial if uptake lessened and tumor volume
decreased by more than 30% on PET; as stable if there was a change in
uptake and no more than a 30% change in tumor volume on PET, with-
out evidence of new lesions; and as progressive if at least 2 new lesions
appeared, uptake increased, or tumor volume increased by at least 30%
on PET (13–15).

Statistical Analysis
Statistical analysis was performed using SPSS, version 28.0 (IBM).

The Kolmogorov–Smirnov test was used to check whether data were
normally distributed. Quantitative variables were compared using a
paired Student t test and ANOVA when normally distributed or using
a Mann–Whitney test and Kruskal–Wallis test when not normally
distributed.

For univariate and regression analysis, we dichotomized values
according to the median values in cases of continuous variables. We
also dichotomized the following clinical covariates: Gleason score;
number of treatment cycles; the presence of bone, visceral, and lymph
node metastases; PSA response (#50% reduction or.50% reduction);
undetectable PSA levels; and normalization of the 68Ga-PSMA-11 PET
findings. Progression-free survival (PFS) and overall survival (OS)
were estimated by the Kaplan–Meier method and log rank testing to
examine the predictive value of dichotomized variables and other clini-
cal risk factors for disease control and OS. Multivariate analysis was
performed using Cox regression and included, in sequential order of sta-
tistical significance, variables that were found to be significant in the
univariate analysis followed by the interactive terms.

Finally, the x2 test was used to determine differences in proportion
when appropriate.
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RESULTS

Patient Characteristics
Patient characteristics are shown in Table 1. Fifty-three mCRPC

patients were included. Their median age was 63.4 y (range, 45–83y).
Twenty-three had an Eastern Cooperative Oncology Group score of
0, 19 had a score of 1, and 11 had a score of 2. Six patients had iso-
lated lymph node involvement (stage IVA disease); the remaining
patients all had bone metastases (stage IVB disease), and 6 of these
patients also had visceral metastases (1 patient with both brain and
liver metastases, 4 patients with liver metastases, and 1 patient with
lung metastases). The median PSA level before treatment was
466 ng/mL (range, 102–4,405 ng/mL). The mean hemoglobin level
was 11.5 g/dL (range, 6.1–16 g/dL), the median platelet count was
293,000/mL (range, 48,000–762,000/mL), the mean white blood cell
count was 7,090/mL (range, 3,100–14,870/mL), and the median
alkaline phosphatase level was 188 IU/L (range, 82–1796 IU/L).
In total, 167 cycles were administered (median, 3; range, 1–7).

Seven patients received 1 cycle; 15 patients, 2 cycles; 11 patients,
3 cycles; 11 patients, 4 cycles; 2 patients, 5 cycles; 6 patients, 6 cy-
cles; and 1 patient, 7 cycles. Eight patients continued with hormonal
treatment despite progressive disease under these agents; their urol-
ogist or oncologist did not want to stop these medications because
clinical benefit was still assumed.

Safety
Administration of 225Ac-PSMA-617 was well tolerated. The

commonest toxicity seen was grade I–II dry mouth, observed in
81% of patients. No patient with grade III dry mouth was seen,
and no patient discontinued treatment because of this side effect.
No patient with grade IV bone marrow toxicity was seen. Anemia
was the most common manifestation of hematotoxicity, seen in
15% of patients (7 patients with grade I–II anemia and 1 patient

with grade III). Any grade of renal failure was seen in 19% of
patients (7 with grade I–II, 2 with grade III, and 1 with grade IV).
Details on toxicity in the treated patients are in Table 2.

Response to 225Ac-PSMA-617 Therapy
After 225Ac-PSMA-617 treatment, 48 patients (91%) had a PSA

decline of at least 50%, and 51 patients (96%) had any decline in
PSA (Fig. 1). PSA became undetectable in 19 patients (36%).
68Ga-PSMA PET images became negative in 30 patients (57%);
that is, avidity was similar to background blood-pool activity in all
prostate cancer lesions after treatment with 225Ac-PSMA-617.

OS
At the time of data analysis, 15 patients (28%) had died, and all

deaths seemed directly related to their underlying mCRPC. In the
univariate analysis, only a PSA decline of at least 50% proved signif-
icantly associated with a favorable OS (P , 0.001) (Table 3). When
included in the multivariate analysis with age and Gleason score as
covariates, the level of statistical significance was retained (P ,

0.001). The median estimated OS was 9 mo for patients with a PSA
decline of less than 50% but was not yet reached at the latest follow-
up (55 mo) for patients with a PSA decline of 50% or more (Fig. 2).
The OS of patients with stage III disease (lymph node involvement
only, 6 patients) did not significantly differ from that of patients with
stage IV disease (the remaining 47 patients) (P5 0.186).

PFS
During follow-up, 27 patients (51%) showed disease progression.

In univariate analysis, the following parameters proved significantly
related to PFS: a PSA decline of at least 50% (P, 0.0001), undetect-
able PSA (P5 0.014), platelet count (P5 0.041), 68Ga-PSMA-11

TABLE 1
Patient Characteristics

Characteristic Value

No. of patients included 53

Median age (y) 63.4

Eastern Cooperative Oncology Group
score of 0 or 1 (n)

42

Eastern Cooperative Oncology Group
score of 2 (n)

11

Median PSA level (ng/mL) 466

Median alkaline phosphatase level (IU/L) 188

Median hemoglobin value (g/dL) 11.5

Bone metastases (n) 47

Lymph node metastases (n) 36

Visceral metastases (n) 6

Lung 1

Liver 5

Brain 1

Local therapy to prostate (n)

Prostatectomy 31

Radiotherapy 11

No local therapy 11

TABLE 2
Toxicity Profiles of 53 Patients Treated with

225Ac-PSMA-617

Characteristic Grade I–II Grade III Grade IV

Xerostomia 43 (81%) 0 0

Anemia 7 (13%) 1 (2%) 0

Leukopenia 4 (7%) 1 (2%) 0

Thrombocytopenia 5 (9%) 0 0

Renal failure 7 (13%) 2 (4%) 1 (2%)

FIGURE 1. Waterfall plot demonstrating percentage change in PSA lev-
els after treatment with 225Ac-PSMA-617 in patient cohort (x-axis 5 num-
ber of patients; y-axis5 percentage change).
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PET/CT–based response (P5 0.006), and negative findings on 68Ga-
PSMA PET (P5 0.026), (Table 3; Fig. 2). When included in the mul-
tivariate analysis, only a PSA decline of at least 50% (P5 0.002) and
platelet count (P5 0.047) retained statistical significance. The esti-
mated median PFS for patients with a PSA decline of at least 50%
was 22 mo, whereas that for patients with a PSA decline of less than
50% was 4 mo. The number of patients who relapsed but had negative
PSMA PET findings after treatment (7 of 23) did not significantly dif-
fer from the number who relapsed but did not have negative PSMA
PET findings after treatment (19/30) (P5 0.027).

DISCUSSION

Various early preclinical and clinical studies have provided a
rationale for combining ADTwith radiotherapy for the management

of localized prostate cancer (16). For instance, in nude mice bearing
Shionogi adenocarcinoma allografts, Zietman et al. demonstrated
that ADT reduced the dose of radiotherapy necessary to control
50% of the tumor and that the timing of ADT is important for
achieving this effect; orchidectomy was significantly more effective
if performed 12 d before radiotherapy than if performed during
or after radiotherapy (17,18). In Dunning prostate cancer–
bearing rats, temporary ADT for 14 d before radiotherapy resulted
in a significant lengthening of tumor growth (19). Furthermore,
ADT was shown to downregulate vascular expression of growth
factor, causing apoptosis of endothelial cells and normalization of
tumor vascularization, thereby increasing oxygenation (20). Also,
in a series of 237 prostate carcinoma patients,Milosevic et al. identi-
fied a broad heterogeneity in prostate cancer oxygenation, a prereq-
uisite for radiotherapy efficacy, with the median partial pressure of
O2 ranging from 0 to 75 mm Hg (20). On the basis of these studies,
various randomized phase III trials have been conducted that
showed a significant clinical benefit from adding ADT to radiother-
apy when treating intermediate-risk primary prostate carcinoma
(21). As opposed to the beneficial radiotherapy-enhancing effects of
short-term ADT administered in combination with radiotherapy for
primary intermediate prostate carcinoma, long-term ADT adminis-
tration in the metastatic setting resulting in androgen independence
is often characterized by a remarkable resistance to treatment
options that trigger apoptosis via the caspase cascade, including
radiotherapy. Various factors responsible for radiation resistance in
androgen-independent prostate carcinoma have been implicated,
including increased levels of interleukin-6, neuroendocrine differ-
entiation, Ack-1 androgen receptor phosphorylation, the existence
of intrinsic cancer stem cells, and epithelial–mesenchymal transi-
tion, among others (22–25).
In the series presented, 91% of mCRPC patients had at least a

50% reduction in their initial PSA value after 225Ac-PSMA-617
treatment, and neither baseline PSA nor alkaline phosphatase level
significantly differed between responders and nonresponders. This
percentage of patients exceeds by far those found in early clinical
studies demonstrating at least a 50% PSA reduction: approximately
10% of patients treated with ipilimumab, sunitinib, cabozantinib, or
223Ra-dichloride (Xofigo; Bayer) and approximately 30%, 40%,
and 50% of patients treated with abiraterone, cabazitaxel, or enzalu-
tamide (26). Our findings suggest that radiation resistance to
a-emitting agents after ADT is not a significant issue, as is the case
with, for instance, b-emitting agents in some patients. In this re-
gard, reported response rates of mCRPC patients to 177Lu-PSMA-
617 have varied from 10.6% to 69% (27). Although these response
rates were obtained in heterogeneous patient cohorts receiving

TABLE 3
Univariate Analysis of Relationship Between Studied

Variables and Survival

Variable PFS OS

Age 0.180 0.748

Eastern Cooperative Oncology
Group score

0.077 0.772

Gleason score 0.596 0.774

Previous local radiotherapy 0.304 0.916

Baseline PSA level 0.972 0.888

PSA $ 50% decline ,0.001* ,0.001*

PSA undetectable 0.014* 0.132

Visceral metastases 0.937 0.772

Lymph node involvement 0.289 0.942

Bone metastases 0.459 0.186

No. of treatment cycles 0.650 0.097

ALP 0.727 0.886

Hemoglobin 0.090 0.132

Platelet count 0.041* 0.602

White blood cell count 0.373 0.605

Radiologic response 0.006* 0.407

PSMA-negative 0.026* 0.418

*P , 0.05.

FIGURE 2. Kaplan–Meier curves of PSA-based OS of the entire cohort (PSA decline of $ 50% [green curve] and percentage of PSA decline , 50%
[blue curve]) (A), PFS of the entire cohort (PSA decline of$ 50% [green curve] and percentage of PSA decline, 50% [blue curve]) (B), and PFS stratified
by platelet counts (platelet counts, 293,000/mL [blue curve] and platelet counts. 293,000 [green curve]) (C).

225AC-PSMA IN THE POST-ADT SETTING ! Sathekge et al. 1499



various other treatments after ADT, lower response rates to 177Lu-
PSMA-617 as opposed to 225Ac-PSMA-617 may be anticipated
given the low linear-energy-transfer value of 0.7 keV/mm for 177Lu
when compared with 100 keV/mm for 225Ac (28). The high linear-
energy-transfer value of 225Ac results in a high level of radiobio-
logic effectiveness when compared with b-radiation, requiring
fewer particle tracks to induce cell death via induction of predomi-
nant DNA-strand breaks, among others, obviating cellular oxygen
to induce its therapeutic effect (27,29). Although Xofigo is also an
a-therapy targeting bone lesions only, it will most likely have less
success than 225Ac-PSMA-617, which targets both soft-tissue and
bone lesions. This likelihood is also supported by recent informa-
tion that both nodal and visceral metastases have been underesti-
mated and understudied in patients with advanced prostate cancer
and the fact that patients with visceral metastases invariably have a
poorer prognosis than patients with bone-only metastases (30).
In our series, hemoglobin levels, a surrogate marker for molecu-

lar oxygen level, proved unrelated to treatment outcome. Further-
more, part of the high PSA response observed in our series may
be due to the abscopal effect, attributed to irradiation-induced
immune mechanisms such as exposure to tumor antigen, increased
maturation of antigen-presenting cells taking up antigen released
by dying cells, and production of interleukin-6 and tumor necrosis
factor-a, as well as changes in the tumor microenvironment for
improved recruitment of effector T cells (31). In this regard, Gorin
et al., evaluating an a-emitting 231Bi-labeled antibody for tumor
cell irradiation of mouse xenografts, found that the treatment in-
duced a protective antitumor effect by induction of tumor-specific
T cells against a secondary tumor cell injection (32). Furthermore,
Czernin et al. showed, in a mouse model of mCRPC, that a combi-
nation of 225Ac-PSMA-617 and an inhibitor of programmed cell
death protein 1 achieved better tumor control than monotherapy
with either agent alone (33). In our series, 2 patients proved unre-
sponsive to 225Ac-PSMA-617 treatment despite high uptake of the
ligand on the baseline scan. As shown by Kratochwil et al., in
such patients mutations in DNA-damage-repair and checkpoint
genes are frequently found. Future studies assessing the role of
DNA-damage-repair–targeting agents in combination with 225Ac-
PSMA-617 therapy in overcoming radiation resistance in these
patients are of interest (34).
A PSA decline of at least 50% to assess efficacy of treatment, as

recommend by the Prostate Cancer Working Group 3, proved the
single most important factor predicting PFS and OS after 225Ac-
PSMA-617 treatment in our patient cohort. The importance of PSA
decline was also demonstrated in our previous study (35). The
median estimated PFS was 4 mo for nonresponders and 22 mo for
responders. Although median OS in the nonresponding group was
9mo, median OS had not yet been reached at the last follow-up
(55mo) (Fig. 2). A first chemotherapy-naïve patient exceeding 5 y
of complete remission after 225Ac-PSMA-TAT was reported in
Germany (36). Overall, our OS data in this small cohort suggest
that 225Ac-PSMA-617 has efficacy superior to that of chemotherapy
(enzalutamide, abiraterone acetate, or docetaxel) administered in a
comparable setting (post-ADT mCRPC patients having received no
other treatment targeting their mCRPC) (28–32). Regarding the use
of docetaxel in the mCRPC setting, 2 large phase 3 randomized,
controlled trials published in 2004 (the TAX327 and SWOG9916
trials) found a median OS of 18.9 mo versus 16.5 mo and of 17.5 mo
versus 15.6 mo for the control group receiving mitoxantrone, con-
sidered the standard of care at that moment (37,38). In the COU-
AA-302 trial, comparing abiraterone acetate (1,000 mg once daily)

plus prednisone or placebo plus prednisone in 1,048 patients ran-
domly assigned to receive either of these treatment options, median
OS for patients in the abiraterone acetate group was 34.7 mo (39).
With regard to enzalutamide, in the double-blind phase 3 PREVAIL
trial, in which 1,717 patients were randomly assigned to receive
either enzalutamide at a dose of 160 mg or placebo once daily, the
median estimated OS for the enzalutamide-treated group was 32.4
mo, versus 30.2 mo for the placebo group (median duration of fol-
low-up for survival, $22 mo) (40). Recently, the TheraP trial dem-
onstrated that 177Lu-PSMA-617, compared with cabazitaxel, in men
with mCRPC led to a higher PSA response and fewer grade 3 or 4
adverse events. 177Lu-PSMA-617 is a new, effective class of therapy
and a potential alternative to cabazitaxel (41). Although not directly
comparable between earlier-stage and later-stage application of
225Ac-PSMA-617 or 177Lu-PSMA-617, a couple of studies have
shown a better response from PSMA radioligand therapy with
177Lu-PSMA-617 in chemotherapy-naïve patients (42). Further-
more, our group reported a unique cohort of chemotherapy-naïve
men with mCRPC who had upfront treatment with 225Ac-PSMA-
617 (12) and demonstrated a remarkable 88% serum PSA decline
by 50% or more after a median of 3 cycles of 225Ac-PSMA-617,
as is corroborated by this current series. This result is in contrast
to an average of 65.4% serum PSA decline by 50% of patients in
studies that had a later-stage application of 225Ac-PSMA-617 or
177Lu-PSMA-617 (8–18, 30). Although this remarkable response
is exciting and holds much promise for 225Ac-PSMA-617 in treating
men with mCRPC, it may also represent a response achieved in less
aggressive disease (42). mCRPC evolves, acquiring more aggressive
behavior as different lines of treatment are applied to it. Additionally,
of the patients presenting with liver metastasis, none presented with
negative PSMA PET results after treatment, nor did any respond
favorably to the treatment, as liver metastasis was also negatively
correlated with OS in other studies (30). Thus, randomized controlled
trials will be needed to stratify patients to either 177Lu-PSMA-617 or
225Ac-PSMA-617 so that the better therapy is administered at the
moment in the treatment sequence when it is likely to have the best
impact.
Finally, in our study, a high platelet count also proved signifi-

cantly negatively related to PFS. Although the role of platelets is
to stem blood loss after vascular injury, available data suggest that
platelets may also interact with tumor cells and endothelial cells,
enabling metastases and thereby worsening the prognosis of can-
cer patients (43–45). More specifically, platelets were shown to
play a role in shielding tumor cells from immune elimination, in
promoting arrest and extravasation of tumor cells, and in protecting
cancer cells from undergoing apoptosis. Furthermore, experimental
data suggest that thrombocytosis is induced by tumor-derived
growth factors. Finally, a high pretreatment baseline platelet count
has been previously associated with a poor prognosis in patients
with ovarian, breast, lung, renal, colorectal, and pancreatic carci-
noma (46).
In terms of the safety profile, xerostomia remains an adverse

effect of concern, and most of our patients experienced drymouth—
commonly after the first cycle of treatment. To reduce the incidence
and severity of treatment-induced xerostomia, we practiced the
treatment deescalation strategy. Administered activity was reduced
to 6 or 4 MBq in subsequent treatment cycles according to the vol-
ume of residual tumor load. This strategy is based on the principle
of the tumor sink effect, in which more radioligand is available for
binding in normal organs when tumor bulk is reduced by successful
treatment (47). As we reported previously, we believe that this
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strategy is partially successful because none of our patients has
experienced grade III xerostomia or discontinued 225Ac-PSMA-617
therapy because of dry mouth (12,35). Although anemia was also a
relatively common toxicity (15%), no other grade 3 or 4 hematotox-
icities were noted. Notably, only 3 patients experienced grade
III–IV renal function impairment. All 3 of these patients presented
with suboptimal renal function before the 225Ac-PSMA-617 ther-
apy. This finding warrants medium- to long-term monitoring of
renal function of patients treated with 225Ac-PSMA-617.
This study was retrospective and consequently bears all the

disadvantages of such types of studies, including—in this specific
setting—lack of a control group. However, the favorable results
suggest that it would be of major clinical relevance to perform a
prospective randomized study comparing 225Ac-PSMA-617 with
standard-of-care treatment options such as enzalutamide, abirater-
one acetate, and docetaxel after ADT.

CONCLUSION

In 91% of this series of 53 mCRPC patients receiving 225Ac-
PSMA-617 therapy subsequent to ADT, the PSA level decreased
by more than 50%. A PSA decline of at least 50% proved the sin-
gle most important factor predicting PFS and OS after 225Ac-
PSMA-617 treatment. The median estimated PFS was 4 mo for
nonresponders and 22 mo for responders, and the median OS was
9 mo in the nonresponding group and had not yet been reached at
the last follow-up (55 mo) in the responding group. 225Ac-PSMA-
617 is a highly promising option for therapy of mCRPC directly
after ADT and warrants further study in randomized trials.
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KEY POINTS

QUESTION: What is the efficacy of 225Ac-PSMA-617 in the post-
ADT setting in men with mCRPC?

PERTINENT FINDINGS: 225Ac-PSMA-617 administered in the
post-ADT setting to men with mCRPC resulted in a PSA response
in 91% of patients and produced an undetectable level of serum
PSA in 36%. A decline in serum PSA by at least 50% was signifi-
cantly associated with a longer OS. A PSA decline of at least 50%,
a low pretreatment platelet level, and radiographic response on
68Ga-PSMA-11 PET/CT were significant predictors of a longer PFS.

IMPLICATIONS FOR PATIENT CARE: 225Ac-PSMA-617 is a via-
ble treatment option that may be considered in men who develop
mCRPC after ADT, especially if approved treatment options are
not available or are contraindicated.
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Our purpose was to assess the efficacy and safety of 177Lu-DOTA-
TATE in neuroendocrine tumor patients with reduced renal function.
Methods: A single-center retrospective analysis was performed on 33
patients with an estimated glomerular filtration rate (eGFR) of less than
60 mL/min/1.73 m2. Of these, 26 had chronic kidney disease (CKD)
stage 3a (eGFR, 45–60 mL/min/1.73 m2) and 7 had CKD 3b (eGFR,
30–45 mL/min/1.73 m2). Renal toxicity and temporal changes in eGFR
were recorded. The association between potential risk factors and any
kidney function deterioration (.10% reduction in eGFR) was evalu-
ated. Data on survival, the radiologic response assessment, and qual-
ity of life were collected. Results: The incidence of permanent grade 3
or 4 nephrotoxicity was 3% (a single patient with grade 4 nephrotoxi-
city). The mean annual reduction in eGFR was estimated at 2.5%. A
permanent decline of less than 10% in eGFR of any grade was
recorded in 45% of patients (n 5 15). Nine patients moved into higher
CKD categories (8 patients who moved from CKD 3a to CKD 3b and 1
patient who moved from CKD 3b to CKD 5). No significant relationship
was found between renal risk factors and a permanent reduction in
renal function. Grade 3 or 4 bone marrow toxicity was observed in 9%
of patients. The estimated median progression-free survival was 42
mo, and the median overall survival was 47 mo. At the end of treat-
ment, the radiologic assessment showed a partial response in 33%,
stable disease in 55%, and progressive disease in 12%. There was an
improvement in global quality of life and endocrine score (European
Organization for Research and Treatment of Cancer Quality-of-Life
Questionnaire–Gastrointestinal NET-21) (P5 0.046 and 0.041, respec-
tively). Conclusion: 177Lu-DOTATATE appears to be generally well tol-
erated in patients with preexisting CKD 3, with a low incidence of
permanent major nephrotoxicity. 177Lu-DOTATATE appears to have a
good therapeutic effect, with most patients reporting improvement in
quality of life.

Key Words: neuroendocrine tumors; peptide receptor radionuclide
therapy; PRRT; 177Lu-DOTATATE; chronic kidney disease
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Peptide receptor radionuclide therapy (PRRT) has been shown
to be an effective treatment modality for somatostatin receptor–
expressing neuroendocrine tumors (NETs), with 177Lu-DOTATATE
PRRT receiving marketing authorization by the U.S. and European
Union regulators in 2018 and 2017, respectively, following the suc-
cessful outcome of the NETTER-1 trial (1). The NETTER-1 study
and other large-cohort studies have shown that 177Lu-DOTATATE is
an effective treatment in patients with somatostatin receptor–express-
ing NETs, with progression-free survival (PFS) of between 2 and 3y
(1–4). 177Lu-DOTATATE is generally well tolerated, with a low inci-
dence of significant grade 3 or 4 toxicities. The bone marrow and the
kidneys have been considered the critical organs for PRRT (5).
The main mechanism of absorption of the PRRT radiation dose

by the kidney is partial reabsorption of the radiopeptide in the
proximal tubules after glomerular filtration and retention in the
renal interstitium. This process is mediated by cubilin-dependent
megalin receptor endocytosis at the proximal tubules (6). Renal
radiopeptide retention can lead to excessive renal irradiation to the
radiosensitive glomeruli, with potential subsequent deterioration in
kidney function. Expression of somatostatin receptor on the proxi-
mal tubules is a minor mechanism that contributes to the total
renal radiation dose (7).
In the early years of 90Y-based PRRT, significant renal toxicity

(grade 3 or 4) was recorded in up to 14% of patients who received a
cumulative administered activity of more than 7,400 MBq/m2 (8,9).
The incidence of renal toxicity has significantly decreased with the
coinfusion of positively charged amino acids such as L-lysine or
L-arginine, which competitively inhibit the reabsorption of the radio-
peptide. This amino acid coinfusion has reduced the renal radiation
dose by up to 65% (8,9). There is lower renal toxicity with the
shorter-ranged b-particles of 177Lu than 90Y, leading to reduced irra-
diation of the radiosensitive glomeruli. Despite amino acid–based
renoprotection, 177Lu-PRRT still results in an approximately 3.8%
annual loss of kidney function, which is lower than the 7.3% yearly
decline with 90Y-PRRT described by the same group (10).
The 177Lu-DOTATATE summary of product information had

previously recommended 177Lu-DOTATATE in patients with an
estimated glomerular filtration rate (eGFR) of more than 50 mL/
min/1.73m2 (11). The latest update of the summary of product
information, in 2021, recommended a change in the cutoff of
baseline creatinine clearance from at least 50 mL/min/1.73 m2 to
at least 40 mL/min/1.73m2, presumably based on feedback from
treating clinicians (5).
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There is no large dataset on PRRT toxicity in patients with stage
3 chronic kidney disease (CKD). Most of the currently published
studies explore the renal toxicity of PRRT in patients with normal
or mildly reduced renal function. It has been shown that patients
with lower renal function have a higher renal absorbed dose per
administered activity and thus are potentially at higher risk for
renal toxicity (12). In this study, we set out to evaluate the inci-
dence and clinical significance of hematologic and permanent renal
toxicity after 177Lu-DOTATATE in patients with reduced renal
function (i.e., patients with an eGFR of 30–60 mL/min/1.73 m2).

MATERIALS AND METHODS

All procedures involving human participants were in accordance
with the ethical standards of the institutional or national research com-
mittee and with the 1964 Declaration of Helsinki. The institutional
review board approved this retrospective study, and the requirement to
obtain informed consent was waived.

We evaluated the baseline eGFR in all patients (n 5 395) treated
with 177Lu-DOTATATE from May 2012 to August 2019 at the Royal
Free London NHS Foundation Trust. Patients with CKD3 based on
eGFR had a confirmatory 99mTc-diethylenetriaminepentaacetate glo-
merular filtration rate (GFR) determined at baseline as per routine
clinical practice. We collected clinicopathologic, survival and health-
related quality-of-life (HRQoL) data.

PRRT Protocol
The inclusion criteria included histologically confirmed, unresect-

able metastatic NETs with progressive disease. In addition, the pre-
therapy 68Ga-DOTATATE study had to demonstrate sufficient tracer
uptake (Kenning score, 2 or more). Patients had to have adequate bone
marrow function and a GFR of more than 30 mL/min/1.73 m2.

177Lu-DOTATATE was administered at a target activity of 7.4GBq
per cycle to complete 4 cycles at an interval of 8–12 wk between
cycles. Renal protection was implemented with standard amino acids
(2.5% lysine and 2.5% arginine in 1 L of 0.9% NaCl; infusion rate,
250 mL/h) along with pretherapy antinausea medication (ondansetron,
30 mg).

Serum creatinine, eGFR, and full blood counts were calculated at
baseline (on the day of the first cycle of PRRT), at 2- to 4-wk intervals
between cycles, up to 8 wk after the last cycle, and at 3-month inter-
vals thereafter.

CKD Classification
CKD was classified as CKD 1 (eGFR # 90 mL/min/1.73 m2, but

with urine findings, structural abnormalities, or genetic traits pointing
to kidney disease; for the purpose of this study, eGFR $ 90 counted
as normal), CKD 2 (eGFR $ 60 to , 90 mL/min/1.73 m2), CKD 3a
(eGFR $ 45 to , 60 mL/min/1.73 m2), CKD 3b (eGFR $ 30 to ,

45 mL/min/1.73 m2), CKD 4 (eGFR $ 15 to , 30 mL/min/1.73 m2),
or CKD 5 (eGFR , 15 mL/min/1.73 m2 or on dialysis) (13). Potential
risk factors for renal toxicity, including age greater than 65 y, number
of cycles, hypertension, diabetes, and previous chemotherapy or 90Y,
were identified and assessed.

HRQoL
Patients undergoing 177Lu-DOTATATE treatment had HRQoL data

prospectively collected as part of routine clinical practice. HRQoL
was evaluated using the European Organization for Research and
Treatment of Cancer Quality-of-Life Questionnaire–Gastrointestinal
NET-21 (14). HRQoL was assessed before 177Lu-DOTATATE and
after each cycle of 177Lu-DOTATATE. The scores were transformed
to 0–100 scales, and the mean scores after each treatment were com-
pared with the baseline scores.

Statistical Analysis
Median PFS and median overall survival with corresponding 95%

CIs were estimated using the Kaplan–Meier method with the statistical
software package SPSS (version 27.0; IBM). PFS was defined as the
time from treatment initiation to tumor progression or death.

An objective tumor assessment on CT or MRI was performed at
baseline, after cycle 2, and 3 mo after the final cycle. Afterward, CT or
MRI was performed every 6 mo. We performed a radiologic response
assessment after the last treatment cycle. Imaging consisted of CT
or MRI and was compared with baseline imaging using RECIST, ver-
sion 1.1 (15).

TABLE 1
Clinicopathologic Patient Characteristics

Characteristic n

Sex

Female 17 (52%)

Male 16 (48%)

Age group

,65 y 17 (52%)

$65 y 16 (48%)

Primary site of origin

Gastrointestinal 21 (64%)

Pancreatic 6 (18%)

Other sites 2 (6%)

Unknown 4 (12%)

Grade

1 14 (43%)

2 16 (48%)

3 1 (3%)

Unknown 2 (6%)

Pre-PRRT treatment

Somatostatin receptor analogs 32 (97%)

Surgery 15 (45%)

Chemotherapy 8 (24%)

Locoregional 2 (6%)

Radiotherapy/90Y-PRRT 4 (12%)

Sunitinib or everolimus 3 (9%)

Sites of metastasis

Liver 31 (94%)

Bone 18 (55%)

Lymph nodes 24 (72%)

Peritoneum 8 (24%)

Risk factors for renal toxicity

Hypertension 18 (22%)

Diabetes 9 (17.6%)

Chemotherapy 8 (24%)
90Y-PRRT 3 (6%)

Number of 177Lu cycles

,4 7 (21%)

4 26 (79%)
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Toxicity was assessed according to the Common Terminology Cri-
teria for Adverse Events scoring system, version 5.0 (16). We also
assessed the effect of PRRT on renal function by calculating the
annual reduction in eGFR and by the change in CKD categories.

The Fisher exact test was used to test the relationship between
potential risk factors (age . 65 y, hypertension, diabetes, pre-PRRT
chemotherapy, age, and previous 90Y-PRRT) and renal function dete-
rioration (reduction in eGFR of .10%). P values of less than 0.05
were regarded as statistically significant.

Paired Wilcoxon signed-rank testing was used to compare the
HRQoL before and during 177Lu-DOTATATE treatment. The scores
were transformed to 0–100 scales, and the average scores after each
treatment were compared with baseline scores.

RESULTS

We identified 33 patients (8%) with CKD 3 (eGFR , 60 mL/
min/1.73 m2). Of these 33 patients, 26 patients had CKD 3a and 7
patients had CKD 3b. We followed these 33 patients for a median
of 38 mo (range, 13–73 mo),
The clinicopathologic features are summarized in Table 1: 17

patients were female and 16 were male, with mean age of 65 y
(range, 45–81 y).
The average administered activity of 177Lu-DOTATATE was

7.2 GBq per cycle. Most patients (n 5 26) completed 4 cycles of
treatment, with 3 patients having 3 cycles and 4 patients having 2
cycles (Table 1). The reasons for stopping treatment early in the 7
patients who had fewer than 4 treatment cycles were radiologic
progression in 4, clinical deterioration in 2, and prolonged bone
marrow toxicity in 1.

Common Terminology Criteria for Adverse Events grade 3 or 4
renal toxicity was recorded in 3 (9%) patients, all of whom com-
pleted 4 treatment cycles. Two of these patients developed acute
kidney injury due to acute terminal events (1 patient developed
sepsis; the other developed acute clinical deterioration and dehy-
dration). The eGFR of these 2 patients was stable before these
acute events. One patient (3%) developed a gradual decline in kid-
ney function and eventually began hemodialysis.
Permanent renal function deterioration (i.e., a reduction in eGFR

of .10%) was seen in 15 patients (45%) by the end of the follow-
up (Table 2). Kidney function improvement (eGFR increase by
.10%) was seen in 2 (6%) patients. The remaining 16 (48%)
patients had no significant change in their eGFR (Fig. 1).
The average annual eGFR reduction was 2.5% per year. Over-

all, 9 patients moved to a higher CKD category, with 8 patients
moving from CKD 3a to CKD 3b and 1 patient from CKD 3b to
CKD 5. There was no significant difference in toxicity profile
between patients with baseline CKD 3a and CKD 3b.
We evaluated the role of known potential risk factors for renal

toxicity (age . 65 y, hypertension, diabetes, previous chemother-
apy, and previous 90Y-PRRT) and found no statistically significant
factor (P 5 0.56, 0.56, 0.57, 0.24, and 0.20, respectively). The
presence of multiple renal risk factors was also not a statistically
significant predictor of renal toxicity (P 5 0.27).
Bone marrow toxicity (excluding lymphopenia) of any grade

was recorded in 16 patients (48%). Grade 3 or 4 bone marrow toxicity
(excluding lymphopenia) was recorded in 3 patients (9%); grade 3 ane-
mia, in 2 (6%); grade 3 leukopenia, in 1 (3%); grade 3 thrombocytope-
nia, in 1 (3%); and grade 3 or 4 lymphopenia, in 4 (12%) (Table 3).

TABLE 2
Risk Factors for Patients with Significant (.10%) Absolute Change in eGFR After Treatment with 177Lu-DOTATATE

Patient
no. Age (y)

Treatment
cycles (n)

Cumulative
administered
dose (MBq)

Risk factors for renal
toxicity

Baseline
eGFR

(mL/min/
1.73 m2)

Last recorded
eGFR

(mL/min/
1.73 m2)

Follow-up
(y)

Annual %
eGFR loss

1 64 4 30,689 HTN, DM 43 36 2.16 7.55

2 49 4 30,291 — 49 39 2.68 5.48

3 70 4 30,000 Age . 65, HTN 48 41 1.66 8.78

4 46 2 15,200 Chemotherapy, 90Y-PRRT 56 49 1.01 12.36

5 57 2 14,878 Age . 65,90Y-PRRT 43 34 5.12 4.09

6 81 4 29,708 Age . 65, HTN 39 15* 2.93 21.01

7 76 4 29,708 Age . 65, HTN 53 37 2.78 10.88

8 62 4 29,309 — 48 35 3.08 8.80

9 69 4 29,901 Age . 65, HTN, DM 49 44 4.66 2.19

10 73 4 28,791 Age . 65, chemotherapy 53 38 3.26 8.69

11 59 4 28,424 HTM, DM, chemotherapy 58 51 3.20 3.77

12 79 4 29,761 Age . 65 56 39 3.64 8.33

13 57 4 29,793 Chemotherapy 48 33 3.99 7.84

14 68 4 30,970 Age . 65, HTN,
chemotherapy

51 44 2.28 6.02

15 67 4 29,690 Age . 65 58 52 3.38 3.06

*Required hemodialysis.
HTN 5 hypertension; DM 5 diabetes mellitus.
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Survival analysis showed that the estimated median PFS for
the entire cohort (n 5 33) was 42 mo (95% CI, 36–47 mo) and
the estimated median overall survival was 47 mo (95% CI,
37–57 mo). The number of patients who died by the end of fol-
low-up was 16 (49%). The median follow-up time was 38 mo
(range, 13–73 mo).
End-of-treatment RECIST radiologic response assessment showed

a partial response in 33% (n 5 11), stable disease in 55% (n 5 18),
and progressive disease in 12% (n 5 4).
HRQoL analysis in our cohort showed a significantly improved

quality of life after 177Lu-DOTATATE based on the European
Organization for Research and Treatment of Cancer Quality-of-
Life Questionnaire–Gastrointestinal NET-21.
The overall average score improved from a baseline of 29.36

to an average of 24.93 (P 5 0.046) based on paired Wilcoxon
signed-rank testing. The other main area of improvement was
the endocrine score, which improved from 22.64 to 17.16 (P 5
0.041). The gastrointestinal symptom score decreased from
22.82 to 20.79 (P 5 0.440). The average disease-related worries
score decreased from 50.42 to 44.55 (P 5 0.082). The average
social functioning score decreased from 41.88 to 38.28 (P 5
0.337) (Fig. 2).

DISCUSSION

PRRT with 177Lu-DOTATATE is an es-
tablished therapeutic option for advanced,
metastatic well-differentiated NETs. It has
gained increasing popularity because of its
efficacy and relatively favorable safety
profile. However, safety data for PRRT in
patients with reduced renal function are lim-
ited. Caution has been advised in treating
patients with reduced renal function because
of the possibility that permanent renal dys-
function will develop (11).
The main aim of this study was to assess

the safety and efficacy of 177Lu-DOTA-
TATE in patients with baseline CKD 3. No
acute radiation nephritis was noted in our
cohort. Of the 3 patients with grade 3 or 4
nephrotoxicity after PRRT according to the
Common Terminology Criteria for Adverse
Events, 1 (3%) can potentially be attributed
to PRRT. Kidney function gradually deteri-
orated in this patient, and CKD 5 eventually
developed, requiring dialysis over 3 y. The
decline in kidney function was attributed to

persistent vomiting with poor oral intake, but we could not exclude
a contributory role of PRRT. Our finding of 3% incidence of grade
3 or 4 nephrotoxicity is slightly higher than the 0%–1.5% found in
other studies (1–3,17–20).
Less than half our patients (n 5 15) developed a reduction in

kidney function by the end of the study (.10% drop in eGFR).
We did not find any statistically significant correlation between
clinical risk factors and reduced renal function. Similarly, other
studies have not found any consistent risk factors to identify an
increased risk of reduced renal function in patients undergoing
treatment with 177Lu-DOTATATE (21,22). It would, however, be
prudent to be cautious in treating patients with reduced renal func-
tion and multiple renal risk factors.
We found that 2 patients (6%) had an improvement in their kid-

ney function. One of these patients had a mesenteric mass com-
pressing a horseshoe kidney. The subsequent reduction in the size
of the mesenteric mass reduced the renal compression and resulted
in better renal perfusion, which is likely the cause of the improve-
ment in function. The second patient’s improvement in eGFR was
likely related to improvement in general clinical condition after a
PRRT-related tumor response. The patient’s overall HRQoL score
improved from 28.3 to 15.0.

FIGURE 1. Clustered column graph representing annual percentage change in eGFR after
177Lu-DOTATATE treatment.

TABLE 3
PRRT-Related Hematologic Toxicity in Patients with CKD 3

Grade Anemia Leukopenia Thrombocytopenia Lymphocytopenia

1 10 (30%)* 1 (3%) 7 (21%) 4 (12%)

2 4 (12%) 4 (12%) 2 (6%) 8 (24%)

3 2 (6%) 1 (3%) 1 (3%) 4 (12%)

4 0 (0%) 0 (%) 0 (0%) 0 (0%)

*Six patients with baseline hemoglobin , lower normal limit.
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The average annual eGFR drop was 2.5%. This result is in line
with other 177Lu-PRRT studies on patients with normal or mildly
reduced eGFR. These studies reported an annual eGFR loss of less
than 4% (10,22). Extrapolating these results, if we consider a hypo-
thetical patient who had an average 2.5% eGFR loss per year and
started at a baseline eGFR of 30 mL/min/1.73 m2, this patient would
need more than 10 y after 177Lu-DOTATATE to reach CKD 5 and
potentially require dialysis. However, if the patient were at the
higher end (10%) of annual eGFR loss (which occurred in 3 patients;
i.e., ,10% of our cohort), the time to reach CKD 5 would decrease
to approximately 6–7 y. In the worst-case scenario, if the patient lost
more than 20% of baseline eGFR per year (which occurred in a sin-
gle treated patient), the patient would reach CKD 5 in approximately
3 y (Fig. 3).
Longitudinal studies have shown that GFR declines steadily

with age, beginning at age 30–40 y and further declining after age

65–70y (23). The average GFR decline cal-
culated in one study was estimated at ap-
proximately 0.75mL/min/y. Some of the
reduction in GFR may be due to the physio-
logic process of cellular senescence, which
is more marked in older patients (24). How-
ever, in patients with more than a 10%
reduction in GFR, physiologic decline alone
would not explain the drop.
Grade 3 or 4 bone marrow toxicity in

our cohort was 9%. This is slightly higher
than in our overall cohort (7%) or in the
NETTER-1 study (2%). This difference
could probably represent a higher bone
marrow dose due to prolonged radiation
exposure from longer circulating radiopepti-
des in patients with reduced renal excretion.
Similarly higher amounts of grade 3 or 4
bone marrow toxicity have been reported in
other studies on patients with impaired renal
function (25,26).
Survival analysis of our 33 patients

showed that the estimated median PFS and
median overall survival were 42mo (95% CI, 36–47mo) and
47mo (95% CI, 37–57 mo), respectively. The PFS was greater
than for the overall cohort of 395 patients at our center (PFS,
33mo; 95% CI, 28–36 mo). The prolonged circulation time of
radiopeptides may have resulted in a higher absorbed tumor dose,
which potentially resulted in longer PFS. However, tumor dosime-
try was not performed in this study.
The disease control rate was 88%, which is acceptable in patients

with progressive advanced metastatic NETs, some of whom will
have few other treatment options because of reduced renal function.
PRRT has been shown to improve the quality of life of patients

with NETs (1,27,28). Similarly, our study showed a quality-of-life
improvement in patients with CKD 3 after 177Lu-DOTATATE
treatment. 177Lu-DOTATATE was shown to significantly improve
the overall quality-of-life score (P 5 0.046) and the endocrine
symptom score (P 5 0.041). These data further support the use of
177Lu-DOTATATE in patients with reduced renal function.
There were a few limitations to this study; first, it was retrospec-

tive and thus had the associated inherent biases (e.g., selection bias
and lack of follow-up). However, we felt it would be useful to report
real-world data. Second, the sample size was relatively small. How-
ever, PRRT with 177Lu-DOTATATE in patients with reduced renal
function is considered a relative contraindication, and we feel these
data may be valuable to other centers. Given that this was a retro-
spective study and of relatively small sample size, confirmation of
these findings in a larger prospective, multicenter study with a for-
mal sample-size calculation would be useful. Third, because of prob-
lems in obtaining funding, some patients were treated after a delay
or as a later treatment line, potentially reducing PFS in PRRT
patients with more extensive disease. Finally, our institution is a ter-
tiary referral center, and some of our patients were followed up in
their local hospitals. In some cases, it was difficult to retrieve patient
follow-up information despite best efforts.

CONCLUSION

177Lu-DOTATATE PRRT appears to be generally safe in NET
patients with preexisting CKD 3. We found a low incidence of

FIGURE 2. Comparison of HRQoL before and after 177Lu-DOTATATE treatment.

FIGURE 3. Hypothetical drop in GFR from baseline of 30 mL/min/
1.73 m2 at different percentages (2.5%, 10%, and 20%) over time after
177Lu-DOTATATE treatment.
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grade 3 or 4 hematologic toxicity (9%) and permanent major neph-
rotoxicity (3%). The average annual eGFR loss was estimated at
2.5%. We found no significant risk factors for development of
reduced renal function. In our cohort of CKD 3 NET patients,
177Lu DOTATATE PRRT appears to have a good therapeutic
effect, with PFS of 42 mo and overall survival of 47 mo. Most
patients also had an improved quality of life.
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KEY POINTS

QUESTION: What are the efficacy and safety of 177Lu-DOTATATE
in patients with NETs and reduced renal function—that is, an
eGFR below 60 mL/min/1.73 m2?

PERTINENT FINDINGS: In this single-center retrospective analysis
of 33 NET patients, a permanent reduction of more than 10% in
eGFR of any grade was recorded in 45% of patients, with 1 patient
(3%) developing grade 4 nephrotoxicity. No significant relationship
was found between renal risk factors and a permanent reduction in
renal function.

IMPLICATIONS FOR PATIENT CARE: There is a low incidence
of grade 3 or 4 renal toxicity with 177Lu-DOTATATE; therefore,
patients with CKD 3 could be considered for treatment with
177Lu-DOTATATE.
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High levels of somatostatin receptor subtype 2 (SSTR2) are a prerequi-
site for therapy with unlabeled or labeled somatostatin analogs. How-
ever, it is still unclear how the heterogeneity of SSTR2 expression may
affect tumor response to therapy. The aim of our study was to test the
ability of an imaging parameter such as coefficient of variation (CoV)
derived from PET/CT with 68Ga-peptides in the evaluation and quantifi-
cation of the heterogeneity of SSTR2 expression within primary and
metastatic lesions of patients with neuroendocrine tumors. Methods:
Thirty-eight patients with pathologically proven neuroendocrine tumors
who underwent 68Ga-DOTATOC PET/CT were studied. Primary tumors
were localized in the gastroenteropancreatic, bronchopulmonary, and
other anatomic districts in 25, 7, and 6 patients, respectively. Malignant
lesions were segmented using an automated contouring program and
an SUV threshold of more than 2.5 or, in the case of liver lesions, a
threshold of 30% of the SUVmax. The imaging parameters SUVmean,
CoV, SUVmax, receptor-expressing tumor volume, and total lesion
receptor expression were obtained for each lesion. SUVmean, CoV, and
SUVmax were also obtained for representative volumes of normal liver
and spleen, as well as for the whole pituitary gland. Results: In total,
107 lesions were analyzed, including 35 primary tumors, 32 metastatic
lymph nodes, and 40 distant metastases. Average CoVs were 0.49 6

0.20 for primary tumors, 0.57 6 0.26 for lymph node metastases, and
0.44 6 0.20 for distant metastases. The CoVs of malignant lesions
were up to 4-fold higher than those of normal tissues (P # 0.0001).
Among malignant lesions, the highest CoV was found for bone metas-
tases (0.686 0.20), and it was significantly greater than that of primary
lesions (P 5 0.01) and liver metastases (P , 0.0001). On the other
hand, the lowest CoVwas found for liver lesions (0.326 0.07), probably
because of the high background uptake. Conclusion: Our findings
indicate that the heterogeneity of uptake, reflecting that of SSTR2,
varies with the type and site of malignant lesions as assessed by CoVs
obtained from 68Ga-DOTATOC PET/CT scans. These observations
may be related to different biologic characteristics of tumor lesions in
the same patient—differences that may affect their response to treat-
ment with both labeled and unlabeled somatostatin analogs.

KeyWords: somatostatin receptor 2; heterogeneity; coefficient of var-
iation; 68Ga-peptide PET/CT; neuroendocrine tumors
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Neuroendocrine neoplasms are a heterogeneous group of rare
tumors arising from the diffuse neuroendocrine cell system and
include both well-differentiated neuroendocrine tumors (NETs) and
poorly differentiated carcinomas. Grading of NETs is essentially
based on the rate of proliferation as assessed by Ki-67 staining (1). A
common property of well-differentiated NETs is overexpression of
somatostatin receptors (SSTRs), which constitute a target for therapy
with unlabeled and b-emitter–conjugated somatostatin analogs (2,3).
SSTRs belong to the large family of G protein–coupled receptors

that, on binding with their specific ligands, activate guanosine triphos-
phate–binding proteins, which, in turn, propagate a signaling cascade
using different second-messenger systems (4,5). Of the 5 known
SSTR subtypes, 1–5, the SSTR2 subtype is the most widely distrib-
uted in normal tissues and human tumors (6). High levels of SSTR2
have been found mainly in grade 1 and grade 2 NETs, for which a het-
erogeneous pattern of expression was also observed (7,8). Although
previous studies showed that high levels of SSTR2 could predict a
good response to therapy with somatostatin analogs and a prolonged
survival (7,8), it is still unclear how the heterogeneity of SSTR2
expression within a lesion or among different lesions in the same
patient may affect tumor response to therapy and clinical outcome.
SSTR2 displays a complex temporal and tissue-specific pattern

of expression involving several growth and transcriptional factors,
hormones, inflammatory cytokines, specific ligands, and microen-
viromental conditions (4,9). More recently, a growing body of
evidence indicates that SSTR2 expression can be regulated by
epigenetic mechanisms (10,11) such as DNA methylation and
histone acetylation. Furthermore, upregulation of SSTR2 has
been reported to occur through activation of NF-kB and MEK
signaling pathways in a model of Epstein–Barr infection of
nasopharyngeal carcinoma cells (12).
To test the predictive and prognostic value of intratumoral hetero-

geneity of SSTR2 expression and its possible role in the prediction
and evaluation of peptide receptor radionuclide therapy response,
some authors adopted a radiomic approach to extract several features
from PET/CT scans acquired with 68Ga-labeled analogs (13–17). In
particular, one of these studies (13) found that 4 parameters—that is,
entropy, correlation, short-zone emphasis, and homogeneity—were
able to predict both progression-free survival and overall survival in
patients who were candidates for peptide receptor radionuclide ther-
apy. Furthermore, receptor-expressing tumor volume (RETV) could
predict overall survival, whereas SUVmax and SUVmean did not
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correlate with survival. In another study (16), specific texture features
derived from 68Ga-DOTATOC and 18F-FDG PET/CT, including
intensity variability, size zone variability, zone percentage, entropy,
homogeneity, dissimilarity, and coefficient of variation (CoV), were
actually able to predict size, angioinvasion, and lymph node involve-
ment in pancreatic NETs.
Among the texture features for the assessment of tumor hetero-

geneity, CoV is a simple and easy-to-calculate first-order parame-
ter that indicates the percentage variability in SUVmean within the
tumor volume, reflecting the heterogeneity of tracer distribution
and hence SSTR variability in 68Ga-peptide examinations.
Although we are aware that radiomics is a powerful tool to

characterize tumor heterogeneity and to extract clinically relevant
subvisual information from PET images, the aim of the present
study was to test the ability of a first-order parameter such as CoV
derived from 68Ga-peptide PET/CT scans to quantify the heteroge-
neity of SSTR2 expression within primary and metastatic lesions
of NET patients.

MATERIALS AND METHODS

Patients
We studied 38 patients (25 men, 13 women; mean age, 60 6 14 y;

age range, 29–80 y) with pathologically proven NETs who underwent
68Ga-DOTATOC PET/CT at our institution. The study was approved by
the institutional review board, and all subjects signed an informed con-
sent form. The patients were examined at the time of first diagnosis or
during the course of disease, and 6 of them were reexamined during fol-
low-up; in total, therefore, 44 68Ga-DOTATOC scans were obtained and
evaluated. The primary tumor was localized in the gastroenteropancre-
atic district (25 patients: 16 pancreas, 6 midgut, and 3 mesentery), in the
bronchopulmonary district (7 patients), or in other anatomic districts
(6 patients). Tumor grade and Ki-67 proliferation index were available
for 30 patients. Among them, 11 patients were classified as grade 1, 16
as grade 2, and 3 as grade 3; Ki-67 was less than 3% in 11 patients,
between 3% and 20% in 16, and more than 20% in 3 (1). Ten patients
had primary tumor only, 9 patients had lymph node but not distant
metastases, and 19 patients had distant metastases with or without lymph
node metastases. The patient characteristics are shown in Table 1. Sev-
enteen 68Ga-DOTATOC PET/CT scans were obtained for patients who
had previously undergone surgery. When administered, previous treat-
ments such as chemotherapy, temozolomide, or everolimus were discon-
tinued at least 6 mo before the PET/CT scan. Furthermore, 18 scans
were obtained for patients under treatment with somatostatin analogs
using a standard regimen (30 mg intramuscularly once every 4wk),
because to avoid disease progression, discontinuation of therapy was not
clinically recommended. In these patients, somatostatin analogs were
administered on average 12.96 7.6 (SD) days before the PET/CT scan,
whereas the other patients receiving somatostatin analogs discontinued
somatostatin analogs more than 1 mo before the scan.

68Ga-DOTATOC Labeling
The radiopharmaceutical was prepared using a commercially available

kit (SomaKit TOC; Advanced Accelerator Application) containing
DOTATOC (edotreotide), a somatostatin analog with a high affinity for
SSTR2. Edotreotide labeling was performed following the manufac-
turer’s instructions. Briefly, 68Ga-chloride eluted directly from a
68Ge/68Ga generator (Eckert and Ziegler Radiopharma GmbH) was
added to 40 mg of peptide. The solution was immediately buffered and
heated to 95"C for 7 min using a hot plate. Finally, the product was
cooled at room temperature before use. All steps were performed under
sterile conditions, and the final product was subjected to thin-layer chro-
matography to verify labeling efficiency. In all labeling procedures, the

percentages of free and colloidal 68Ga were no more than 2% and 3%,
respectively.

68Ga-DOTATOC PET/CT Study
Sixty minutes after intravenous administration of 68Ga-DOTATOC

(135 6 25 MBq), patients underwent PET/CT using an Ingenuity TF
scanner (Philips Healthcare). CT imaging was performed using the fol-
lowing parameters: 120 kV, 80 mA, a 0.8-s rotation time, and a pitch of
1.5. The PET scan was acquired in 3-dimensional mode, from the top of
the skull to the upper thigh (3 min per bed position), at 6–8 bed positions
per patient, depending on height. Images were iteratively reconstructed
with ordered-subsets expectation maximization algorithm. Attenuation-
corrected emission data were obtained using filtered backprojection of
CT-reconstructed images. The resulting transaxial, sagittal, and coronal
PET, CT, and fusion images were preliminarily examined using the
Ingenuity TF software.

TABLE 1
Patient Characteristics

Characteristic Data

No. of patients 38

Age (y)

Mean 6 SD 60 6 14

Range 29–80

Sex

Female 13 (34%)

Male 25 (66%)

Type of NET

Gastroenteropancreatic 25 (66%)

Bronchopulmonary 7 (18%)

Other 6 (16%)

Grade

1 11 (29%)

2 16 (42%)

3 3 (8%)

Not determined 8 (21%)

Ki-67 (%)

,3 11 (29%)

3–20 16 (42%)

.20 3 (8%)

Not determined 8 (21%)

Lesion sites per patient

PT only 10 (26%)

PT 1 LNM 6 (16%)

PT 1 DM 6 (16%)

PT 1 LNM 1 DM 6 (16%)

LNM only 3 (8%)

DM only 3 (8%)

LNM 1 DM 4 (10%)

PT 5 primary tumor; LNM 5 lymph node metastases; DM 5

distant metastases.
Data are number, except for age.
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68Ga-DOTATOC PET/CT Image Analysis
Images were transferred in DICOM format to a workstation

equipped with the LIFEx program (18). All focal areas not attributable
to physiologic uptake of 68Ga-DOTATOC that showed morphologic or
structural alterations on the corresponding CT images were considered
positive. In cases of multiple liver or bone metastases, the lesion with
the highest SUVmax was analyzed, whereas coalescent lymph nodes
were considered a single lesion. A volume of interest (VOI) for each
positive lesion was obtained by drawing a 3-dimensional region around
the lesion using an automatic segmentation method (19,20) that groups
all spatially connected voxels within a predefined threshold. In particu-
lar, an SUV threshold of more than 2.5 was used for all lesions on the
basis of the mean SUVmax of the mediastinal blood pool plus 2 SDs.
The exception was liver metastases, for which, because of the high
physiologic liver uptake, a threshold of 30% of the SUVmax was used
to avoid inclusion of normal parenchyma in the VOI (21,22). In addi-
tion, the accuracy of tumor delineation was confirmed on the corre-
sponding CT images. By computed analysis of each VOI, the following
parameters were obtained: SUVmean, CoV (SD divided by SUVmean),
SUVmax, RETV, and total lesion receptor expression (TLRE), obtained
by multiplying SUVmean by RETV. In addition to tumor lesions, normal
organs with high physiologic uptake were also analyzed, thus obtaining
SUVmean, CoV, and SUVmax in representative volumes of liver and
spleen (using VOIs of the same size), as well as in the entire pituitary
gland. Representative images of VOIs drawn around malignant lesions
and within normal tissues are shown in Figure 1.

Statistical Analysis
Statistical analysis was performed using MedCalc software for

Microsoft Windows, version 10.3.2.0. A P value of less than 0.05 was
considered statistically significant. The Student t test was used to com-
pare means of unpaired data.

RESULTS

Forty-four 68Ga-DOTATOC PET/CT scans were acquired for 38
NET patients. In total, 107 lesions were analyzed, including 35 pri-
mary tumors (27 gastroenteropancreatic, 5 bronchopulmonary, and 3

in other anatomic districts), 32 lymph node metastases (20 regional
and 12 nonregional), and 40 distant metastases (21 in the liver, 10 in
the bones, and 9 in other anatomic sites [2 in the pancreas, 3 in the
spleen, 2 in the peritoneum, 1 in the thyroid, and 1 in the retroperito-
neum]) as shown in Table 2. The imaging parameters SUVmean,
CoV, SUVmax, RETV, and TLRE obtained for primary lesions,
lymph node metastases, and distant metastases are shown in Table 3.
In addition to tumor lesions, normal organs with high physiologic
uptake such as liver, spleen, and pituitary gland were also analyzed,
and the SUVmean, CoV, and SUVmax are reported in Table 4.
We first examined the effects of treatment with somatostatin ana-

logs on uptake in both tumor lesions and normal tissues by compar-
ing the SUVmax obtained for patients undergoing (n 5 18) or not
undergoing (n 5 26) therapy at the time of the 68Ga-DOTATOC
scan. As shown in Table 5, no statistically significant difference in
the SUVmax for malignant lesions (primary tumors, lymph node
metastases, and distant metastases) was found between treated and
untreated patients. In contrast, uptake was significantly reduced in
the normal liver (P , 0.0001), spleen (P , 0.0001), and pituitary
gland (P , 0.02) of treated patients. These data indicate that admin-
istration of somatostatin analogs using a standard regimen reduces
physiologic uptake of 68Ga-DOTATOC in normal organs without
affecting uptake in malignant lesions. Similarly, neither SUVmean

nor CoV in primary lesions (P 5 0.3515 and 0.2718, respectively),
lymph node metastases (P 5 0.4497 and 0.0748, respectively), and
distant metastases (P 5 0.1068 and 0.2128, respectively) statisti-
cally differed between patients under treatment and those who were
not. Therefore, the imaging parameters were analyzed in all patients
as a whole group.
SUVmean for primary lesions, lymph node metastases, and dis-

tant metastases was 8.70 6 7.53, 8.38 6 4.10, and 13.72 6 9.90,
respectively (Table 3). There was no statistically significant differ-
ence in SUVmean between primary lesions and lymph node metas-
tases (P 5 0.8507), whereas both were significantly lower than
distant metastases (P 5 0.0170 and 0.0056, respectively). More-
over, CoVs for primary lesions, lymph node metastases, and dis-
tant metastases were 0.49 6 0.20, 0.57 6 0.26, and 0.44 6 0.20,
respectively (Table 3). There were no statistically significant
differences in CoV between primary lesions and lymph node

FIGURE 1. 68Ga-DOTATOC PET/CT in patient with pancreatic NET.
(A) Coronal image showing primary tumor. (B and C) Transaxial images of
same section without (B) and with (C) overlay of VOIs drawn around pri-
mary tumor (blue VOI), within normal liver (green VOI), and within normal
spleen (pink VOI).

TABLE 2
Type and Number of Lesions Analyzed on 68Ga-DOTATOC

PET/CT Images

Lesion type n

Primary tumor 35

Gastroenteropancreatic tract 27

Bronchopulmonary tract 5

Other sites 3

Lymph node metastases 32

Regional basins 20

Nonregional basins 12

Distant metastases 40

Liver 21

Bone 10

Other sites 9

Total lesions 107
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metastases (P 5 0.1730) or distant metastases (P 5 0.3260),
whereas lymph node metastases had a significantly higher CoV
than did distant metastases (P 5 0.0253).
In a further analysis, distant metastases were divided into 3 sub-

groups, including liver, bone, and other metastatic lesions, and for

each subgroup SUVmean and CoVs were determined (Table 6).
The average SUVmean for liver, bone, and other metastatic lesions
was 17.09 6 11.61, 9.61 6 6.40, and 10.45 6 5.67, respectively.
No statistically significant differences in SUVmean were found
among the 3 subgroups of distant metastases. The CoVs for liver,
bone, and other metastatic lesions were 0.32 6 0.07, 0.68 6 0.20,
and 0.47 6 0.15, respectively. Bone metastases had a significantly
higher CoV than either liver lesions (P , 0.0001) or metastases at

TABLE 3
Imaging Parameters Obtained by 68Ga-DOTATOC PET/CT Analysis of Primary Tumors, Lymph Node Metastases, and

Distant Metastases

Parameter Mean 6 SD Median Range P*

SUVmax

Primary tumor 24.10 6 19.51 16.60 4.78–88.31 T vs. N 5 0.4559

Lymph node metastases 27.77 6 20.51 21.51 3.00–82.04 N vs. M 5 0.2256

Distant metastases 34.99 6 27.89 28.26 3.98–115.55 M vs. T 5 0.0573

SUVmean

Primary tumor 8.70 6 7.53 6.86 3.29–42.72 T vs. N 5 0.8507

Lymph node metastases 8.38 6 4.10 8.05 1.41–18.31 N vs. M 5 0.0056

Distant metastases 13.72 6 9.90 12.44 1.68–43.41 M vs. T 5 0.0170

CoV

Primary tumor 0.49 6 0.20 0.51 0.17–0.95 T vs. N 5 0.1730

Lymph node metastases 0.57 6 0.26 0.58 0.10–1.07 N vs. M 5 0.0253

Distant metastases 0.44 6 0.20 0.39 0.14–1.00 M vs. T 5 0.3260

RETV (mL)

Primary tumor 25.07 6 34.75 10.69 2.43–178.24 T vs. N 5 0.0879

Lymph node metastases 13.26 6 17.42 7.04 0.80–82.04 N vs. M 5 0.0044

Distant metastases 33.68 6 36.04 18.97 2.11–136.25 M vs. T 5 0.2972

TLRE (g)

Primary tumor 309.83 6 813.83 63.29 15.80–4766.19 T vs. N 5 0.2616

Lymph node metastases 142.56 6 195.34 71.25 2.99–766.21 N vs. M 5 0.0028

Distant metastases 601.23 6 816.25 258.38 3.56–2908.85 M vs. T 5 0.1268

*Unpaired t test (T 5 primary tumor; N 5 lymph node metastases; M 5 distant metastases).

TABLE 4
Imaging Parameters Obtained by 68Ga-DOTATOC PET/CT
Analysis of Normal Organs with High Physiologic Tracer

Uptake Such as Liver, Spleen, and Pituitary Gland

Parameter Mean 6 SD Median Range

SUVmax

Liver 9.07 6 3.45 9.37 3.12–19.90

Spleen 24.56 6 11.61 21.89 5.23–46.35

Pituitary gland 6.03 6 2.58 5.88 0.99–12.00

SUVmean

Liver 5.94 6 2.60 5.82 1.84–11.27

Spleen 18.48 6 9.71 18.89 3.00–35.63

Pituitary gland 3.95 6 0.74 3.89 1.13–5.30

CoV

Liver 0.16 6 0.07 0.14 0.06–0.44

Spleen 0.16 6 0.09 0.14 0.06–0.56

Pituitary gland 0.29 6 0.11 0.26 0.09–0.63

TABLE 5
SUVmax in Malignant Lesions and Normal Tissues in

Patients Treated or Not Treated with Somatostatin Analogs

Tissue type No SSA therapy SSA therapy P

Primary lesion 25.08 6 22.49 22.44 6 13.75 NS

Lymph node
metastasis

22.22 6 22.25 31.57 6 18.89 NS

Distant
metastasis

22.49 6 13.97 40.34 6 30.74 NS

Normal liver 10.76 6 3.11 6.55 6 2.21 ,0.0001

Normal spleen 32.40 6 8.92 15.49 6 6.69 ,0.0001

Normal pituitary 7.03 6 2.18 4.48 6 2.43 ,0.02

NS 5 not significant.
Data are mean 6 SD.
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other sites (P 5 0.0269). A significant difference was also found
between the CoVs for liver and the CoVs for other metastatic
lesions (P 5 0.0006). Therefore, the greatest heterogeneity of
uptake reflecting SSTR expression was found in bone lesions,
compared with the other distant metastases.
Furthermore, the CoV was significantly higher for bone metasta-

ses than for primary lesions (P 5 0.0132) but did not significantly
differ from that for lymph node metastases (P5 0.2330). In contrast,
the CoV was significantly lower for liver metastases than for primary
lesions (P 5 0.0005) or lymph node metastases (P 5 0.0001). On
the other hand, no statistically significant differences in CoV were
found between metastases at other sites and primitive lesions (P 5

0.8327) or lymph node metastases (P 5 0.3138). Finally, as
expected, the mean CoV was significantly higher (P # 0.0001) for
primary lesions, lymph node metastases, and distant metastases than
for normal liver, spleen, and pituitary gland.
Values of conventional parameters such as SUVmax and volumet-

ric parameters such as RETV and TLRE obtained for tumor lesions
are shown in Table 3. SUVmax was 24.10 6 19.51 for primary
lesions, 27.77 6 20.51 for lymph node metastases, and 34.99 6

27.89 for distant metastases. No statistically significant differences
in SUVmax were found among these 3 groups of lesions, although
the SUVmax of distant metastases tended to be higher than that of
primary lesions (P 5 0.0573). RETV and TLRE were 25.07 6
34.75 and 309.83 6 813.83, respectively, for primary lesions;
13.26 6 17.42 and 142.56 6 195.34, respectively, for lymph node
metastases; and 33.68 6 36.04 and 601.23 6 816.25, respectively,
for distant metastases. RETV and TLRE were significantly greater
for distant metastases than for lymph node metastases (P 5 0.0044
and 0.0028, respectively), whereas RETV and TLRE did not signif-
icantly differ between primary lesions and lymph node metastases
(P 5 0.0879 and 0.2616, respectively) or distant metastases (P 5

0.2972 and 0.1268, respectively).

DISCUSSION

Our study showed that all malignant lesions had up to a 4-fold
higher CoV than normal tissues. In particular, the highest CoV

was found for bone metastases, followed by lymph node metasta-
ses and primary lesions, reflecting the variable expression of
SSTR depending on type and site of lesion. These findings suggest
that, because of receptor heterogeneity among lesions, the biologic
behavior of tumor cells may vary at different sites, leading to dif-
ferent patterns of tumor growth and progression and to different
responses to targeted therapy with somatostatin analogs.
On the other hand, liver metastases, despite having the highest

uptake, showed the lowest CoV among the 3 groups of distant metas-
tases. The reason could be that metastatic cells infiltrate and prolifer-
ate within a tissue with a high and homogeneous physiologic uptake
such as normal liver. In fact, to avoid inclusion of normal parenchyma
in the tumor VOI, we used a percentage segmentation threshold dif-
ferent from that of all other lesions, and the accuracy of the tumor-
contouring procedure was carefully checked on the corresponding CT
images. However, it cannot be ruled out that normal liver parenchyma
may be interspersed with clusters of metastatic cells within the lesion.
Previous studies evaluated the heterogeneity of SSTR expression

by texture analysis determining the prognostic value of several tex-
ture parameters such as entropy and homogeneity in NET patients
(23,24). In our study, we used a simple first-order parameter such as
CoV that was able to reveal and quantitate the heterogeneity of
receptor expression in malignant lesions, depending on their type
and site. Furthermore, our observations may provide methodologic
clues for texture analysis of NETs since metastatic lesions in differ-
ent districts cannot be analyzed together because they can have a dif-
ferent predictive value on tumor response and final outcome due to
significantly different heterogeneity. Moreover, using a texture analy-
sis approach, the repeatability and reproducibility of texture features
are a major issue. In this respect, CoV measurements depend on the
same factors as those that affect conventional parameters such as
SUVmax and SUVmean, and we used an automated contouring pro-
gram to standardize the procedure as much as possible.
The site-dependent pattern of SSTR2 heterogeneity in malignant

lesions may be caused by the different microenvironmental condi-
tions at the various sites. Accumulating evidence indeed indicates
that a dynamic cross-talk exists between NET cells and tumor
stroma, since NET cells produce a large spectrum of proangiogenic

TABLE 6
Imaging Parameters Obtained by 68Ga-DOTATOC PET/CT Analysis of Liver, Bone, and Other Distant Metastases

Parameter Mean 6 SD Median Range P*

SUVmax

Liver metastases 37.98 6 31.13 28.49 6.87–115.55 L vs. B 5 0.8234

Bone metastases 35.33 6 29.61 18.83 3.98–94.90 B vs. O 5 0.5038

Other metastases 27.61 6 17.27 34.72 5.36–51.79 O vs. L 5 0.3586

SUVmean

Liver metastases 17.09 6 11.61 13.40 4.47–43.41 L vs. B 5 0.0684

Bone metastases 9.61 6 6.40 6.19 1.68–21.85 B vs. O 5 0.7651

Other metastases 10.45 6 5.67 14.23 3.43–16.54 O vs. L 5 0.0600

CoV

Liver metastases 0.32 6 0.07 0.33 0.14–0.46 L vs. B , 0.0001

Bone metastases 0.68 6 0.20 0.61 0.42–1.00 B vs. O 5 0.0269

Other metastases 0.47 6 0.15 0.50 0.20–0.65 O vs. L 5 0.0006

*Unpaired t test (L 5 liver metastasis; B 5 bone metastases; O 5 other metastases).
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and profibrotic factors inducing a high intratumoral microvascular
density and fibrotic complications whereas stromal cells such as
fibroblasts, endothelial cells, and inflammatory cells produce sev-
eral growth factors and cytokines that can modulate proliferation
and likely receptor expression in NET cells (9).
In our study, we also evaluated the possible effect of therapy with

somatostatin analogs on the uptake of 68Ga-peptide in tumor lesions
and normal tissues. We showed that, between treated and untreated
patients, there were no significant differences in SUVmax for primary
lesions, lymph node metastases, and distant metastases, whereas
SUVmax was significantly lower for normal liver, spleen, and pitui-
tary gland in treated patients than in untreated patients. These find-
ings indicate that administration of standard doses of somatostatin
analogs reduces uptake of 68Ga-peptide in high-capacity, low-affinity
compartments such as normal liver and spleen but has no detectable
effects on uptake in low-capacity, high-affinity compartments such
as malignant lesions. It is likely that the standard doses of peptide
usually prescribed to NET patients do not reach the large excess of
cold peptide probably needed to compete with 68Ga-peptide for
receptor binding in tumor cells. On the other hand, it is well known
that binding of somatostatin analogs to SSTR2 is followed by recep-
tor internalization and that this process may reduce receptor density
on the plasma membrane. However, there is evidence that prolonged
treatment with somatostatin analogs may cause receptor upregulation
(5), probably depending on cell context and microenviromental con-
ditions. These findings taken together may be useful in clinical prac-
tice, as discontinuation of therapy with somatostatin analogs in
patients undergoing PET/CT with 68Ga peptides might be avoided
without affecting the results of the diagnostic scan.

CONCLUSION

Our study showed that a simple parameter obtained by 68Ga-
DOTATOC PET/CT image analysis such as CoV allows the eval-
uation of uptake heterogeneity in tumor lesions in different
anatomic districts. The heterogeneity of uptake reflects that of
SSTR expression and may therefore be related to different biologic
characteristics of tumor lesions in the same patient, potentially
predicting a differential tumor response to treatment with both
labeled and unlabeled somatostatin analogs.
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KEY POINTS

QUESTION: Can heterogeneity of SSTR2 expression easily be
evaluated by 68Ga-peptide PET/CT in a clinical context?

PERTINENT FINDINGS: Heterogeneity of SSTR2 was measured
by CoV derived from 68Ga-peptide PET/CT performed on NET
patients. The highest CoV was found for bone metastases,
followed by lymph node metastases and primary lesions.

IMPLICATIONS FOR PATIENT CARE: The heterogeneity of
68Ga-DOTATOC uptake, reflecting that of SSTR2, varies with the
type and site of malignant lesions and may affect the response to
treatment with both labeled and unlabeled somatostatin analogs.
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Analysis of Short-Term and Stable DNA Damage in Patients
with Differentiated Thyroid Cancer Treated with 131I in
Hypothyroidism or with Recombinant Human Thyroid-
Stimulating Hormone for Remnant Ablation
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It is well known that ionizing radiation can induce genetic damage and
that oxidative stress is a major factor inducing it. Our aim was to inves-
tigate whether thyroid remnant ablation with low activities of 131I
(1,850 MBq) is associated with DNA damage by evaluating the Com-
etAssay, micronuclei, and chromosome aberrations with multicolor
fluorescent in situ hybridization. Methods: We studied 62 patients
prepared with recombinant human thyroid-stimulating hormone
(rhTSH) or by thyroid hormone withdrawal. In both groups, we ana-
lyzed stable and unstable genetic alterations before 131I therapy and
1wk and 3 mo after 131I administration. We also correlated the genetic
damage with several variables, including the degree of radiation-
induced oxidative stress, genetic polymorphisms of enzymes involved
in DNA repair, and antioxidative stress. Results: We found a compa-
rable amount of DNA breaks evaluated by CometAssay and micronu-
clei testing in both groups of patients at different time points, but there
was a significant increase in stable chromosome aberrations evalu-
ated by multicolor fluorescent in situ hybridization (breaks and translo-
cations) in patients prepared with thyroid hormone withdrawal.
Overall, high chromosome damage was associated with higher
retained body radioactivity and unfavorable gene polymorphism. A
high level of free oxygen radicals and a low level of antioxidants were
found in all patients at any time point. In particular, patients prepared
with thyroid hormone withdrawal, at 3 mo, had significantly higher
levels of free oxygen radicals than those prepared with rhTSH.
Conclusion: An increase in stable chromosome aberrations with
respect to baseline is detectable after administration of low doses of
131I in patients prepared with thyroid hormone withdrawal but not in
patients prepared with rhTSH. The clinical significance of these chro-
mosomal alterations remains to be determined.

Key Words: 131I; radiation-induced genetic damage; hypothyroidism;
rhTSH; gene polymorphism; free oxygen radicals
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In clinical practice, 131I is used for thyroid remnant ablation in
patients who undergo thyroidectomy for differentiated thyroid car-
cinoma. Radionuclide therapy has been reported to induce harmful
effects on cells and tissues (1–7). Indeed, several reports have
shown chromosomal damage induced by 131I, although only chro-
mosomes 1, 2, 4, 8, and 10 have been analyzed (8–12). Despite this
controversial issue (3,5,13–19), a significant reduction in ablative
treatments has been observed in the last decade. Therefore, it is
important to better elucidate the possible presence of stable genetic
damage and of radioinduced oxidative stress after treatment with
131I. Furthermore, gene polymorphisms that alter the repair of
DNA damage should also be investigated (20).
Recombinant human thyroid-stimulating hormone (rhTSH) has

effectively been used for exogenous stimulation before 131I ablation
therapy, although it is not yet widely used for preparation of
patients receiving high therapeutic amounts of radioiodine (5). The
main aim of this study was to investigate whether the relatively low
administered activities of 131I for thyroid remnant ablation are asso-
ciated with some stable chromosome damage. Secondary aims
were to analyze the level of baseline (i.e., before remnant ablation)
genetic damage and oxidative stress in patients with differentiated
thyroid carcinoma; to evaluate the role of different DNA repair and
antioxidative genes in the occurrence of genetic damage and oxida-
tive stress by analyzing genetic polymorphisms in patients; and to
evaluate whether the yield of damage is comparable in patients pre-
pared by rhTSH or by hypothyroidism.

MATERIALS AND METHODS

Patients
A group of 62 patients to be treated with 1,850 MBq (50 mCi) of

131I were randomly assigned to 2 cohorts: 31 patients in hypothyroid-
ism (HYPO group) (40-d suspension of levothyroxine and replacement
with triiodothyronine for the first 25 d) and 31 patients in euthyroidism
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injected with rhTSH (rhTSH group) (1 mg 2 d before 131I and 1mg
1 d before 131I).

Patients were matched for age, sex, pathologies, and lifestyle habits;
were nonsmokers; and were being administered no drugs. Patients
with other primary tumors or previously treated with radiotherapy or
receiving drugs with an effect on oxidative status or on the immune
system were excluded. All patients were on a low-iodine diet for 10 d
before therapy. The study was approved by local Ethics Committee
(approvals 736/2014 and 241 SA_2017), and all subjects gave written
informed consent. Patient recruitment lasted 15 mo; the study was
completed in 2 y.

The radiation exposure rate was measured at a 1-m distance at the
time of 131I administration (baseline), after 24 h, and after 48 h, as an
indirect measurement of residual body activity. Patients with less than
20 mSv/h at 48 h were discharged from the hospital. Those with more
than 20 mSv/h were counted again after 72 h.

Sampling
In all patient cohorts, 10 mL of blood were withdrawn in lithium

heparin.
Before treatment with 131I in euthyroidism (when sampling for thera-

peutic purposes was scheduled), blood was immediately processed for
micronuclei, translocations, DNA breaks (CometAssay; Bio-Techne
Corp.), thyroglobulin levels, creatinine, glomerular filtration rate esti-
mated with the Chronic Kidney Disease Epidemiology Collaboration
formula (epi-GFR) (21), thyroid stimulating hormone (TSH), plasma
reactive oxygen metabolite-derived compounds (d-ROMs), plasma
anti–reactive oxygen metabolite potential (anti-ROMs), and single-
nucleotide polymorphisms (SNPs).

One week after 131I treatment (when sampling for therapeutic pur-
poses was scheduled), blood was immediately processed for micronu-
clei, CometAssay, d-ROMs, and anti-ROMs.

Three months after 131I treatment (when sampling for follow-up pur-
poses was scheduled), blood was processed for micronuclei, transloca-
tions, CometAssay, thyroglobulin, TSH, d-ROMs, and anti-ROMs.

Cell Culture Conditions
Half-milliliter blood samples from patients were diluted with

4.5mL of complete medium in a culture flask and incubated at 37"C
in a humidified atmosphere with 5% CO2. The culture medium was
RPMI 1640 (Euroclone) supplemented with 20% heat-inactivated fetal
bovine serum (Euroclone), penicillin (10,000 units/mL) and strepto-
mycin (10 mg/mL) (Biologic Industries), and 1% L-glutamine (Euro-
clone). T lymphocytes were stimulated to divide for 72 h using 2%
phytohemagglutinin (Gibco) in the culture medium.

Micronucleus Assay
To obtain binucleated cells, cytochalasin B (6mg/mL) (Sigma

Aldrich) was added to the culture medium 24 h before harvesting, as
previously described (22). Briefly, cells were pelleted by centrifugation
(8 min at 12,000 rpm), resuspended in 0.075 M KCl, and incubated for
2 min at 37"C. The suspension was fixed 3 times in freshly prepared
modified Carnoy solution (5:1 v/v methanol/acetic acid). Binucleated
cells were dropped onto slides, air-dried, and counterstained with
4,6-diamidino-2 phenylindole (Sigma Aldrich) in Vectashield antifade
(Vector Laboratories). Micronuclei were identified according to the fol-
lowing criteria: the micronuclei were in cytoplasm and had a diameter
of less than a third of the whole nucleus; they were circular or oval, and
their staining and refractivity were in accordance with that of the whole
nucleus; and their structures were similar to those of the whole nucleus,
with complete separation and no other nearby fragments or impurities.
Images were captured with the Metacyte module of Metafer automated
capture software (MetaSystems) at 340 magnification using an
Axio Imager Z1 microscope (Zeiss) equipped with a Cool Cube 1

(charge-coupled device) camera (MetaSystems). At least 1,000 binucleated
cells for each patient were analyzed under each experimental condition.

CometAssay
The CometAssay technique was used to evaluate the frequency of

double-strand breaks and single-strand breaks induced by 131I.
The alkaline CometAssay was performed as described by Giovanetti

et al. (23). Twenty microliters of whole blood were gently resuspended
in 180 mL of 0.7% low-melting-point agarose in phosphate-buffered
saline (calcium- and magnesium-free) at 38"C and immediately pipet-
ted onto a warm frosted glass microscope slide precoated with a layer
of 1% normal-melting-point agarose in phosphate-buffered saline. Cov-
erslips were applied, and the slides were set at 4"C to solidify the aga-
rose. The coverslips were then removed, and the slides were incubated
in a lysis solution (2.5 M NaCl, 10 mM Tris-HCl, 100 mM Na2 ethyl-
enediaminetetraacetic acid, NaOH to pH 10, 1% Triton X-100 (Thermo
Fisher Scientific), and 10% dimethyl sulfoxide) for 45 min. After this
step, all the operations were performed at 4"C under dim light. After
lysis, the slides were rinsed for 10 min with electrophoresis buffer
(1mM Na2-ethylenediaminetetraacetic acid, 300 mM NaOH, pH 13)
and placed for 20 min onto a horizontal electrophoresis unit containing
the same electrophoresis buffer to allow DNA unwinding. Electropho-
resis was conducted with the Sub-Cell GT System (15 Å to $25 cm)
equipped with Power Pack 300 (Bio-Rad Laboratories Inc.) for 15 min
(25 V, 300 mA). Subsequently, the slides were gently washed in neu-
tralization buffer solution for 5 min (0.4 M Tris-HCl, pH 7.5), dehy-
drated with an ethanol series (70%, 85%, and 100%), dried at room
temperature, and stored. When not otherwise indicated, all chemicals
were purchased from Sigma Aldrich.

For microscopy analysis, the slides were stained with ethidium bro-
mide (10 mg/mL) immediately before being analyzed at 3400 magni-
fication by a fluorescent Axiolab Zeiss microscope (Carl Zeiss AG).

The slides were analyzed using a fluorescence microscope (Leica)
equipped with a camera. On each slide, coded and (with masking)
scored, 200 comets were acquired using the I.A.S. software automatic
image analysis system (Delta Sistemi).

Collection of Chromosome Spreads and Multicolor
Fluorescent In Situ Hybridization (M-FISH)

The M-FISH analysis was used to quantify stable genomic damage
due to 131I. We analyzed the following in particular: exchanges (both
simple exchanges, caused by 2 breaks on 2 different chromosomes
[reciprocal and nonreciprocal], and complex exchanges, due to 3 or
more breaks on 2 or more chromosomes); acentric fragments; and total
breaks (as the total number of breakpoints involved in simple and
complex exchanges and acentric fragment observed).

Chromosome spreads were obtained after 3 h of incubation in 5 3

106 M colchicine (Sigma Aldrich). Metaphase spreads were prepared
following standard cytogenetic procedures, consisting of treatment
with a hypotonic solution (0.075 M KCl) for 20 min at 37"C followed
by fixation in freshly prepared Carnoy solution (3:1 v/v methanol/
acetic acid).

Fixed cells were dropped onto glass slides and hybridized with the
24XCyte Human M-FISH Probe Kit (MetaSystems), as previously
reported (24,25). Briefly, the slides were denatured in 0.07N NaOH and
then rinsed in a graded ethanol series. Meanwhile, the probe mix was
denatured using an MJ mini personal thermal cycler (Bio-Rad Labora-
tories) with the following program: 5 min at 75"C, 30 s at 10"C, and
30 min at 37"C. Probes were added to the slides, and a coverslip was
added and sealed using rubber cement. Samples were then hybridized
in a humidified chamber at 37"C for 48 h, washed in saline–sodium cit-
rate buffer for 5 min at 75"C, and counterstained with 4,6-diamidino-2
phenylindole (Sigma Aldrich) in Vectashield antifade (Vector Labora-
tories). Finally, images were captured with the M-search module of
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Metafer software (MetaSystems) at 363 magnification using an Axio
Imager Z1 microscope (Zeiss) equipped with a Cool Cube 1 camera
(MetaSystems). At least 100 metaphases were analyzed for each patient
under each experimental condition. The karyotyping and cytogenetic
analyses of each single chromosome were performed using the ISIS
software (MetaSystems).

Genotyping (SNPs)
Genomic DNA was isolated from blood samples using the X-tractor

Gene system (Corbett Life Science). Reference sequences for each
gene were obtained from NCBI GenBank database. The sequences of
selected primers are reported in Supplemental Tables 1 and 2 (supple-
mental materials are available at http://jnm.snmjournals.org). Locus-
specific PCR and extension primers were designed by Genotyping
Tools and the MassArray Assay Design 4.0 software (Sequenom Inc.).

The SNPs analyzed were XRCC1 G28152A (rs25487), XRCC3
A4541G (rs1799794), XRCC3 C18067T (rs861539), and RAD51
G315C (rs1801320) for enzymes used to repair single-strand DNA
breaks (DNA1 package) and CAT C-262T (rs1001179), OGG1
Ser326Cys (rs1052133), NOS3 Glu298Asp (rs1799983), PON1A575G
(rs662), PON1 C-108T (rs705379), and MPO G-463A (rs2333227) for
enzymes used to scavenger activity of free oxygen (DNA2 package).

Genotyping of XRCC1 G28152A (rs25487), XRCC3 A4541G
(rs1799794), XRCC3 C18067T (rs861539), and RAD51 G315C
(rs1801320) was performed by pyrosequencing technology, using the
PyroMark Q48 Autoprep system (Qiagen) according to manufacturer
directions. Both the amplification and the sequencing primers were
obtained by the PSQ Assay Design software (Qiagen).

The region covering the SNPs of interest was amplified by polymer-
ase chain reaction (PCR). The PCR conditions were 95"C for 3 min, 40
cycles with denaturation at 95"C for 30 s, annealing at 56"C for 30 s,
elongation at 72"C for 30 s, and a final extension step at 72"C for
5 min. PCR was performed in a final volume of 25 mL, containing 70 ng
of genomic DNA, 10 pmol of each primer, 0.2 mM dNTPs, PCR buffer,
1 U of Taq DNA polymerase (Takara Bio Inc.), and 1 mM MgCl2 for
XRCC1 G28152A, XRCC3 C18067T, and RAD51 G315C, whereas
1.5 mMMgCl2 was used for XRCC3 A4541G amplification (26).

The other SNPs were genotyped by the SequenomMassArray iPLEX
platform (Sequenom). Twenty nanograms of genomic DNA were stan-
dardized for genotyping of each sample. According to the manufac-
turer’s instructions, the DNA samples were amplified by a multiplex
PCR and treated with shrimp alkaline phosphate. The PCR products
were then used for locus-specific single-base extension reaction. The
resulting products were desalted and transferred to a 96-SpectroCHIP
array. The alleles were discriminated by matrix-assisted laser desorption
ionization time-of-flight mass spectrometry. Data were processed and
analyzed by SequenomMassArray TYPER 4.0 software.

For each heterozygote mutation, we assigned a score of 0.5, and for
each homozygote mutation, we assigned a score of 1. The total muta-
tion score for DNA-1 and DNA-2 enzyme packages was calculated
for each patient.

Oxidative Stress and Antioxidant Capacity
d-ROMs and anti-ROMs were measured with Diacron kits (Diacron

International). The d-ROMs test measures the oxidant ability of a
plasma sample toward a particular substance (modified aromatic
amine) used as an indicator (chromogen). The change in absorbance
per unit time (calculated on the basis of a serum with known title) is
expressed in conventional units (CARR U). The reference range is
less than 300 CARR U (27).

The anti-ROMs test measures the antioxidant capacity of plasma,
expressed as iron-reducing activity. The method has been engineered
to have 2 phases: the first phase (first minute) provides the value of
the so-called fast antioxidants (anti-ROMsF) (i.e., those that act

quickly, such as vitamin C or vitamin E), and the second phase pro-
vides the value of the so-called slow antioxidants (anti-ROMsS) (such
as thiol groups, sulfhydryl groups [-SH], uric acid, or polyphenols).
The test reference values in a healthy population are more than 200
mEq/L for fast antioxidants and more than 1,000 mEq/L for slow anti-
oxidants (28).

Statistical Analysis
Sample size was calculated on the basis of the results of M-FISH

translocations observed in an unpublished previous pilot study on 10
patients. We hypothesized a clinically meaningful difference of 0.8 for
mHYPO 2 mrhTSH, with an SD of 1.1 and setting a to 0.05 with 80%
power. The calculated total sample size was 62 patients, namely 31 per
group.

Continuous variables are presented as mean 6 SD when data were
normally distributed or as median and 95% CI otherwise. Categoric
variables are expressed as absolute frequencies and percentages.

The association of group (HYPO vs. rhTSH) with sex, pT1, pT3,
and papillary and follicular histologic type was evaluated by the x2 test,
whereas the association with pT2, pT4, and N1 was evaluated by the
Fisher exact test because the expected frequencies were less than 5.
The Shapiro–Wilk test was used to test the normality of the continuous
variables and of the residuals, whereas homoscedasticity was verified
by checking the studentized residuals. For continuous variables, dif-
ferences between groups (HYPO vs. rhTSH) were compared by the
Student t or Mann–Whitney test. A generalized linear mixed model
for repeated measures with a gaussian distribution and an identity link was
used to verify differences in d-ROMs, anti-ROMsS, and anti-ROMsF at
baseline, 1wk, and 3mo in the HYPO group versus the rhTSH group. The
Tukey method was used to correct the P values for multiple comparisons.

To understand which variables may influence the break or total
exchange at the 3-mo time point in HYPO and rhTSH patients, we
used a generalized linear mixed model with a negative binomial func-
tion and a logarithmic link, with independent variables consisting of
age; sex; breaks or total exchanges at baseline; radiation exposure rate
at 48 h; anti-ROMsF, anti-ROMsS, and d-ROMs at baseline and 3mo;
and DNA-1, DNA-2, and epi-GFR at baseline.

To evaluate differences in micronuclei and CometAssay between
the 3 temporal points (baseline, 1 wk, and 3 mo) relative to HYPO
versus rhTSH, we applied a generalized linear mixed model for
repeated measures with a negative binomial/gaussian distribution and
a logarithmic/identity link (respectively), and the Tukey method was
used to correct for multiple comparisons.

Finally, a generalized linear mixed model with a negative binomial
distribution and a logarithmic link was used to assess differences in
breaks and total exchanges between baseline and 1 wk in the HYPO
group versus the rhTSH group. The Tukey method was used to correct
for multiple comparisons.

A P value of less than 0.05 was considered statistically significant.
Data were analyzed by SAS, version 9.4 (SAS Institute Inc.).

RESULTS

All patients completed the 1-y follow-up. None dropped out,
but 2 patients did not consent to analysis of DNA polymorphisms,
and in 3 patients of the rhTSH group we did not measure d-ROMs
and anti-ROMs. The mean age of the 2 groups did not signifi-
cantly differ (Table 1), but a significant difference was seen in the
levels of TSH, thyroglobulin at the time of 131I, creatinine, and
epi-GFR.
Administration of rhTSH was well tolerated. All patients had

efficient ablation as evaluated by unstimulated thyroglobulin levels
at 3 mo after therapy and by rhTSH-stimulated thyroglobulin lev-
els at the 12-mo follow-up.
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The radiation exposure rate at 1 m was higher in HYPO patients
on days 1 and 2 than in rhTSH patients (median, 36 vs. 24 mSv/h on
day 1 and 16 vs. 9 mSv/h on day 2; both P , 0.0001; Table 1).
Most patients were dismissed on day 2, but 4 patients from the
HYPO group were dismissed on day 3 and 11 patients from the
rhTSH group were dismissed on day 1, confirming the lower resid-
ual body activity in rhTSH patients than in HYPO patients. The cal-
culated area under the curve for the exposure rate through 120 h was
27% lower in rhTSH patients than in HYPO patients, reflecting
lower residual body activity (Fig. 1).

Micronucleus and CometAssay
Micronucleus values did not differ between the HYPO and

rhTSH group or between the same group at 1 wk and 3 mo after
treatment (Fig. 2).
The CometAssay showed no differences between the HYPO and

rhTSH groups. However, all patients showed a statistically signifi-
cant increase in damage at 1 wk (P, 0.0001), followed by a reduc-
tion at 3 mo (P , 0.0001), although not yet reaching the basal
values (Fig. 3).

M-FISH
Results are reported in Figure 4 and Table 2. In particular, breaks

and total exchanges in patients belonging to the HYPO group sig-
nificantly increased from the basal sample to the 3-mo sample (in
both, P 5 0.004). By contrast, in patients belonging to the rhTSH
group, no significant increase in breaks or total exchanges was
found between the basal sample and the 3-mo sample. Overall, 19
of 32 patients from the rhTSH group had no increase or even a
reduction in the number of chromosome breaks, as compared with

8 of 32 patients from the HYPO group. If we consider the total
exchanges, 23 of 32 patients from the rhTSH group had no increase
or even a reduction in the number of chromosome exchanges, as
compared with 11 of 32 patients from the HYPO group.

TABLE 1
Differences in Clinical and Biochemical Variables Between HYPO and rhTSH Groups

Variable HYPO rhTSH P

Age (y) 47.64 6 11.18 (43.54–51.75) 48.64 6 11.53 (44.42–52.87) 0.73

Sex 0.32

Male 4 (12.90%) 7 (22.58%)

Female 27 (87.10%) 24 (77.42%)

pT1 18 (58.06%) 20 (64.52%) 0.60

pT2 5 (16.13%) 1 (3.23%) 0.19

pT3 7 (22.58%) 10 (32.26%) 0.39

pT4 1 (3.23%) 0 (0.00%) 1.00

Papillary histologic type 20 (64.52%) 19 (61.29%) 0.79

Follicular histologic type 11 (35.48%) 12 (38.71%) 0.79

N1 2 (6.45%) 4 (12.90%) 0.67

TSH at 131I (mU/mL) 87.37 (76.62–99.72) 112.80 (98.84–135.80) 0.01

Thyroglobulin at 131I (ng/mL) 0.79 (0.25–2.77) 0.25 (0.20–0.34) 0.008

Thyroglobulin at 3 mo (ng/mL) 0.10 (0.10–0.10) 0.10 (0.10–0.10) 0.53

Exposure rate at 24 h (mSv/h) 33 (28–37) 24 (20–28) ,0.0001

Exposure rate at 48 h (mSv/h) 16 (12–18) 9 (8–9) ,0.0001

Creatinine (mg/mL) 0.98 (0.85–1.05) 0.76 (0.72–0.80) ,0.0001

Epi-GFR (mL/min) 74.77 6 17.50 (68.36–81.19) 97.61 6 12.50 (93.03–102.20) ,0.0001

Qualitative data are number and percentage; continuous data are mean 6 SD or median and 95% CI.

FIGURE 1. Results of fitted radiation exposure rate in patients, up to
120 h, measured at 1-m distance. Dotted line represents HYPO patients;
solid line represents rhTSH patients. In HYPO patients, there is increased
retained body activity with respect to rhTSH patients, with 27% higher
exposure rate, calculated comparing 2 areas under curves.
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Table 2 shows the results of the generalized linear mixed model
of breaks and total exchanges at 3 mo in HYPO and rhTSH patients.
In the HYPO group, anti-ROMs at 1 wk were negatively associated
with breaks at 3 mo (with a reduction of 0.3%; P5 0.046), whereas
the exposure rate at 48 h was positively associated with the response
variable, with an increase of 6.2% (P 5 0.016). Total chromosome
exchanges at 3 mo in the HYPO group were negatively associated
with anti-ROMs at 1 wk, with a reduction of 0.9% (P5 0.015), and
were positively associated with DNA-1, with an increase of 127.5%
(P 5 0.027). The exposure rate at 48 h was positively associated
with the response variable, with an increase of 0.2% (P 5 0.046).
Finally, in the rhTSH group, only exposure rate at 48 h was posi-
tively associated with breaks at 3 mo in the rhTSH group, with an
increase of 95.4% (P5 0.04).
No association was observed between total exchanges at 3 mo

in the rhTSH group and the analyzed covariates.

Genotyping (SNPs)
In the HYPO patient group, 11 patients had a total DNA score

(DNA-11 DNA-2) of 3 or higher, but in the rhTSH patient group,
17 patients had a total DNA mutation score of 3 or higher, indicat-
ing a higher frequency of mutations in rhTSH patients. These poly-
morphisms were observed predominantly in genes of the DNA-2
package (for the antioxidative stress enzymes) and, indeed, posi-
tively influenced the number of chromosome breaks at 3 mo in
rhTSH patients.

Nevertheless, in the HYPO subgroup
with a DNA mutation score of at least 3,
chromosome breaks measured by the M-
FISH technique increased from 2.3 6 2.2
(mean basal sample) to 5.5 6 2.8 (3-mo
sample) (P 5 0.01), as compared with
rhTSH patients (with DNA mutation score
$ 3), in whom the frequency of chro-
mosome exchange breaks increased from
6.6 6 8.1 (basal sample) to 8.5 6 8.6 (3-mo
sample) (P5 not statistically significant).
Chromosome total exchanges in these

HYPO patients also significantly increased
from 1.06 1.1 to 2.16 1.1 (basal vs. 3-mo
sample) (P 5 0.03), as compared with
rhTSH patients, in whom the frequency of
chromosome exchange breaks increased
from 2.16 3.0 to 3.36 4.6 (basal vs. 3-mo
sample) (P5 not statistically significant).

Oxidative Stress
Overall, most patients had high levels of

d-ROMs and low levels of anti-ROMs at
any time point, with no significant differ-
ences between HYPO patients and rhTSH
patients at baseline and 1 wk but higher val-
ues in HYPO patients at 3 mo (P 5 0.03)
(Table 3). Only 3 HYPO patients and 4
rhTSH patients had normal d-ROM values
at entry, highlighting the high level of stress
induced by cancer, surgery, and the postsur-
gical period (including hypothyroidism in
HYPO patients) or supraphysiologic thy-
roxine replacement.
In HYPO patients, we observed a reduc-

tion in oxidative stress at 1 wk, with a statistically significant de-
crease in d-ROMs versus baseline (P5 0.0001). However, at 3 mo,
HYPO patients had a new significant increase in d-ROMs as com-
pared with values at 1wk (P, 0.0001). These differences were not
observed in rhTSH patients.
As far as anti-ROMsF and anti-ROMsS are concerned, we did not

observe significant differences between HYPO and rhTSH patients
or significant modifications over time. However, most patients had
anti-ROM values below the level of reference ranges at any time,
presumably as a result of the high stress level in these patients.

DISCUSSION

Several papers have been published on the potential genetic
damage and on the increased risk of secondary cancer in patients
treated with 131I, even if with low activities (1–20), although the
causative association between 131I therapy and an increased risk of
secondary cancers has not yet been definitively established.
Indeed, no longitudinal study has been published indicating that
an increase in chromosome breaks or translocations after 131I ther-
apy is associated with an increased risk of malignancies. Neverthe-
less, there is a worldwide tendency to reduce 131I ablation in
patients with a low or intermediate risk after total thyroidectomy
for differentiated thyroid carcinoma.
Structural aberrations generated by DNA double-strand breaks

can be classified as stable or unstable according to their ability to

FIGURE 2. Results of micronucleus measurement (white bars, HYPO; gray bars, rhTSH). No differ-
ences exist between or within groups. Tukey method was used to correct for multiple comparisons.

FIGURE 3. Results of CometAssay (white bars, HYPO; gray bars, rhTSH). Significant differences
were found between baseline and 1 wk, between 1 wk and 3 mo, and between baseline and 3 mo in
both groups (all P, 0.0001). Tukey method was used to correct for multiple comparisons.
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persist in cellular progeny. Unstable aberrations include deletions,
dicentric chromosomes, ring chromosomes, and acentric or other-
wise asymmetric rearrangements that are normally not tolerated
(i.e., lethal) in dividing cells and are, therefore, not transmitted with

subsequent cell divisions. Stable aberra-
tions, on the other hand, are generally toler-
ated by the cells and transmitted to the
following cellular generations. It is believed
that stable and unstable aberrations are
induced with the same frequency, but unsta-
ble aberrations seem to be less frequent pre-
cisely because they are lost at each cell
division.
We investigated whether 1,850 MBq (50

mCi) of 131I for ablation therapy could
cause stable genetic damage in patients
who undergo surgery for differentiated thy-
roid carcinoma with low and intermediate
risk. Moreover, we investigated whether
patients prepared with thyroid hormone
withdrawal or with rhTSH display similar
levels of chromosome damage. We found
transient unstable DNA damage in both
groups and modest stable DNA damage
only in HYPO patients.
Indeed, micronuclei are a sign of early

unstable damage, and we expected normal
levels at 1 wk and 3 mo after therapy. The
trend of DNA damage measured by Com-
etAssay after 1 wk and 3 mo suggests that
the observed DNA damage consists mainly
of single-strand breaks, a sensitive bio-
marker induced by reactive oxygen species
and reversible over time (29). Indeed, can-
cer, chronic inflammation, and oxidative
stress are closely related, and numerous

agents, such as ionizing radiation, have been proven to interfere
with redox cell signaling pathways (30). Since several studies
have shown that unstable DNA damage can also manifest several
cellular generations after radiation exposure, generating what is

TABLE 2
Parameter Estimates by Generalized Linear Mixed Model of Chromosome Breaks and Exchanges at 3 Months in HYPO

and rhTSH Groups

Variable Mean 6 SE 95% CI Exp (mean) % chance P

Chromosome breaks at 3 mo in HYPO patients*

Anti-ROMsS at 1 wk 20.003 6 0.001 20.005 to 20.00005 1.00 20.3 0.046

Exposure rate at 48 h 0.06 6 0.02 0.01 to 0.10 1.06 6.2 0.016

Chromosome exchanges at 3 mo in HYPO patients†

Anti-ROMsS at 1 wk 20.009 6 0.003 20.02 to 20.002 0.99 20.9 0.015

DNA-1 0.82 6 0.34 0.10 to 1.54 2.28 127.5 0.027

Exposure rate at 48 h 0.06 6 0.03 0.002 to 0.12 1.06 6.2 0.046

Chromosome breaks at 3 mo in rhTSH patients‡

DNA-2 0.67 6 0.25 0.03 to 1.31 1.95 95.4 0.04

*Covariate: age, sex, breaks at baseline, d-ROMs at baseline and 1 wk, anti-ROMsF at baseline and 1 wk, anti-ROMsS at baseline,
DNA-1, DNA-2, and epi-GFR.

†Covariate: age, sex, exchanges at baseline, d-ROMs at baseline and 1 wk, anti-ROMsF at baseline and 1 wk, anti-ROMsS at
baseline, DNA-2, and epi-GFR.

‡Covariate: age, sex, breaks at baseline, d-ROMs at baseline and 1 wk, anti-ROMsF at baseline and 1 wk, anti-ROMsS at baseline and
1 wk, DNA-1, dosimetry at 48 h, and epi-GFR.

Exp (mean) = exponential of the mean.

FIGURE 4. Stable chromosome damage (total exchanges and chromosome breaks) in patients
before and 3 mo after 131I therapy (white bars, HYPO; gray bars, rhTSH). Tukey method was used to
correct for multiple comparisons.
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called delayed damage, this study also assessed the unstable dam-
age at 3 mo after therapy, by CometAssay, but we found no signif-
icant difference between the 2 groups.
Stable aberrations, by contrast, are a marker of radiation expo-

sure, and the results of the M-FISH analysis showed a statistically
significant increase in the frequency of chromosome breaks
between the basal sample and the 3-mo sample only in HYPO
patients, suggesting that in these patients, not prepared with
rhTSH, genomic instability occurs after treatment and persists
with time. These data could be partially explained by the reduced
renal clearance of 131I (due to a reduced glomerular filtration rate)
and higher retained total-body activity (due to the hypothyroidism
induced in HYPO patients by withdrawal of levothyroxine), but
genetic and metabolic factors could also play a role.
Use of rhTSH, by maintaining euthyroidism and a normal renal

clearance (epi-GFR and creatinine values), reduced by 27% the
radiation exposure rate over a period of 120 h, an indirect mea-
surement of the retained body activity, and reduced the genomic
instability.
SNPs represent different variants of the same gene present in

the population. In each individual, the type and combination of
polymorphisms of genes involved in DNA repair, and for enzymes
acting as free oxygen radical scavengers, influenced the amount of
DNA damage observed. Thus, analysis of gene polymorphism
allowed us to identify a subgroup of HYPO and rhTSH patients
more susceptible to chromosome damage induced by 131I because
of mutations in enzymes deputed to DNA repair (DNA-1) or
enzymes involved in scavenging of free oxygen radicals (DNA-2).
It was interesting to note that among these patients, the HYPO
group showed a greater increase in chromosome damage after 131I
than did the rhTSH group. Indeed, polymorphism of the gene reg-
ulating the redox status has been involved in several other malig-
nancies, mainly breast cancer (31).
Overall, in HYPO patients the number of chromosome breaks at

3 mo was associated with the level of breaks at baseline, residual
body activity at 48 h, and levels of anti-ROMs (Table 2). As far as
the anti-ROMs are concerned, we found a significant positive
association with anti-ROMsF at 1 wk and a negative association
with anti-ROMsS at 1 wk. An explanation for this finding could
be that a high level of dROMs (as observed in these patients) indu-
ces an increase in anti-ROMs and that, among these, anti-ROMsF
rises quickly and is positively associated with an increase in chro-
mosome damage, whereas anti-ROMsS may require more time to

rise and is negatively associated with an increase in chromosome
damage.
Patients prepared with rhTSH showed no significant increase in

either breaks or total exchanges after 131I, suggesting that these
patients have less radiation-induced chromosome damage, even in
the presence of mutations in several enzymes. Interestingly, the
number of chromosome breaks at 3 mo in rhTSH patients was pos-
itively associated with polymorphisms of genes for DNA-repairing
enzymes (DNA-2 group).
These data confirm previously published findings that 131I ther-

apy can induce stable DNA damage, but for the first time (to our
knowledge) we were able to demonstrate that rhTSH may signifi-
cantly reduce this damage, particularly in patients with unfavor-
able polymorphisms of genes involved in DNA repair. Whether
chromosome damage in peripheral lymphocytes relates to an
increased risk of secondary malignancies remains a matter of
debate. In addition, data obtained by measurement of d-ROMs and
anti-ROMs demonstrate a crucial role of oxidative stress. In this
regard, patients with high levels of d-ROMs and low levels of
anti-ROMs, or with an unfavorable genotype for DNA-repairing
enzymes or for free oxygen radical scavengers, might be more sus-
ceptible to radiation-induced DNA damage.

CONCLUSION

Administered activity, DNA polymorphisms, glomerular filtra-
tion rate, and oxidant/antioxidant homeostasis are all parameters
that may influence DNA damage in patients treated with 131I. Our
study highlighted the importance of rhTSH in preventing radia-
tion-induced stable chromosome damage, even if an unfavorable
genetic background is present. Even if stable DNA damage is
considered particularly important for involvement in tumor cell
clonal evolution, our study showed no evidence that stable DNA
damage has clinical consequences or induces secondary tumors.
To evaluate these specific endpoints, larger longitudinal studies
are warranted.
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TABLE 3
Differences in Longitudinal Data of d-ROMs and Anti-ROMsS/F Between HYPO and rhTSH Groups

HYPO rhTSH

Variable Baseline 1 wk 3 mo P Baseline 1 wk 3 mo P

d-ROMs 399.75 6 86.51
(368.02–431.48)

333.46 6 71.07
(307.39–359.53)

402.93 6 72.60*
(375.82–430.04)

,0.0001 374.22 6 75.56
(345.72–402.72)

355.20 6 93.50
(319.93–390.47)

363.62 6 66.84*
(338.20–389.04)

0.29

Anti-ROMsF 209.15 6 50.53
(190.61–227.68)

215.13 6 47.25
(197.80–232.46)

212.13 6 52.46
(192.89–231.37)

0.83 211.49 6 35.75
(197.63–225.36

219.53 6 36.46
(205.39–233.67)

202.81 6 30.95
(191.46–214.16)

0.07

Anti-ROMsS 727.15 6 121.06
(682.75–771.55)

731.30 6 172.46
(668.04–794.56)

727.31 6 134.85
(677.85–776.77)

0.99 681.79 6 116.81
(636.50–727.09)

720.57 6 96.55
(683.13–758.01)

665.52 6 105.12
(626.96–704.08)

0.09

*HYPO vs. rhTSH: d-ROMs: P (3 mo vs. 3 mo) 5 0.03.
Post hoc analysis: HYPO. d-ROMs: P (baseline vs. 1 wk) 5 0.0001; P (1 wk vs. 3 mo) , 0.0001. Normal values are ,300 CARR U for

d-ROMs, .200 mEq/L for anti-ROMsF, and .1,000 mEq/L for anti-ROMsS. Data are mean 6 SD and 95%CI.
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KEY POINTS

QUESTION: Is there transient DNA damage after 131I ablation
therapy, is there detectable permanent 131I-induced chromosome
damage, and to what extent is permanent chromosome damage
due to 131I dose or to oxidative stress in the patient and gene
polymorphism?

PERTINENT FINDINGS: DNA damage after 131I ablation therapy
occurred in most patients treated with 1,850 MBq and disap-
peared after 3 mo. Some chromosome breaks and exchanges
occurred after 131I therapy, particularly in HYPO patients, possibly
because of higher retained activity or high oxidative stress. Most
patients had a reduction in anti–free oxygen radical scavengers
and an increase in free oxygen radicals. An unfavorable genotype
exposed patients to higher radiation-induced damage. When
patients were matched for severity of gene mutations, hypothyroid
patients had higher levels of chromosome damage.

IMPLICATIONS FOR PATIENT CARE: Transient chromosome
damage is not relevant in patients treated with 1,850 MBq of 131I.
Candidates for 131I ablation therapy should be prepared with
rhTSH, avoiding discomfort and symptoms of hypothyroidism and
chromosome damage. Genes that control oxidative stress might
influence induction of DNA damage in patients treated with 131I.
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In this PD-L1 ImagiNg to prediCt durvalumab treatment response
in SCCHN (PINCH) study, we performed 89Zr-DFO-durvalumab (anti–
PD-L1 [programmed death ligand 1]) PET/CT in patients with recurrent
or metastatic (R/M) squamous cell carcinoma of the head and neck
(SCCHN) before monotherapy durvalumab treatment. The primary aims
were to assess safety and feasibility of 89Zr-DFO-durvalumab PET imag-
ing and predict disease control rate during durvalumab treatment. Sec-
ondary aims were to correlate 89Zr-DFO-durvalumab uptake to tumor
PD-L1 expression, 18F-FDG uptake, and treatment response of individ-
ual lesions. Methods: In this prospective multicenter phase I–II study
(NCT03829007), patients with incurable R/M SCCHN underwent base-
line 18F-FDG PET and CT or MRI. Subsequently, PD-L1 PET imaging
was performed 5 d after administration of 37 MBq of 89Zr-DFO-
durvalumab. To optimize imaging conditions, dose finding was per-
formed in the first 14 patients. For all patients (n 5 33), durvalumab
treatment (1,500 mg/4 wk, intravenously) was started within 1 wk
after PD-L1 PET imaging and continued until disease progression or
unacceptable toxicity (maximum, 24 mo). CT evaluation was assessed
according to RECIST 1.1 every 8 wk. PD-L1 expression was deter-
mined by combined positive score on (archival) tumor tissue. 89Zr-DFO-
durvalumab uptake was measured in 18F-FDG–positive lesions, primary
and secondary lymphoid organs, and blood pool. Results: In total,
33 patients with locoregional recurrent (n5 12) or metastatic SCCHN
(n 5 21) were enrolled. 89Zr-DFO-durvalumab injection was safe.
A dose of 10 mg of durvalumab resulted in highest tumor-to-blood
ratios. After a median follow-up of 12.6 mo, overall response rate was
26%. The disease control rate at 16 wk was 48%, with a mean duration
of 7.8 mo (range, 1.7–21.1). On a patient level, 89Zr-DFO-durvalumab
SUVpeak or tumor-to-blood ratio could not predict treatment response
(hazard ratio, 1.5 [95% CI, 0.5–3.9; P5 0.45] and 1.3 [95% CI, 0.5–3.3;

P5 0.60], respectively). Also, on a lesion level, 89Zr-DFO-durvalumab
SUVpeak showed no substantial correlation to treatment response
(Spearman r, 0.45; P 5 0.051). Lesional 89Zr-DFO-durvalumab
uptake did not correlate to PD-L1 combined positive score but did
correlate to 18F-FDG SUVpeak (Spearman r, 0.391; P 5 0.005).
Conclusion: PINCH is the first, to our knowledge, PD-L1 PET/CT
study in patients with R/M SCCHN and has shown the feasibility
and safety of 89Zr-DFO-durvalumab PET/CT in a multicenter trial.
89Zr-DFO-durvalumab uptake did not correlate to durvalumab treat-
ment response.

Key Words: PD-L1; immuno-PET; head and neck cancer; immune
checkpoint inhibitors; durvalumab
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Squamous cell carcinoma of the head and neck (SCCHN) is
the seventh most common cancer worldwide, with up to 900,000
new diagnoses in 2020 (1). Patients with recurrent or metastatic
(R/M) SCCHN with no curative options have a poor prognosis
(2). However, a subset of patients derives durable responses from
immune checkpoint inhibitors (ICI) targeting programmed cell
death 1 (PD-1) or its ligand (PD-L1) (3–5), although selecting
those patients up front remains challenging.
Patients who benefit most from ICI often express high levels of

tumor PD-L1 as analyzed by immunohistochemistry, using differ-
ent assays, scoring protocols, and cut-offs (5–8). Since June 2019,
pembrolizumab has received Food and Drug Administration and
European Medicines Agency approval as first-line treatment of R/M
SCCHN patients with an immunohistochemistry combined positive
score (CPS) of at least $1. Thus, pretreatment assessment of PD-L1
has major clinical implication, although there are also patients with a
PD-L1–negative tumor biopsy who benefit from ICI (9–11).
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Therefore, there is a clinical need to better understand ICI re-
sponses and the caveats that remain with selection based on PD-L1
expression in tumor biopsies. The role and expression of PD-L1 in
anticancer immune responses is complex and warrants a biomarker
that enables monitoring its heterogeneous and dynamic expression in
different (tumor) tissues (12). Molecular imaging with radiolabeled
tracers targeting PD-1 and PD-L1 allows noninvasive visualization of
all accessible PD-1/PD-L1 (13,14). This approach overcomes impor-
tant limitations of immunohistochemistry analyses, including invasive
biopsies and sampling errors (15,16). It is a complementary tool for
blood and tissue sampling, potentially providing relevant information
for selecting patients and steering drug development (17).
The first clinical PD-1/PD-L1 imaging studies were performed with

89Zr-labeled atezolizumab (anti–PD-L1) and nivolumab (anti–PD-1) in
patients with metastatic breast cancer, bladder cancer, and non–small
cell lung cancer (NSCLC), demonstrating a correlation between tracer
uptake and treatment response (18,19). To date, to our knowledge, no
PD-L1 PET imaging studies have been performed in patients with
R/M SCCHN.
The primary aim of this PD-L1 ImagiNg to prediCt durvalumab

treatment response in SCCHN (PINCH) study was to assess the
safety and feasibility of 89Zr-DFO-durvalumab PD-L1 PET imag-
ing and to predict durvalumab disease control rate in patients with
R/M SCCHN. Secondary aims were to investigate the correlation
of 89Zr-DFO-durvalumab uptake to PD-L1 expression measured on
tumor biopsies, 18F-FDG uptake, and treatment response of individ-
ual tumor lesions.

MATERIALS AND METHODS

Patients
Eligible patients were aged 18 y or older, had an Eastern Cooperative

Oncology Group performance status of 0 or 1, and had a life expectancy
of at least 12 wk. Patients had histologically or cytologically confirmed
R/M SCCHN of the oral cavity, oropharynx, hypopharynx, or larynx not
amenable to curative therapy, with no prior systemic treatment for R/M
SCCHN. Patients with known leptomeningeal carcinomatosis, symptom-
atic or uncontrolled brain metastases requiring treatment, were excluded.
Patient recruitment was performed at 4 university medical centers in The
Netherlands (Radboudumc, UMC Groningen, Amsterdam UMC, and
Leiden UMC). The study was performed in accordance with the Declara-
tion of Helsinki and approved by the institutional review board of each
participating center.

Procedures
Contrast-Enhanced (ce) CT or MRI, 18F-FDG PET/CT, and

89Zr-DFO-Durvalumab PET/CT. At baseline, all patients underwent
ceCT or MRI of the head and neck, chest, and abdomen, combined with
whole-body 18F-FDG PET/CT and 89Zr-DFO-durvalumab PET/CT. 18F-
FDGPET/CTwas performed according to EuropeanAssociation ofNuclear
Medicine guidelines, version 1.0 (20), and the 89Zr-imaging procedure was
harmonized between participatingEARL (EANMResearchGmbH)-accred-
ited centers (PET/CT systems) (21). Patients underwent 89Zr-DFO-durvalu-
mab PET/CT 5 d after intravenous injection of approximately 37 MBq of
89Zr-DFO-durvalumab. Details on the conjugation, radiolabeling, and qual-
ity control of 89Zr-DFO-durvalumab and image acquisition and reconstruc-
tion are described in the supplemental material (supplemental materials are
available at http://jnm.snmjournals.org) (21–24).

After baseline imaging, all patients were planned for durvalumab treat-
ment (fixed dose of 1,500 mg intravenously once every 4 wk) starting
within 1 wk after PET imaging until disease progression or unacceptable
toxicity, for a maximum of 24 mo. Data on adverse events were collected
up to 90 d after the last treatment dose and graded according to the

National Cancer Institute Common Terminology Criteria for Adverse
Events (version 4.0). Treatment evaluation was performed with ceCT of
the head and neck, chest, and abdomen at baseline and every 8 wk during
treatment, using RECIST (version 1.1). Participants were contacted every
3 mo to assess survival after discontinuation of durvalumab treatment.

89Zr-DFO-Durvalumab PET/CT
Dose Finding. On the basis of prior dose-finding studies with 89Zr-

labeled antibodies, we aimed to enroll a minimum of 3 patients per
dose cohort (2, 10, or 50 mg of durvalumab) (25). All patients
received an intravenous injection of 2 mg of 89Zr-DFO-durvalumab.
For the 10- and 50-mg cohorts, 89Zr-DFO-durvalumab was comple-
mented with 8 and 48 mg of unlabeled durvalumab, respectively. For
pharmacokinetic purposes, blood plasma samples were drawn within
10 min after injection and 5 d later (day of the PET scan). Plasma
radioactivity was measured in a g-counter and reported as the percent-
age injected dose per gram (%ID/g). The optimal dose for 89Zr-DFO-
durvalumab PET imaging was determined based on pharmacokinetic
blood analyses and visual and quantitative PET analyses.

After dose finding, we aimed to include an additional 43 patients
receiving the optimal dose of 89Zr-DFO-durvalumab. However, the study
was closed early for enrollment in December 2020 due to the registration
of pembrolizumab as first-line treatment for R/M SCCHN patients in
The Netherlands (June 2020). In total, we enrolled an additional 19
patients who underwent the same procedures as described above, except
for the collection of blood samples for pharmacokinetic analyses.

Imaging Assessment
ceCT or MRI and 18F-FDG PET/CT. Baseline ceCT/MRI and

18F-FDG PET/CT scans were centrally reviewed by 2 independent
radiology and nuclear medicine physicians according to standard clini-
cal practice. The evaluation of CT lesions was performed according to
RECIST 1.1 (26). Lesion size was defined as the mean size in milli-
meters (mm) as determined by 2 reviewers.

The 18F-FDG PET/CT scans were assessed using PERCIST (27). A
tumor lesion was defined as visually positive based on anatomic sub-
strate on low-dose CT in combination with higher than surrounding
18F-FDG uptake and a diameter on ceCT or MRI of $10 or $15 mm
in lymph nodes (26). The maximum and peak SUVs (SUVmax and
SUVpeak) based on body weight were obtained, as well as metabolic
tumor volume (MTV) and total lesion glycolysis (TLG).

89Zr-DFO-Durvalumab PET/CT. The quantification of tumor
lesions was performed by placing a 3-dimensional sphere in an 18F-
FDG–positive lesion using Accurate tool software developed in IDL
[Interactive Data Language], version 8.4 (Harris Geospatial Solutions)
(28). This was done for all 18F-FDG–positive lesions, irrespective of
visual 89Zr-DFO-durvalumab uptake. This volume of interest was manu-
ally delineated around the entire lesion if this could be distinguished
from the background. In tumor lesions without evident visual 89Zr
uptake, a spheric volume of interest of 1 cm3 was drawn at the anatomic
location of the tumor lesion, based on the low-dose CT, diagnostic CT,
and 18F-FDG PET/CT. On a lesion level, the SUVpeak of individual
lesions was determined to report tumor tracer uptake. For healthy
organs and blood pool, SUVmean was reported. To correct for variable
concentrations of circulating 89Zr-DFO-durvalumab, tumor-to-blood
(TTB) ratios were reported as SUVpeak tumor/SUVmean blood. The
blood-pool activity was measured in a spheric volume of interest in
the descending aorta. To correct for differences in number of lesions
per patient, the lesional SUVpeak and

18F-FDG TLG values of 1 indi-
vidual patient were summarized as geometric mean (gm) values.
This gm was used to correlate tracer accumulation to treatment
response. Furthermore, to correct for partial-volume effect, sub-
group analyses were performed for lesions $ 20m (reported in the
supplemental material)
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PD-L1 Immunohistochemistry
Fresh or archival cytologic or histologic samples suitable for PD-L1

staining were available for 27 patients. This involved tumor tissue
from recurrent disease (n 5 12) or metastases in lung (n 5 7), lymph
node (n 5 7), or bone (n 5 1). PD-L1 staining was performed using
VENTANA (Roche) PD-L1 (SP263) assay and evaluated by a certi-
fied pathologist in head and neck cancer masked to clinical informa-
tion. As an internal control, staining for PD-L1 was performed with
the clinically validated 22C3 antibody using the Dako stainer in histo-
logic samples of 8 patients (8). In all samples, PD-L1 expression was
assessed according to the CPS, which describes the number of PD-
L1–positive tumor cells plus immune cells per 100 tumor cells, show-
ing positive cell membrane staining or a score of ,1, 1–20, or .20.

Statistical Analysis
Clinical outcome was evaluated according to intention-to-treat analy-

ses on a patient and lesion level and visualized in a waterfall plot. Fur-
thermore, we assessed the disease control rate, overall response rate,
progression-free survival (PFS), and overall survival. A log-rank test
was performed to correlate PD-L1 CPS to PFS. A Cox regression
model was used to report hazard ratios (HR) for progressive disease.

In the dose-finding study, we compared differences in tracer-uptake
and TTB ratios between the 3 dose groups, testing for significance
using a 2-sided Kruskal–Wallis test.

On a patient level, the relation between 89Zr-DFO-durvalumab,
patient gm SUVpeak, and SUVpeak of the hottest lesion with durvalu-
mab response was explored by Kaplan–Meier survival plots. Similar
analyses were performed for gm 18F-FDG SUVpeak, TLG, and MTV.
Patients were grouped in a below-median and above-median group to
evaluate a difference in survival using the log-rank test. The relation
between these groups was tested by additional Cox regression models,
reporting HRs for progressive disease or survival.

We correlated 89Zr-DFO-durvalumab uptake with 18F-FDG SUVpeak

and 18F-FDG TLG on a lesion level. Additional descriptive analyses
were performed to evaluate the per-lesion PD-L1 expression to tracer
accumulation. For these correlations, we report the Spearman correla-
tion coefficient (r). Statistical analyses were performed using SPSS
Statistics (IBM) for Windows, version 22.0. Differences with a P value
of 0.05 or less were considered statistically significant.

RESULTS

Baseline Characteristics
Between April 2019 and December 2020, 37 patients were

screened, 3 were considered ineligible, and 1 declined to partici-
pate. 89Zr-DFO-durvalumab PET dose finding was performed in
14 patients (Supplemental Fig. 1). Twenty-one of 33 (64%) patients
presented with metastatic disease, most frequently located in lung
(45%) and lymph nodes (39%). PD-L1 CPS could be determined
in 27 patients (82%), including 17 patients with only archival tumor
tissue available. Baseline characteristics are reported in Table 1.

Durvalumab Treatment
In total, 31 of 33 patients started durvalumab treatment. Two

patients showed rapid disease progression before treatment initia-
tion and were offered best supportive care. One other patient
showed rapid disease progression before first disease evaluation at
8 wk. After a median follow-up of 12.6 mo, the median time on
durvalumab treatment was 5.3 mo (range, 1.2–26.5 mo).
The median PFS was 5.3 mo (95% CI, 2.96–7.62 mo), and

median overall survival was 13.1 mo (95% CI, 7.88–18.40 mo). The
survival rate at 12 and 24 mo was 58% (95% CI, 8.82–11.28) and
45% (95% CI, 8.91–24.87), respectively (Supplemental Fig. 2). The
overall response rate was 26%, including 3 patients with complete

TABLE 1
Baseline Characteristics

Parameter Patients (n 5 33)

Age (y) Median, 64.5;
range, 49–80

Sex (n)
Male 26, 79%

ECOG PS (n)
0 10, 30%
1 23, 70%

Smoking (n)
Current 4, 12%
Never or former 29, 88%

Alcohol (n)
Current 24, 73%
Never or former 9, 27%

Primary tumor location (n)
Hypopharynx 4, 13%
Larynx 7, 22%
Oral cavity 10, 30%
Oropharynx 8, 24%
Unknown 3, 10%

Disease extent at baseline (n)
Loco/regional recurrence 12, 36%
Metastatic disease 21, 64%

Location metastases
Lung 28, 45%
Lymph node 24, 39%
Bone 5, 8%
Other (liver, adrenal gland, muscle) 4, 8%

Prior treatments with curative intent* (n)
Surgery alone 3, 9%
Surgery with adjuvant radiation 8, 24%
Surgery with adjuvant chemoradiation 9, 27%
Radiation alone 5, 15%
Chemoradiation 8, 24%

Time from last platinum therapy (n)
#6 mo 1, 6%
.6 mo 16, 94%

Histologic/cytologic biopsy†

Archival 17, 52%
Fresh 16, 48%

PD-L1 status‡ (n)
PD-L1 CPS , 1 13, 40%
PD-L1 CPS 1–20 8, 24%
PD-L1 CPS $ 20 6, 18%
No assessment possible 6, 18%

*Chemotherapy regimen included monotherapy cisplatin or
carboplatin, or combination regimens, for example, docetaxel,
cisplatin and 5-fluorouracil or carboplatin and 5-fluorouracil.

†A fresh biopsy was defined as histologic or cytologic tumor biopsy
performed at study enrollment up to, 1 mo before study enrollment.

‡PD-L1 assessment was performed on biopsy tissue from R/M
disease. PD-L1 staining was performed using VENTANA SP263.

ECOG PS 5 Eastern Cooperative Oncology Group performance
status.

Data are median and range, or n and %.
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response and 5 patients with partial re-
sponse. The best response to durvalumab
treatment per patient is depicted in Figure 1.
The disease control rate at 16 wk was 48%,
with a mean response duration of 7.8 mo
(range, 1.7–21.1 mo). The most frequent
reported grade 3–4 treatment-related adverse
events were elevated alanine transaminase
and aspartate transaminase caused by hepati-
tis and pneumonitis (Supplemental Table 1).
PD-L1 CPS showed no association with
PFS (PFS of 4.6 vs. 12.9 vs. 3.5 mo with
CPS , 1, 1–20 and . 20, respectively; P 5

0.259; Supplemental Fig. 3).

89Zr-DFO-Durvalumab PET/CT
Dose Finding
In total, 14 patients were assigned to 1

of 3 dose cohorts: 2 mg (n 5 4), 10 mg
(n 5 6), or 50 mg (n 5 4) of durvalumab.
No clinically relevant infusion-related reac-
tions for the injection with 89Zr-DFO-dur-
valumab were reported.
Example 89Zr-DFO-durvalumab PET/CT

scans are shown in Figure 2. The pharmacokinetic analysis at day 5
showed the lowest 89Zr-DFO-durvalumab (%ID/g) plasma concen-
tration in the 2-mg cohort (Supplemental Fig. 4), whereas highest
concentrations were measured in the 50-mg cohort (P 5 0.077). The
10-mg dose cohort showed variable plasma concentrations be-
tween patients. In the 2-mg cohort, tumor
lesions could not be visualized properly and
high tracer retention was observed in the liver
and spleen.At higher antibody doses, liver and
spleen uptake decreased and tumor uptake in-
creased.Also, increasing antibody dose resulted
in visually prolonged 89Zr-DFO-durvalumab
circulation time. Quantitative analyses showed
that the mean TTB ratio was highest in the
10-mg cohort and lowest in the 50-mg cohort
(2-mg cohort: 2.28 6 0.61; 10-mg cohort:
3.756 0.93; 50-mg cohort: 1.486 1.64;P5

0.019;Supplemental Fig. 5).
On the basis of the highest TTB ratios and

tumor visualization, we selected 10 mg for
subsequent 89Zr-DFO-durvalumab PET/CT
imaging.

PET Imaging Analyses
In total, 24 patients underwent 89Zr-DFO-

durvalumab PET/CT imaging using an
antibody dose of 10 mg. In these patients,
89Zr-DFO-durvalumab tumor accumulation
wasmeasuredforall18F-FDG–positivetumor
lesions (n5 53). The 89Zr-DFO-durvalumab
uptake, lesion size, and lesion location are
displayed in Figure 3. An overview of all
lesions can be found in Supplemental Table 2.

89Zr-DFO-Durvalumab PET Imaging.
For quantitative analyses of 89Zr-DFO-dur-
valumab, 53 lesions were included. No sig-
nificant differences were observed between

lesions in different organ sites. However, accumulation of 89Zr-
DFO-durvalumab was highly variable in tumor lesions within and
between patients (Figs. 3 and 4. The largest heterogeneity in 1
patient was observed between a lung (SUVpeak, 3.3) and liver
(SUVpeak, 9.8) metastasis. The highest SUVpeak was reported in

FIGURE 1. Each bar of waterfall plot depicts best response according to RECIST, version 1.1, of
single patient during durvalumab treatment. Blue bars represent patients with metastatic disease,
pink bars patients with locoregional recurrent disease. Dotted lines reflect RECIST for disease pro-
gression (120% change) and partial response (230%).

FIGURE 2. Representative example images of 1 patient per dose cohort. For each cohort, 89Zr-
DFO-durvalumab PET/CT (top) and 18F-FDG PET/CT (bottom) are presented. Physiologic 89Zr-DFO-
durvalumab is visualized in lymphoid organs (e.g., liver [1], spleen [2]). Arrows identify tumor lesions.
SUV(bw)5 SUV based on body weight.
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2 bone lesions (SUVpeak, 13.4 and 13.6) and 1 locoregional lymph
node (SUVpeak, 12.2).

89Zr-DFO-durvalumab SUVpeak was corre-
lated with lesion size (Spearman r, 0.359; P 5 0.09) and 18F-FDG
SUVpeak (Spearman r, 0.391; P 5 0.005), but not with organ site
(Spearman r, 0.15; P 5 0.28). The overall mean gm 89Zr-DFO-
durvalumab SUVpeak was 6.0 (95% CI, 4.6–7.3).

18F-FDG PET Imaging. In 33 patients, 70 18F-FDG–positive
lesions were identified according to PERCIST used for quantitative
analyses. The 18F-FDG uptake was highly variable within and
betweenpatients,with anoverall gm 18F-FDGSUVpeakof 7.7 (range,
2.0–18.2) and 18F-FDGTLGof70.3mL(range, 2.7–659.0mL).

Correlation Between Tracer Uptake and Treatment Response
or PD-L1 Expression

89Zr-DFO-Durvalumab PET/CT. The median PFS of patients
with an above-median 89Zr-DFO-durvalumab SUVpeak was 5.7 mo

compared with 3.5 mo in the below-median
group (HR, 1.5 [95% CI, 0.5–3.9; P 5
0.45]; Fig. 5A). Also, gm 89Zr-DFO-durva-
lumab TTB ratio did not correlate with sur-
vival (HR, 1.3 [95% CI, 0.5–3.3; P 5
0.60]; Fig. 5B). Patients grouped based on
the hottest lesion showed a similar PFS of
5.7 mo (SUVpeak $ 6.22) versus 3.5 mo
(SUVpeak , 6.22) (HR, 1.1 [95% CI,
0.4–3.0; P 5 0.84]).
To correct for partial-volume effect,

the correlation of 89Zr-DFO-durvalumab
SUVpeak and TTB ratio with PFS was also
performed after correcting for lesions less
than 20 mm, showing no essential differences
between results described for all lesions
(Supplemental Fig. 6).
In total, 35 lesions were visible on eval-

uation CT scans during treatment. On a
lesion level, 89Zr-DFO-durvalumab accu-
mulation and treatment response was vari-
able (Fig. 6). There was no substantial

correlation between lesional 89Zr-DFO-durvalumab SUVpeak or
TTB ratio with the change in lesion size at 12 wk (Spearman
r, 0.45; P 5 0.051 and Spearman r, 20.669; P 5 0.78, respec-
tively). A cutoff of the median SUVpeak of these lesions did not
improve the correlation of 89Zr-DFO-durvalumab SUVpeak with
treatment response (Spearman r, 0.67; P 5 0.855).

18F-FDG PET/CT
Patients with an above-median 18F-FDG TLG showed a signifi-

cantly worse outcome than di patients with a low 18F-FDG TLG
(median PFS, 1.8 vs. 7.3 mo; HR, 2.4 [95% CI, 1.1–5.4; P 5
0.04; Fig. 7]). Patients with above-median 18F-FDG SUVpeak

showed a median PFS of 5.3 compared with 5.7 mo in the below-
median group (HR, 1.5 [95% CI, 0.7–3.4; P 5 0.30]). The 18F-
FDG MTV was not associated with PFS (P 5 0.69; not shown).

The correlationbetween 18F-FDGSUVpeak

and 18F-FDG TLG ratio with PFS after cor-
recting for lesions less than 20mm is reported
in the supplemental materials and showed
similar results as described for all lesions
(Supplemental Fig. 7).
On a lesion level, PD-L1 CPS did not

correlate to 89Zr-DFO-durvalumab SUVpeak

(Spearman r, 0.38; P 5 0.20), 89Zr-DFO-
durvalumab TTB ratio (Spearman r, 20.06;
P 5 0.85), 18F-FDG TLG (Spearman r,
0.40; P 5 0.90), or 18F-FDG SUVpeak

(Spearman r, 20.12; P 5 0.70).

DISCUSSION

The PINCH study reported 89Zr-DFO-
durvalumab PET/CT in R/M SCCHN pa-
tients treated with durvalumab to address
current caveats in the predictive role of PD-
L1 expression on tumor biopsies. 89Zr-DFO-
durvalumab PET/CT was considered safe
and feasible in a multicenter setting. Hetero-
geneous 89Zr-DFO-durvalumab tumor accu-
mulation was detected within and between

FIGURE 3. Scatterplot of all 18F-FDG–positive lesions (n 5 53) measuring $ 10 mm (or 15 mm in
lymph node) and the lesions’ corresponding 89Zr-DFO-durvalumab uptake. Lesions were distributed
over lung (n5 20), lymph nodes (n5 18), local recurrence (n5 8), bone (n5 5), and liver (n5 1).

FIGURE 4. Example fused images of 89Zr-DFO-durvalumab (10 mg) PET/CT images showing
tracer uptake in known tumor locations. Axial sections in 2 different patients are displayed. Arrows
highlight tumor lesions in local recurrence (A), lymph node and pleural lesion (B), and 2 other bone
lesions (C). SUV(bw)5 SUV based on body weight.

PD-L1 PET IMAGING IN SCCHN ! Verhoeff et al. 1527



patients. 89Zr-DFO-durvalumab uptake could not predict durvalumab
treatment response.
To achieve optimal tumor-to-background contrast, selection of

proper antibody dose and imaging timing is essential. The PINCH
study showed superior TTB ratios when performing PET/CT 5 d
after 89Zr-DFO-durvalumab administration using 10 mg of durvalu-
mab, compared with 2 and 50 mg. In agreement with previous stud-
ies, increasing the dose of unlabeled antibody saturates the spleen
uptake and results in higher concentrations of circulating 89Zr-
labeled antibodies and increased tumor uptake (24,25). At 50 mg,
TTB ratio decreased, most likely explained by a decrease in avail-
able binding sites for 89Zr-DFO-durvalumab. In line with this, low
or absent tumor accumulation was also reported for 89Zr-DFO-dur-
valumab PET imaging with 750 mg of unlabeled durvalumab (22).
Preclinical studies have demonstrated a relation between the accu-

mulation of radiolabeled PD-1 and PD-L1 antibodies with PD-L1
expression, thereby distinguishing between tumors with different
PD-L1 expression levels (13,14). The first 2 clinical trials also
reported an association between radiolabeled PD-L1 antibody uptake
and PD-L1 expression (18,19). However, we did not find such a cor-
relation. Of note, our analysis was performed on a subset of patients
using archival tissue biopsies, as fresh histologic proof was not man-
datory for study inclusion. Besides sampling error due to small
tumor samples, correlating (archival) biopsies to PET imaging

remains challenging because of the heterogeneous and dynamic
expression levels of PD-L1. Also, in comparison to previous studies,
the PD-L1 staining and scoring procedures differed (29,30).

A previous study in 22 patients with metastatic NSCLC, triple-
negative breast cancer, and bladder cancer treated with atezolizumab,
above-median gm 89Zr-atezolizumab SUVmax was associated with
improved overall survival and PFS (18). Furthermore, both 89Zr-
nivolumab (anti–PD-1) and 18F-BMS-986192 (anti–PD-L1) SUVpeak

were correlated to nivolumab treatment response in 13 NSCLC
patients. However, 2 other studies using 89Zr-durvalumab and 89Zr-
pembrolizumab in NSCLC patients showed a trend but no significant
correlation between tracer uptake and durvalumab, respectively, and
pembrolizumab treatment efficacy (22,31), which is more in line
with our data. The early termination of the study resulted in a lower
number of included patients. Potentially, more patients could have
resulted in a significant correlation. We also evaluated the correlation
between tumor metabolism and ICI response, as performed in previ-
ous studies (32,33). Our data suggest that, in particular,18F-FDG
TLG may identify poor durvalumab responders upfront. A potential
explanation could be that patients with more extensive disease have
already undergone extra steps in the immune escape route.
Altogether, PET imaging with 89Zr-labeled PD-L1 antibodies has

not consistently shown a correlation between tracer uptake and treat-
ment response. Potential explanations are the different characteristics

FIGURE 5. Kaplan–Meier estimates of PFS based on 89Zr-DFO-durvalumab SUVpeak (A) and TTB ratios (B) dichotomized at median value.

FIGURE 6. Spaghetti plot reporting lesional 89Zr-DFO-durvalumab
SUVpeak and lesional response of 17 lesions where colors identify corre-
sponding 89Zr-DFO-durvalumab uptake by distribution over quartiles.

FIGURE 7. Kaplan–Meier estimates of PFS based on 18F-FDG TLG
dichotomized at population median.
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of the antibodies used, which include affinity for PD-L1, which could
influence tumor retention; Fc-tail modification/glycosylation, which
could affect circulation time and effector functions; and nonspecific
antibody uptake due to enhanced permeability and retention (EPR)
effect (34–36). As a result of the EPR effect, there is always a (low)
PET signal in the tumor, although the PET signal is not PD-
L1–mediated. This EPR effect may hamper the detection of small
amounts of tumor PD-L1, which can be clinically relevant as low
PD-L1 expression (1% positive cells) has been associated with ICI
response. To limit the nonspecific uptake and thereby increase the
potential to measure low PD-L1 expression levels, small molecules
or peptides with rapid blood clearance can be used (37,38). Finally,
other mechanisms within the immune suppressive microenvironment
beyond PD-L1, such as the activation and promoting of CD81 T
cell priming in tumor-draining lymph nodes, determining ICI
response could have influenced the correlation between tracer uptake
and ICI response (39).
Despite the fact that 89Zr-DFO-durvalumab did not correlate to

treatment outcome, we do see potential of 89Zr-labeled antibodies
in optimizing the ICI treatment efficacy in patients with R/M
SCCHN (40). Besides a unique insight into antibody biodistribu-
tion, the in vivo visualization of 89Zr-labeled antibodies highlights
essential local effector mechanisms, reveals the complexity of
dose–response relations, and may shed a new light on the role of
nontumor located PD-L1 expression in the anticancer immune
responses (39). Ultimately, this teaches us how to use (and com-
bine) these drugs to improve response rates, an essential step in
early drug development suitable for phase 1 and 2 clinical trials.

CONCLUSION

The PINCH study is the first, to our knowledge, to perform PD-L1
PET/CT in patients with R/M SCCHN. It has shown that 89Zr-DFO-
durvalumab PET/CT imaging is feasible and safe. However, 89Zr-
DFO-durvalumab uptake did not correlate to PD-L1 expression on a
patient level and could not predict durvalumab treatment response.
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KEY POINTS

QUESTION: Can 89Zr-DFO-durvalumab PET/CT predict
durvalumab treatment response in patients with R/M head and
neck cancer?

PERTINENT FINDINGS: This multicenter clinical trial studies the
feasibility and safety of 89Zr-DFO-durvalumab PET/CT and its ability
to predict durvalumab treatment response. 89Zr-DFO-durvalumab
PET/CT was safe and feasible but was unable to predict durvalumab
treatment response.

IMPLICATIONS FOR PATIENT CARE: Our findings indicate that
an approach other than radiolabeled antibody–based PET imaging
to predict treatment response to ICIs using molecular imaging is
needed.
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Reproducibility of PSMA PET/CT Imaging for Primary
Staging of Treatment-Naïve Prostate Cancer Patients
Depends on the Applied Radiotracer: A Retrospective Study
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Our purpose was to determine and compare the interobserver variability
of 3 clinically frequently used radiotracers targeting the prostate-specific
membrane antigen (PSMA), namely 18F-DCFPyL, 18F-PSMA-1007, and
68Ga-PSMA-11, in primary prostate cancer (PCa) staging. Methods:
Patients with newly diagnosed PCa in whom PSMA PET/CT was per-
formed for primary staging purposes were retrospectively included. All
PSMAPET/CT imageswere centrally overreadwithin a high-volume PCa
center, and original reports (from referring hospitals) were compared with
overread reports (from the overreading hospital). To assess the inter-
observer variability, a Cohen k analysis was used. To study possible
differences in interobserver variability between the 3 applied PSMA radio-
tracers, multivariate logistic regression analyses were used. Results: In
total, 584 patients with newly diagnosed PCa were included in the
analysis. 18F-DCFPyL, 18F-PSMA-1007, and 68Ga-PSMA-11 were
used in 205 (35.1%), 168 (28.8%), and 211 (36.1%) patients, respec-
tively. The overall agreement (Cohen k analysis) for locoregional
lymph node metastases, distant lymph node metastases, bone
metastases, and visceral metastases was 0.86, 0.86, 0.80, and 0.46,
respectively. 18F-PSMA-1007 showed a significantly increased inter-
observer variability regarding bone metastases, compared with 18F-
DCFPyL and 68Ga-PSMA-11 (P 5 0.001 and 0.03, respectively).
Additionally, 18F-PSMA-1007 showed a significantly increased inter-
observer variability regarding overall agreement and locoregional
lymph node metastases, compared with 18F-DCFPyL (P, 0.001 and
P 5 0.01, respectively). Conclusion: Interobserver variability differs
among the 3 clinically frequently used PSMA radiotracers (18F-
DCFPyL, 18F-PSMA-1007, and 68Ga-PSMA-11) in patients with newly
diagnosed PCa. The agreement in bone metastases is significantly
worse for 18F-PSMA-1007, mainly due to nonspecific tracer uptake in
osseous structures. On the basis of our findings, PSMAPET/CT scans
undertaken with 18F-PSMA-1007 in primary staging should be inter-
preted carefully, and training on interpreting this specific PSMA radio-
tracer is strongly advised.

Key Words: PSMA PET; prostate cancer; staging; radiotracers; inter-
observer variability
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Prostate cancer (PCa) is the second most common malignancy
in men worldwide. Imaging has a pivotal role in staging and selec-
tion of the appropriate management strategy in men with primary
diagnosed PCa. After its clinical introduction in 2011, PET/CT
imaging with agents targeting the prostate-specific membrane anti-
gen (PSMA), a transmembrane folate hydrolase on the surface of
PCa cells, has shown increasing adoption for use in staging and
restaging of PCa (1,2). Compared with conventional imaging using
CT and bone scans, PSMA PET/CT has shown superior accuracy;
higher sensitivity and specificity, more frequent management
changes, fewer equivocal findings, and lower radiation exposure (3).
The interobserver variability, defined as the absence of consensus

among nuclear medicine physicians regarding oncologic staging, gives
an indication of the reliability and reproducibility of the assessment
and is an essential indicator of the clinical value of PSMA PET/CT
scans. Interobserver variability is affected by the ability of nuclear
medicine physicians to recognize potential false-positive sources of
uptake, such as false-positive bone findings, already frequently
described with PSMA radiotracers (4–12). Forestalling these false-
positive findings and consequently limiting the interobserver variability
are dependent on tracer and training and crucial to ensuring high-
quality diagnostics.
Currently, several PSMA radiotracers, including 18F-DCFPyL,

18F-PSMA-1007, and 68Ga-PSMA-11, are being used for PET/CT
imaging. Even though these PSMA radiotracers are well estab-
lished, agreement on which tracer is optimal in primary PCa stag-
ing is lacking. Few studies have been published regarding the
interobserver variability of PET imaging with PSMA radiotracers,
and these studies have focused primarily on 68Ga-PSMA-11
(1,13–15). No large studies have compared interobserver variabil-
ities of different PSMA radiotracers for staging purposes. The aim
of this study was to determine the interobserver variability in pri-
mary PCa staging among the 3 clinically most frequently used
PSMA radiotracers (i.e., 18F-DCFPyL, 18F-PSMA-1007, and 68Ga-
PSMA-11) and identify the PSMA radiotracer with the least interob-
server variability for use in PCa staging.
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MATERIALS AND METHODS

Study Design and Patient Population
A retrospective cohort study was performed at The Netherlands

Cancer Institute (NCI) on the interobserver variability of PSMA PET/
CT scans in patients with newly diagnosed PCa.

Patients who had been referred to the NCI between January 2018 and
December 2020, and whose PSMA PET/CT scans were overread (defined
as a secondary interpretation) by 1 of 3 nuclear medicine physicians of
the NCI, were retrospectively included. Patients were excluded from anal-
ysis when staging was performed using tracers other than 18F-DCFPyL,
18F-PSMA-1007, or 68Ga-PSMA-11 and when PSMA PET/CT scans
were not performed for primary staging purposes (Fig. 1). The institu-
tional review board approved this retrospective study, and the requirement
to obtain informed consent was waived.

Being a high-volume PCa center, the NCI received patient referrals
on a case-by-case basis, either for treatment or treatment advice, from 44
hospitals in The Netherlands (academic or nonacademic and high- or
low-volume). Together with the referral letter, DICOM images were
securely sent to the NCI using CD-ROMs. After uploading the DICOM
images to the electronic system, we destroyed the CD-ROMs. All
PSMA PET/CT scans, initially performed, interpreted, and reported in
referring hospitals, were overread in the NCI for clinical purposes and in
line with the PROMISE criteria (16). Given the clinical purpose of the
overreads, data were not anonymized. The assessments of nuclear medi-
cine physicians from both referring hospitals and overreading hospitals
were performed in a nonmasked manner. All PSMA PET/CT scans were
discussed within a multidisciplinary consultation in the NCI with radiol-
ogists, nuclear medicine physicians, urologists, radiation oncologists, and
medical oncologists. Overreads were considered the reference to be
followed.

Patient characteristics were collected from patient charts, and
PSMA PET/CT results were collected from nuclear medicine reports.
According to the PROMISE criteria, a scan was reported as positive
when the lesion was consistent with or suggestive of being PCa (16).
Original reports (from referring hospitals) were compared with over-
read reports (from the overreading hospital—i.e., NCI) regarding
molecular imaging TNM (miTNM) classification. Agreement scoring

was based on the miTNM classification irrespective of the number or
location of lesions per patient. Overall agreement was defined as com-
plete agreement in miTNM classification irrespective of the number or
location of lesions per patient.

PET Imaging and Analysis
All PET images were acquired from mid thigh to skull base or ver-

tex. Most patients selected for PSMA PET/CT had a biopsy Gleason
score of at least 4 1 3 5 7 (International Society of Urological Pathol-
ogy [ISUP] $ 3), an initial prostate-specific antigen (PSA) value of at
least 20 ng/mL, or clinical or radiologic disease that was at least T3.

Different tracer incubation times and doses were used for different
tracers; a median of 60 min (interquartile range [IQR], 60–120 min) after
a median dose of 217 MBq (IQR, 205–305 MBq) for 18F-DCFPyL, a
median of 90 min (IQR, 89–120 min) after a median dose of 271 MBq
(IQR, 231–301 MBq) for 18F-PSMA-1007, and a median of 60 min
(IQR, 59–60 min) after a median dose of 137 MBq (IQR, 117–156 MBq)
for 68Ga-PSMA-11. PET images were combined with either a low-dose
CT scan (120–140 kV, 40–80 mAs) or a diagnostic CT scan (130 kV,
110 mAs) for anatomic correlation and attenuation correction.

Statistical Analysis
Categoric variables were reported as frequency distributions and

percentages, and continuous variables were reported as medians with
IQR.

First, the characteristics of the 3 different patient populations staged
with 1 of the 3 PSMA radiotracers were compared to check for case-mix
variation, using a x2 test for dichotomous and categoric variables or a
Mann–Whitney U test for continuous variables. To assess the interob-
server variability of the 3 clinically most frequently used PSMA radio-
tracers, a Cohen k analysis was performed for each miTNM category. As
conventionally classified, k values of 0–0.20 defined poor agreement;
0.21–0.40, fair agreement; 0.41–0.60, moderate agreement; 0.61–0.80,
substantial agreement; and 0.81–1.0, nearly perfect agreement (17). To
study possible differences in interobserver variability between the 3
applied PSMA radiotracers, multivariate logistic regression analyses were
used, taking into account potential differences in initial PSA level, cT
stage, cN stage, and biopsy ISUP grade. For this analysis, the degree of
agreement was dichotomized.

A P value of less than 0.05 was considered to indicate statistical
significance. All statistical analyses were performed with the statistical
package SPSS (version 27; IBM) for MacOS (Apple).

RESULTS

In total, 584 patients staged with PSMA PET/CT for primary,
untreated PCa were included in the analysis. Their characteristics
are presented in Table 1. 18F-DCFPyL, 18F-PSMA-1007, and 68Ga-
PSMA-11 were applied in 205 (35.1%), 168 (28.8%), and 211 (36.1%)
of the 584 patients and in 15 (34.1%), 27 (61.4%), and 17 (38.6%) of
44 hospitals, respectively. A comparison among radiotracers showed a
case-mix variation in clinical tumor stage (cT stage) and clinical nodal
stage (cN stage); 18F-DCFPyL was applied in patients with signifi-
cantly lower cT and cN stages than was 18F-PSMA-1007 (P5 0.01
and P , 0.001, respectively) or 68Ga-PSMA-11 (P 5 0.01 and
0.01, respectively).

Interobserver Variability
According to the local PSMA PET/CT interpretation, 99.0%

(578/584) of patients were considered positive, of whom 31.8%
(186/584) had locoregional lymph nodes metastases (miN1), 9.1%
(53/584) had distant lymph node metastases (miM1a), 12.0% (70/
584) had bone metastases (miM1b), and 0.5% (3/584) had visceral
metastases (miM1c; lung, liver, and pleura). After overreading all

Patients referred to the NCI between
January 2018 and December 2020,

whose PSMA-PET/CT scan had been
overread in the NCI (n = 943)

Overread PSMA-PET/CT scans
performed for primary staging purposes
using 18F-DCFPyL, 18F-PSMA-1007, or

68Ga-PSMA-11 (n = 584)

PSMA-PET/CT scans NOT
undertaken for primary

staging purposes (n = 359)

PSMA-PET/CT scans NOT
undertaken with 18F-DCFPyL,

18F-PSMA-1007, or
68Ga-PSMA-11 (n = 0)

FIGURE 1. Flowchart of study design.
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scans, 98.6% (576/584) were considered positive, of which 32.7%
(191/584) had miN1, 9.8% (57/584) had miM1a, 10.6% (62/584)
had miM1b, and 1.0% (6/584) had miM1c (lung and liver, Table 2).
The overall agreement for all tracers combined for the assessment

of a positive scan, miN1 status, miM1a status, miM1b status, and

miM1c status was 0.71, 0.86, 0.86, 0.80, and 0.46, respectively
(Cohen k analysis, Table 3). For 18F-DCFPyL, the Cohen k for a pos-
itive scan, miN1 status, miM1a status, and miM1b status was 0.66,
0.89, 0.81, and 0.88, respectively. No k for miM1c status could be
calculated within the 18F-DCFPyL cohort, since no visceral metastases
were found by nuclear medicine physicians from referring hospitals.
For 18F-PSMA-1007, the Cohen k for a positive scan, miN1 status,
miM1a status, miM1b status, and miM1c status was 0.66, 0.82, 0.79,
0.73, and 0.50, respectively. For 68Ga-PSMA-11, the Cohen k for a
positive scan, miN1 status, miM1a status, miM1b status, and miM1c
status was 1.00, 0.86, 0.91, 0.82, and 0.49, respectively.
When comparing the interobserver variability of the 3 clini-

cally frequently used radiotracers, significant differences were
found regarding overall agreement, miN status, and miM1b sta-
tus (Table 4). 18F-PSMA-1007 showed a significantly higher
interobserver variability regarding miM1b status than did 18F-
DCFPyL or 68Ga-PSMA-11 (P 5 0.001 and 0.03, respectively).
Additionally, 18F-PSMA-1007 showed a significantly higher inter-
observer variability regarding overall agreement and miN status
than did 18F-DCFPyL (P , 0.001 and P 5 0.01, respectively).

Clinical Confirmation
In 29 (5.0%) patients, referred from 18 different academic or

nonacademic and high- or low-volume centers, no agreement
regarding miM1b status was observed between the original report
and the overread report. 18F-PSMA-1007 was used in 17 of these
29 (58.6%), of whom 7 underwent a robot-assisted radical prostatec-
tomy with pelvic lymph node dissection. After surgery, 6 of the 7

TABLE 1
Patient Characteristics

Characteristic
Overall

(n 5 584)

18F-DCFPyL
(n 5 205)

18F-PSMA-1007
(n 5 168)

68Ga-PSMA-
11 (n 5 211)

Case-mix variation

18F-DCFPyL vs.
18F-PSMA-1007

18F-
DCFPyL vs.

68Ga-
PSMA-11

18F-PSMA-
1007 vs.
68Ga-

PSMA-11

Age (y) 68 (63–72) 68 (63–71) 67 (63–72) 68 (62–73) 0.63 0.47 0.84

Initial PSA (mg/L) 14.0 (8.0–29.2) 12.2 (7.8–25.3) 16.6 (8.3–33.8) 14.0 (8.4–31.0) 0.08 0.14 0.76

Clinical T stage

T1 109 (18.7%) 40 (19.5%) 27 (16.1%) 42 (19.9%) 0.01 0.01 0.78

T2 250 (42.8%) 101 (49.3%) 68 (40.5%) 81 (38.4%)

T3 212 (36.3%) 64 (31.2%) 67 (39.9%) 81 (38.4%)

T4 13 (2.2%) — (0.0%) 6 (3.6%) 7 (3.3%)

Clinical N stage

N0 393 (67.3%) 159 (77.6%) 101 (60.1%) 133 (63.0%) ,0.001 0.01 0.54

N1 191 (32.7%) 46 (22.4%) 67 (39.9%) 78 (37.0%)

Biopsy ISUP grade

1 31 (5.3%) 8 (3.9%) 14 (8.3%) 9 (4.3%) 0.22 0.15 0.45

2 95 (16.3%) 43 (21.0%) 25 (14.9%) 27 (12.8%)

3 157 (26.9%) 47 (22.9%) 45 (26.8%) 65 (30.8%)

4 143 (24.5%) 51 (24.9%) 38 (22.6%) 54 (25.6%)

5 154 (26.4%) 56 (27.3%) 44 (26.2%) 54 (25.6%)

Missing 4 (0.7%) — (0.0%) 2 (1.2%) 2 (0.9%)

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

TABLE 2
PSMA PET/CT Results

Result
Referring
hospital

Overreading
hospital

Positive scan 578 (99.0%) 576 (98.6%)

Locoregional lymph node
metastases (miN)

186 (31.8%) 191 (32.7%)

Distant metastases

miM1a 53 (9.1%) 57 (9.8%)

miM1b 70 (12.0%) 62 (10.6%)

miM1c 3 (0.5%) 6 (1.0%)

miM1a 5 Distant lymph node metastases; miM1b 5 bone
metastases; miM1c 5 visceral metastases.

Positive scan was defined as agreement in PSMA avidity. Data
are number of patients for whom referring or overreading nuclear
medicine physician considers respective miTNM classification as
positive and are reported as numbers of patients and percentages
with respect to total number of patients.
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patients had undetectable PSA levels, making the presence of bone
metastases unlikely. In 1 patient, PSA levels remained detectable
(0.12 mg/L). Pathology reports showed a pT3aN1 tumor with 3 of
19 positive locoregional lymph nodes and a clear margin. In this
patient, PSMA PET/CT reported 3 locoregional lymph nodes but
also a dubious paraaortic lymph node. Consequently, in this patient,
the presence of bone metastases remains equivocal.

DISCUSSION

Since the introduction of PSMA PET/CT in clinical practice, vari-
ous types of PSMA radiotracers have been developed, implemented,
and used in parallel. However, these interchangeable applications are
prone to bias and may impact the therapeutic management of patients

with PCa at initial staging. To the best of our knowledge, this was
the first study comparing the interobserver variability of the 3 clini-
cally most frequently used radiotracers in PSMA PET/CT imaging.
We observed superior interobserver agreement for the radiotracers
18F-DCFPyL and 68Ga-PSMA-11 compared with 18F-PSMA-1007 in
regard to miN status, miM1b status, and overall agreement.
No studies comprising large patient cohorts have been con-

ducted yet on the interobserver variability of 18F-PSMA-1007 and
18F-DCFPyL for use in patients with newly diagnosed PCa. Stud-
ies on the interobserver variability of 68Ga-PSMA-11, on the other
hand, have been conducted. Basha et al. (13), Derwael et al. (14),
Demirci et al. (18), and G€ultekin et al. (19) described substantial
to nearly perfect agreement for miN, miM1a, miM1b, and miM1c
status (k values of 0.63–0.94). Compared with the aforementioned

TABLE 3
PSMA PET/CT Interobserver Variability

Parameter

Cohen k

Overall

18F-DCFPyL
(n 5 205)

18F-PSMA-1007
(n 5 168)

68Ga-PSMA-11
(n 5 211)

Positive scan 0.71 (0.14) 0.66 (0.18) 0.66 (0.32) 1.00 (0.00)

Locoregional lymph nodes (miN) 0.86 (0.02) 0.89 (0.04) 0.82 (0.04) 0.86 (0.04)

Distant metastasis

miM1a 0.86 (0.04) 0.81 (0.09) 0.79 (0.07) 0.91 (0.04)

miM1b 0.80 (0.04) 0.88 (0.06) 0.73 (0.06) 0.82 (0.06)

miM1c* 0.46 (0.15) — 0.50 (0.31) 0.49 (0.18)

*No Cohen k could be calculated for miM1c of 18F-DCFPyL, since miM1c of referring nuclear medicine physicians was constant; all
scans were initially reported as no miM1c.

miM1a 5 distant lymph node metastases; miM1b 5 bone metastases; miM1c 5 visceral metastases.
Data in parentheses are SE. Positive scan was defined as agreement in PSMA avidity. Interobserver variability represents agreement

of nuclear medicine physicians regarding miTNM classification, irrespective of number or location of lesions per patient.

TABLE 4
PSMA PET/CT Interobserver Variability

Parameter

Agreement (%) P

18F-DCFPyL
(n 5 205)

18F-PSMA-1007
(n 5 168)

68Ga-PSMA-11
(n 5 211)

18F-DCFPyL vs.
18F-PSMA-1007

18F-DCFPyL vs.
68Ga-PSMA-11

18F-PSMA-1007
vs. 68Ga-PSMA-11

Positive scan 98.5 99.4 100.0 0.91 0.99 0.99

Locoregional lymph
nodes (miN)

96.1 90.5 93.4 0.03 0.18 0.41

Distant metastasis

miM1a 98.0 95.2 98.1 0.16 0.77 0.18

miM1b 98.0 89.9 96.2 0.001 0.29 0.03

miM1c 99.5 98.8 97.6 0.74 0.18 0.43

Overall agreement 91.2 77.4 84.8 ,0.001 0.08 0.14

miM1a 5 distant lymph node metastases; miM1b 5 bone metastases; miM1c 5 visceral metastases.
Positive scan was defined as agreement in PSMA avidity. Agreement scoring was based on miTNM classification, irrespective of

number or location of lesions per patient, with respect to total number of patients scanned with tracer above column. Overall agreement
was defined as complete agreement in PCa staging irrespective of number or location of lesions per patient, with respect to total number
of patients scanned with tracer above column. Data on agreement are percentages. Degree of significance is corrected for possible
confounding variables (initial PSA level, cT stage, cN stage, and biopsy ISUP grade).
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studies, we found better interobserver agreement for 68Ga-PSMA-11;
only nearly perfect agreement was found (k values of 0.82–1.00).
Notably, we found a relatively low Cohen k for the assessment of a
positive scan and miM1c status using PSMA PET/CT imaging,
whereas a high interobserver agreement was observed. This is due to
a previously described k paradox: the higher the agreement, the
higher the possibility of finding agreement by chance. Since the
Cohen k corrects for chance, a higher agreement can create a smaller
Cohen k (20).
The overall agreement for the clinically used PSMA radio-

tracers regarding miN1, miM1a, and miM1b status was moderate
to high. Accordingly, a nearly perfect interobserver agreement was
found for both miN and miM1a status (both k values of 0.86).
This is in contrast to the interobserver agreement of other diagnos-
tic modalities frequently used in PCa staging, such as MRI.
Regarding locoregional and distant lymph node staging, Johnston
et al. found decreased k values for N and M1a status using whole-
body MRI (k 5 0.79 and 0.68, respectively) compared with our k
values for miN and miM1a status (21). This higher interobserver
variability relative to PSMA PET/CT may be explained by the
multiple sequences of MRI (dynamic contrast-enhanced/diffusion-
weighted/T2-weighted) and the lower specificity of MRI than of
PSMA PET/CT for the detection of distant PCa metastases.
This higher interobserver variability of 18F-PSMA-1007 is at least

partly caused by nonspecific uptake of this tracer, most frequently
seen in osseous structures, as illustrated in Figure 2; increased uptake
of 18F-PSMA-1007 is observed, whereas a clear correlation on CT
images is missing. Initially, 18F-PSMA-1007 was a promising PSMA
radiotracer because of its hepatobiliary clearance. This is different
from 18F-DCFPyL and 68Ga-PSMA-11, since both tracers are
excreted in the urine, resulting in physiologic biodistribution in the
ureters and bladder. Because of the absence of urinary excretion in
18F-PSMA-1007, detection of local disease or recurrent disease
might be improved (22,23). However, increasing evidence points
to a major disadvantage of using 18F-PSMA-1007 in primary

staging. Significantly higher numbers of lesions with increased
tracer uptake, attributed to a benign (i.e., fibrous dysplasia, posttrau-
matic, or degenerative change) or physiologic origin, are found for
18F-PSMA-1007 (24–28). Although nonspecific skeletal uptake is
described more often in the literature with regard to 18F-PSMA-1007
(27), it is also seen in 18F-DCFPyL and 68Ga-PSMA-11 (4–9). The
exact mechanism of this nonspecific skeletal 18F-PSMA-1007 uptake
is yet unknown. However, it is hypothesized that the higher affinity of
18F-PSMA-1007 for the PSMA receptor, which was shown in pre-
clinical studies, may result in a higher signal from benign skeletal
lesions (25).

Our study was not devoid of limitations. First, it was a retro-
spective study in which the presence of selection bias cannot be
ruled out. Although we performed multivariate logistic regression
analyses, patients assessed and staged by 18F-PSMA-1007 could
have had a significantly higher interobserver variability in miM1b
status, due to overall more aggressive disease features. Second, we
conducted a retrospective cohort study in which overreads were
conducted as part of a second opinion or treatment advice. The
results may be affected by this selection, since hospitals may refer
patients with doubtful PSMA PET/CT scans more frequently. In
addition, assessments were performed in a nonmasked manner by
only 2 nuclear medicine physicians. In contrast to a multiple-
reader method, the use of only 2 nuclear medicine physicians
could have affected the interobserver variability. Another impor-
tant limitation of our study was the lack of uniform systematic
interpretation criteria. During the original report in referring hospi-
tals, different interpretation criteria were used. The presence and
clinical use of different interpretation criteria may impact the inter-
observer variability since each criterion focuses on slightly differ-
ent aspects of PSMA PET/CT scans. However, recent introduction
of the E-PSMA, the European Association of Nuclear Medicine
standardized reporting guidelines for PSMA PET, will enable
harmonization of diagnostic interpretation criteria by combining
the PSMA visual with the quantitative and semiquantitative
expression (23). This combination will facilitate data reprod-
ucibility and thus support therapeutic management decisions.
Lastly, not only the PSMA radiotracer but also the nuclear medi-
cine physician may impact interobserver variability. Especially
in questionable situations, in which the presence of metastases is
doubted, experience is important. One could argue that less
experienced nuclear medicine physicians are more likely to mis-
interpret PSMA PET/CT scans (i.e., misinterpret the 18F-PSMA-
1007 uptake in benign [skeletal] lesions as being compatible
with bone metastases). Considering the fact that 18F-PSMA-
1007 has been introduced more recently, experience in reporting
PSMA PET/CT scans made with this tracer is likely less than for
18F-DCFPyL or 68Ga-PSMA-11. Therefore, lack of experience with
this tracer cannot be excluded as a cause of the higher interobserver
variability.
Unlike other studies on the interobserver variability of PSMA

PET/CT scans, our study was based on a considerably larger cohort.
In addition, patients were referred from different hospitals through-
out The Netherlands, and overreads were conducted by several expe-
rienced nuclear medicine physicians. The interobserver variability
therefore cannot be attributed to individual interpretations.

CONCLUSION

Interobserver agreement on PSMA PET/CT for use in PCa staging
was moderate to high. However, agreement on assessment of PSMA

FIGURE 2. Comparison of 18F-DCFPyL (A and C) and 18F-PSMA-1007
(B and D) in single patient. 18F-DCFPyL images were acquired 48 d after
18F-PSMA-1007 PET/CT scan. No suspected skeletal lesions were found
using 18F-DCFPyL, whereas suspected skeletal lesions were found in os
ischium and acetabulum dome using 18F-PSMA-1007 (B and D, respec-
tively). After robot-assisted radical prostatectomy with extended pelvic
lymph node dissection, pT2N0 ISUP 3 was found. Postoperative PSA lev-
els were undetectable, making presence of bone metastases unlikely and
indicating presence of nonspecific uptake of 18F-PSMA-1007 in bone.
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PET/CT imaging by 2 nuclear medicine physicians regarding staging
of newly diagnosed PCa differs among 3 frequently used PSMA
radiotracers (18F-DCFPyL, 18F-PSMA-1007, and 68Ga-PSMA-11).
Agreement on miM1b status is significantly worse for 18F-PSMA-
1007 than for 18F-DCFPyL or 68Ga-PSMA-11, mainly because of
nonspecific tracer uptake in osseous structures. On the basis of our
findings, bone lesions seen on PSMA PET/CT scans with 18F-
PSMA-1007 in primary staging should be interpreted carefully, and
training—to gain experience in interpreting this specific PSMA radio-
tracer—is strongly advised.
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KEY POINTS

QUESTION: Does the interobserver variability differ among the
3 clinically frequently used PSMA radiotracers (18F-DCFPyL,
18F-PSMA-1007, and 68Ga-PSMA-11) in primary-PCa staging?

PERTINENT FINDINGS: In a retrospective analysis with 584
patients staged with PSMA PET/CT for primary untreated PCa, a
significantly higher interobserver variability regarding assessment
of bone metastasis was observed in patients assessed and staged
by 18F-PSMA-1007.

IMPLICATIONS FOR PATIENT CARE: Bone lesions seen on
PSMA PET/CT scans with 18F-PSMA-1007 in primary staging
should be interpreted carefully, and training—to gain experience in
interpreting this specific PSMA radiotracer—is strongly advised.
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18F-FDG PET has limited diagnostic applications in malignant mela-
noma (MM). 18F-N-(2-(diethylamino)ethyl)-5-(2-(2-(2-fluoroethoxy)
ethoxy)ethoxy)picolinamide (18F-PFPN) is a novel PET probe with
high affinity and selectivity for melanin. We conducted a clinical study
with 2 aims, first to investigate the biodistribution and radiation
dosimetry of 18F-PFPN in healthy volunteers, and second, to examine
the diagnostic utility of 18F-PFPN PET imaging in patients with MM.
Methods: 18F-PFPN was synthesized through a fluoro-for-tosyl
exchange reaction. Five healthy volunteers were enrolled to investi-
gate the biodistribution, pharmacokinetics, radiation dosimetry, and
safety of the tracer. Subsequently, a total of 21 patients with clinically
suspected or confirmed MM underwent both 18F-PFPN PET/MRI and
18F-FDG PET/CT scans. The normalized SUVmax of selected lesions
was determined for both tracers and compared in patient- and lesion-
based analyses. Results: 18F-PFPN has an elevated radiochemical
yield and was highly stable in vivo. In healthy volunteers, 18F-PFPN
was safe and well tolerated, and its effective absorbed dose was
comparable to that of 18F-FDG. In patient-based analysis, 18F-PFPN
uptake was higher than 18F-FDG for both primary tumors and nodal
metastases. In lesion-based analysis,18F-PFPN PET imaging could
detect 365 metastases that were missed on 18F-FDG PET. Addition-
ally, 18F-PFPN PET imaging had clinical value in distinguishing false-
positive lesions on 18F-FDG PET. Conclusion: 18F-PFPN is a safe
and well-tolerated melanin PET tracer. In a pilot clinical study, 18F-
PFPN PET imaging outperformed traditional 18F-FDG PET in identify-
ing both primary MM and its distant spread.

KeyWords: 18F-PFPN; 18F-FDG; malignant melanoma; PET; diagnosis
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Malignant melanoma (MM) is a highly aggressive tumor that
poses a significant public health burden (1). The 5-y overall sur-
vival rates of patients with nodal and distant spread are as low as
65% and 25%, respectively. However, early surgical excision of

localized MM portends favorable outcomes (5-y overall survival,
98%). In this scenario, both prompt diagnosis and accurate disease
staging are paramount to reduce mortality.
Traditional 18F-FDG PET may be clinically useful for staging

and therapeutic monitoring of advanced (stage III2IV) MM (2).
However, the value of 18F-FDG PET imaging in this malignancy is
limited by uptake in the liver and brain (3), which may ultimately
compromise reliable detection of primary or metastatic melanoma
lesions at these anatomic sites. Additionally, 18F-FDG PET does not
have sufficient sensitivity to diagnose stage I2II MM (4) and is gen-
erally unable to identify small (,1 cm) metastases to the lung, liver,
and brain (5).
Recent advances in specific PET tracers, including MM-selective

antibodies (6,7), a-melanocyte–stimulating hormone receptor li-
gands (5,8), and peptides (9,10), have fostered our ability to identify
MM lesions. Unfortunately, several caveats, including slow and lim-
ited tumor uptake, suboptimal in vivo stability, and elevated liver
accumulation, still hamper their routine clinical application. One of
the most promising molecular targets for the imaging of MM is mel-
anin, which exists in most melanomas (.90%) (11). Several mela-
nin-targeted radiopharmaceuticals, including 123I-MEL008 (12),
18F-FBZA (13), 18F-MEL050 (14), and 4-11C-MBZA (15), have
been synthesized from benzamide, quinoxaline, or picolinamide and
applied as PET and SPECT tracers. We have previously designed
and synthesized an 18F-labeled benzamide analog as a melanin-
imaging tracer, termed 18F-5-fluoro-N-(2-[diethylamino]ethyl)picoli-
namide (18F-5-FPN). This probe, characterized by high melanin
affinity and favorable pharmacokinetic properties (16,17), has
shown promising preclinical value for the identification of small
(,2 mm) nodal and distant metastases from MM in mice (18).
However, the relatively elevated hepatic tracer uptake of 18F-5-FPN
hindered its clinical applications. Subsequently, we optimized this
probe to have a higher tumor–to–normal-liver ratio and radiochemical
yield, named 18F-N-(2-(diethylamino)ethyl)-5-(2-(2-(2-fluoroethoxy)
ethoxy)ethoxy)picolinamide (18F-PFPN) (19).
To shed further light on the translational value of 18F-PFPN as

a melanin-targeted PET probe for MM imaging, we designed the
current study with 2 principal aims. First, we sought to investigate
the biodistribution and radiation dosimetry of 18F-PFPN in healthy
volunteers. Second, we examined, for the first time, the clinical
utility of 18F-PFPN PET imaging in patients with suspected or
pathologically confirmed MM.
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MATERIALS AND METHODS

Healthy Volunteers and Patients
The institutional review board approved this study, and all subjects

gave written informed consent. Five healthy volunteers (3 women and
2 men; age range, 28–48 y; Supplemental Table 1 [supplemental mate-
rials are available at http://jnm.snmjournals.org]) were enrolled to
investigate the biodistribution, pharmacokinetics, radiation dosimetry,
and safety of 18F-PFPN. Between January 19, 2021, and June 19,
2021, the patients with clinically suspected or confirmed MM were
recruited. All patients underwent 18F-FDG PET/CT and 18F-PFPN
PET/MRI within 1 wk. CT was performed when MRI was contraindi-
cated (1 patient because of a metal implant). Patients with acute sys-
temic diseases, electrolyte disorders, other known malignancies, an
age of less than 18 y, or pregnancy or lactation were then excluded.

Biodistribution and Radiation Dosimetry of 18F-PFPN in
Healthy Volunteers

18F-PFPNwas synthesized using the procedural steps outlined in Sup-
plemental Figure 1 (19). The procedures for determining the tracer bio-
distribution and the radiation dosimetry are described in Supplemental
Figure 2. In healthy volunteers, serial whole-body PET/MRI scans were
subsequently acquired on an integrated PET/MRI scanner (Signa; GE

FIGURE 1. Maximum-intensity-projection PET images obtained from
female and male volunteers at different time points after intravenous
18F-PFPN injection.

TABLE 1
General Characteristics of Patients with Clinically Suspected or Confirmed MM

Patient
no. Sex

Age
(y)

Weight
(kg)

18F-PFPN
dose
(MBq)

18F-FDG
dose
(MBq)

Clinical
role of
PET

Primary tumor
location

Confirmed
metastases*

Clinical stage/
final diagnosis

1 M 70 76 358.9 318.2 IS Right plantar region LNM, LM, BM, SM T4bN3cM1, 4

2 F 55 54 270.1 244.2 IS Left plantar region LNM T4bN3cM0, IIIc

3 M 40 73 344.1 314.5 IS Left plantar region — T2bN0M0, IIa

4 M 47 55 214.6 259 RD Occipital skin LNM, GM PD

5 M 67 59 196.1 266.4 IS Right plantar region LNM, LM, BM T4bN3cM1, 4

6 M 59 69 266.4 281.2 RD Left choroid (eye) LM PD

7 M 55 60 321.9 266.4 IS Right plantar region LNM, LM, BM T4bN3cM1, 4

8 M 47 75 381.1 340.4 RD Left choroid (eye) LNM, LM, BM PD

9 F 73 50 247.9 260.1 IS Rectum LNM, LM, BM, SM, PM T4bN3cM1, 4

10 F 49 52 255.3 255.3 IS Left isovarvas LNM, BM T3bN2bM1, 4

11 F 39 94 296 366.3 RD Left pollex LNM PD

12 F 39 64 196.5 266.4 RD Left plantar region LNM PD

13 F 63 60 303.4 273.8 RD Right heel LNM PD

14 M 50 85 392.2 323.4 RD Right plantar region LNM, LM, BM, AM PD

15 F 33 48 218.3 210.9 IS Left arm — T4bN0M0, IIc

16 M 63 50 236.8 247.9 RD Left heel LNM, BM, PM, AM,
CM, GM, CUM

PD

17 M 66 82 310.8 344.1 IS Right forehead (skin) LNM T2aN2bM0, IIIb

18 F 54 60 247.9 259 RD Perineum LNM PD

19 M 70 72 270.1 307.1 RD Left plantar region LNM PD

20 F 50 67 270.1 254.2 RD Left toe LNM, PM, CUM PD

21 F 63 67 314.5 259 RD Perineum LNM PD

*Confirmed after thorough review of imaging and pathologic findings.
IS 5 initial staging; LNM 5 lymph node metastases; LM 5 liver metastases; BM 5 bone metastases; SM 5 spleen metastases; RD 5

recurrence detection; GM 5 gastric metastases; PD 5 progression of disease; PM 5 pulmonary metastases; AM 5 adrenal gland
metastasis; CM 5 cerebral metastasis; CUM 5 cutaneous metastasis.
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Healthcare) at 30, 60, 120, and 240 min after tracer injection. At each
time point, images were acquired immediately after collection of bio-
logic specimens (blood and urine). The tracer uptake in each major
organ was determined by calculating the SUVmean. The pharmacokinetic

profile of 18F-PFPN was investigated by determining the radioactive
count of blood, plasma samples, and urine specimens collected at differ-
ent time points using an automatic well-type automatic g-counter (WIZ-
ARD 2470; PerkinElmer). The absorbed radiation dose for each major

organ was calculated using the OLINDA/EXM
software, version 2.1. The healthy volunteers
were asked to report any subjective abnormal-
ity within 1 h from the completion of the study
procedures. Vital signs were determined in the
preprocedural phase and 4 h after tracer
injection.

PET Imaging in Patients with Suspected
or Pathologically Confirmed MM

18F-PFPN PET/MR images were acquired
approximately 1 and 3 h after the intravenous
injection of 18F-PFPN (dose, 3.0–5.4 MBq/kg).
18F-FDG PET/CT images were acquired
approximately 60 min after the intravenous
injection of 18F-FDG (dose, 3.7–5.4 MBq/kg).
All scans were from the brain to the upper thigh
(or the foot when required).

Image Interpretation
Images were uploaded on an Advantage

Workstation (version AW4.6; GE Healthcare)
for registration, fusion, and interpretation.

TABLE 2
Patient- and Lesion-Based Analyses of 18F-PFPN and 18F-FDG PET Imaging Findings

Analysis Parameter Primary tumor
Lymph node
metastases Bone metastases Liver metastases

Metastases to
other sites

Patient-based
analysis

8 18 8 7 6

Number of
patients

18F-FDG 8 17 7 5 4

18F-PFPN 8 18 8 7 6

P 1.0* 1.0* 0.462*

Normalized
SUVmax

18F-FDG 4.42 6 3.43 7.36 6 6.08 6.18 6 4.06 4.94 6 4.36 13.92 6 10.97

18F-PFPN, 1 h 10.27 6 6.09 15.14 6 14.07 18.21 6 21.00 23.56 6 25.66 20.32 6 19.29
18F-PFPN, 3 h 17.82 6 10.29 21.10 6 17.66 28.47 6 36.08 37.03 6 48.64 29.87 6 27.1

P (1 h/3 h) 0.022*/0.008* 0.043/0.005 0.161/0.130 0.144/0.178 0.496/0.211

Lesion-based
analysis

124 394 141 33

Number of
lesions

18F-FDG 98 151 49 29

18F-PFPN 124 394 141 33

P 0.000 0.000 0.000 0.114†

Normalized
SUVmax

18F-FDG 5.36 6 4.08 5.01 6 2.33 5.08 6 2.11 7.93 6 7.70

18F-PFPN, 1 h 10.88 6 9.49 20.14 6 21.83 19.17 6 17.29 11.97 6 11.59
18F-PFPN, 3 h 16.35 6 13.55 31.83 6 37.09 31.55 6 31.52 17.52 6 16.56

P (1 h/3 h) 0.000/0.000 0.000/0.000 0.000/0.000 0.117/0.006

*Paired t test.
†Fisher exact test.
1 h/3 h 5 P value calculated for 18F-FDG SUVmax vs.

18F-PFPN SUVmax at 1 or 3 h.

FIGURE 2. Representative images of patients with MM who underwent 18F-PFPN and 18F-FDG
PET scans for disease staging. 18F-PFPN PET outperformed traditional 18F-FDG PET for identifying
both primary tumors and distant metastases. Blue arrows indicate primary lesions, whereas yellow
arrowheads denote lymph node metastases.
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18F-PFPN and 18F-FDG PET images were independently reviewed by
2 experienced nuclear medicine physicians who were not aware of
patient clinical data and conventional imaging results. All discrepan-
cies were resolved by consensus.

Regions of interest were drawn on transaxial slices, and the raw
SUVmax was automatically calculated to quantify 18F-FDG and 18F-
PFPN uptake within each lesion. To improve the comparability of
SUVmax, raw data were normalized using the following formula:

Normalized SUVmax 5 Raw SUVmax=SUVbkgd,

where SUVbkgd indicates the SUVmean of the descending aorta.
Both patient- and lesion-based quantitative assessments were per-

formed. Patient-based analysis included either the primary tumor or the
single lesion showing the highest tracer uptake at each metastatic site.
Lesion-based analysis for each site was performed either on all lesions
(when their count was #10) or the 10 lesions that showed the highest
tracer uptake (when their count was .10). A visual scoring system was
also applied and is described in the supplemental materials.

Statistical Analysis
Continuous variables are presented as means 6 SD. SUVmax was

compared between groups using the Student t test. Categoric variables

were compared using the x2 test. All analyses were undertaken in
SPSS, version 22 (IBM). Two-tailed P values of less than 0.05 were
considered statistically significant.

RESULTS

Quality Control and Radiochemistry of the 18F-PFPN Tracer
18F-PFPN was successfully synthesized. The radiochemical

purity and specific activity of 18F-PFPN (n 5 5) was 97.38% 6
1.99% and 101–165 GBq/mmol, respectively. This probe’s in vivo
stability measured at 4 h after injection was more than 95%. An
illustrative high-performance liquid chromatography image of the
tracer in the urine is shown in Supplemental Figure 3.

Biodistribution, Dosimetry, and Safety of 18F-PFPN in
Healthy Volunteers

For healthy volunteers, the 18F-PFPN maximum-intensity-projec-
tion images are shown in Figure 1. 18F-PFPN uptake was visible in
the renal pelvis and calices, ureters, gallbladder, urinary bladder,
stomach, and liver. Hepatic SUVmean decreased over time, being 4.51
6 0.75, 3.266 0.62, 2.456 0.40, and 1.746 0.28 at 30, 60, 120, and
240 min after injection, respectively (Supplemental Fig. 4). A similar
pattern was observed for blood uptake, which gradually decreased
from (2.65 6 0.20) 3 1023 percentage injected dose [%ID]/g at
30 min after injection to (1.35 6 0.67) 3 1023 %ID/g at 240 min
(Supplemental Fig. 5). Comparable results were evident for most
organs, except the gallbladder, eyes, and urine. The tracer activity in
the urine was 0.156 0.05%ID/g at 30min after injection and reached
a peak of 0.356 0.14 %ID/g at 60 min, suggesting rapid renal clear-
ance. Concerning the eyes, we observed an SUVmean increase from
0.796 0.07 at 30 min after injection to 1.326 0.30 at 240 min due to
the presence of choroidal melanocytes and retinal pigment cells.
The estimated absorbed-radiation dosimetry for different organs

is depicted in Supplemental Table. 2. The urinary bladder wall
showed the highest dose activity (1.733 1021 mSv/MBq), followed
by the kidneys. A mean absorbed dose of 7.37 3 1023 mSv/MBq
was observed in the eyes. The total effective dose was 2.01 3 1022

mSv/MBq.
Neither immediate adverse reactions nor

significant changes in vital signs were
observed after tracer injection. Similarly,
follow-up laboratory examinations did not
reveal any abnormal changes in liver and
kidney function tests.

Characteristics of Patients with MM
In total, 21 patients (mean age, 54.86 6

11.58 y) with clinically suspected or con-
firmed MM were included in the study
(Table 1). Nine patients underwent imaging
for initial disease staging, whereas investi-
gations in the remaining 12 were aimed at
detecting recurrences. Most primary MMs
were in the skin, followed by choroid mem-
branes. One patient had an occult primary
MM located in the rectum.

Comparison of 18F-PFPN and 18F-FDG
PET Imaging in Patients with MM
We subsequently compared 18F-PFPN

and 18F-FDG PET imaging in MM patients
(Table 2; Fig. 2). 18F-PFPN PET could
clearly delineate lesions, with an excellent

FIGURE 3. Comparative findings obtained from visual assessment of
18F-PFPN and 18F-FDG PET images. LM 5 liver metastases; BM 5 bone
metastases; LNM 5 lymph node metastases. n (%) in each bar refers to
patient number (patient number as a percentage of the total population).

FIGURE 4. A 47-y-old man who underwent surgical removal of choroidal MM 19 mo before imag-
ing. On maximum-intensity-projection (MIP) images, 18F-PFPN PET (A) was able to identify higher
number of lesions (blue arrowheads) than 18F-FDG PET could (B). 18F-PFPN PET/MRI identified
hyperintense T1-weighted focus of increased tracer uptake in left arm (SUVmax, 8.4; red arrows) and
left femur (SUVmax, 6.8; ,2 mm, green arrows), which had normal uptake and density on 18F-FDG
PET/CT images.
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contrast due to low background uptake, especially in the brain and
liver. On a patient-based analysis, both 18F-PFPN and 18F-FDG
PET showed the same diagnostic performance (100%) for the
detection of primary lesions; in addition, these 2 techniques

performed similarly for identifying metasta-
ses (100.00% vs. 94.44% in lymph nodes,
100.00% vs. 87.50% in bone, 100.00% vs.
71.43% in liver, 100.00% vs. 66.67% in
other sites, respectively). Significant differ-
ences were observed between SUVmax for
18F-PFPN and SUVmax for 18F-FDG mea-
sured at 1 and 3 h for both primary lesions
(P 5 0.022 and 0.008, respectively) and
lymph node metastases (P 5 0.043 and
0.005, respectively), with the former tracer
showing the higher uptake.
On a lesion-based analysis, 18F-PFPN

PET/MRI detected a higher number of
lesions than did 18F-FDG PET (365 addi-
tional lesions); the detection rates according
to the anatomic distribution were as fol-
lows: lymph nodes (100.00% vs. 79.03%,
respectively), bone (100.00% vs. 38.32%,
respectively), liver (100.00% vs. 34.75%,
respectively), and other sites (100.00%
vs. 87.88%, respectively). The SUVmax for

18F-PFPN in the primary lesions, as well as in nodal, bone, and
hepatic metastases, significantly increased from 1 to 3 h after injec-
tion (P , 0.05); conversely, a significant decrease was observed
for most tissues and organs. A similar increase in normalized

SUVmax for
18F-PFPN was evident between

1 and 3 h. Notably, normalized SUVmax

for18F-PFPN at 3 h was higher than that for
18F-FDG for most lesions (P , 0.01). The
original SUVmax data are shown in Supple-
mental Table 3.
On the visual scoring system (Fig. 3),

18F-PFPN outperformed 18F-FDG for the
detection of distant metastases to the liver
(109 vs. 09), bone (89 vs. 09), other distant
sites (39 vs. 09) and lymph nodes (89 vs. 09).
The total scores for 18F-PFPN and 18F-FDG
PET were 299 and 09, respectively.

Illustrative Case Reports
A 47-y-old man (patient 8, Fig. 4) under-

went 18F-PFPN PET for the detection of
MM recurrences. 18F-PFPN PET identified
more lesions than 18F-FDG PET did (fold-
change in lesion detection for 18F-PFPN
PET: 2-fold higher for nodal metastases,
3-fold higher for hepatic metastases, and
2.5-fold higher for bone metastases). Notably,
18F-PFPN PET successfully detected lesions
smaller than 2 mm.
In patient 16 (Fig. 5), high background

activity caused by elevated physiologic
tracer uptake in the brain prevented the iden-
tification of cerebral metastases on 18F-FDG
PET imaging; however, the lesions were
clearly visible on 18F-PFPN PET images.
Besides, MRI sequences provided diagnos-
tic confirmation.
In patient 3 (Fig. 6), 18F-PFPN PET, but

not 18F-FDG PET, correctly identified the

FIGURE 6. A 40-y-old man who sought medical attention for growing pigmented lesion on arch of
left foot. 18F-FDG PET images (A and B) revealed mild tracer accumulations in left anterior arch
(red circle and red arrows; SUVmax, 3.3) and lateral margin of right foot (blue circle and blue arrows;
SUVmax, 2.7).

18F-PFPN PET clearly delineated left-foot lesion, which showed avid tracer uptake
(SUVmax, 5.0), but

18F-PFPN PET did not identify any lesion in right foot. Results of pathologic exam-
ination identified left-foot lesion as nodular ulcerated MM (thickness, 1.2 mm; pathologic T stage,
pT2b). Interestingly, there was intense 18F-FDG uptake in cervical lymph nodes (C, green arrows:
SUVmax, 3.0–12.6), which, however, did not show significant 18F-PFPN uptake. Collectively, these
findings ruled out possibility that these lesions were metastases from MM; 18F-FDG PET–positive
nodes likely had reactive inflammatory nature.

FIGURE 5. A 63-y-old man who underwent surgical removal of plantar melanoma 2 y before PET
imaging. (A) Craniocerebral 18F-PFPN PET/MRI revealed avid tracer uptake in left parietal lobe (SUV-
max, 1.8; red arrows) and right cerebellum (SUVmax, 4.3; green arrows). (B) Conversely, no malignant
lesions were visible on 18F-FDG PET; notably, these images were characterized by high background
activity caused by elevated physiologic tracer uptake in brain.
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primary lesion located in the left foot as an early-stage mela-
noma. Interestingly, the cervical lymph nodes showed intense
18F-FDG uptake, whereas there was no 18F-PFPN accumulation
in these areas. The follow-up results suggested the findings to be
inflammatory but not metastasis lesions and false-positive on
18F-FDG PET.
Figure 7 shows an illustrative case of 18F-PFPN PET and 18F-

FDG PET findings in a woman with distant amelanotic lesions from
MM. Melanoma cells unable to produce melanin were missed on
18F-PFPN PET, which further confirmed the specificity of 18F-PFPN
as a melanin PET tracer.

DISCUSSION

There are 2 principal findings from this study. First, on analyzing
the biodistribution, pharmacokinetics, radiation dosimetry, and safety
of 18F-PFPN in 5 healthy volunteers, we found that this melanin PET
tracer was safe and well tolerated; also, its absorbed radiation dose
was comparable to 18F-FDG. Second, in a pilot clinical investigation
on suspected or confirmed MM patients, 18F-PFPN showed higher
uptake than 18F-FDG for both primary tumors and distant metastases.
In a lesion-based analysis,18F-PFPN PET imaging could detect 365
metastases that were missed on 18F-FDG PET. Collectively, these
data represent a promising step in understanding the clinical value of
18F-PFPN PET imaging for diagnosing and detecting disease recur-
rences inMM.
Although 18F-FDG PET imaging has extensive applications in

patients with solid malignancies (20), its clinical value in MM is
beset by high false-positive rates (100% in early-stage MM) (21).
In this scenario, there have been increasing efforts to develop
novel PET tracers capable of recognizing and binding to melanin
with high affinity and specificity. The melanin PET tracer used in
this study (18F-PFPN) was optimized and improved on the basis of
our previous nicotinamide probe, 18F-5-FPN (17). Compared with

the parent molecule, 18F-PFPN is characterized by a more favor-
able pharmacokinetic profile—importantly, the negligible hepatic
accumulation and rapid renal clearance (19)—thus endowing this
tracer with the capacity to be safely applied for clinical imaging
studies.
However, partial excretion may occur through the hepatobiliary

system, which may at least in part account for both gallbladder and
intestinal wall uptake. On another note, the annular tracer accumula-
tion in the eyes can be explained by the presence of choroidal melano-
cytes and retinal pigment cells. In terms of radiation safety, the total
effective dose of 18F-PFPN was 0.020 mSv/MBq, which is compara-
ble to the whole-body effective dose of 18F-FDG (0.019 mSv/MBq)
(22). Collectively, these results prompted us to conduct the first clini-
cal 18F-PFPN PET imaging study in patients with MM.
First, on analyzing diagnostic performance for the detection of

primary MM, we found that 18F-PFPN PET could identify early
T-stage lesions (e.g., T2b). Additionally, significant differences
were observed between SUVmax for 18F-PFPN and SUVmax for
18F-FDG measured at 3 h for primary lesions, with the former
tracer showing the highest uptake (3.92-fold higher uptake than
that of 18F-FDG). In view of these findings, we subsequently exam-
ined the role of 18F-PFPN PET imaging to identify distant metasta-
ses. Although the results of 18F-PFPN PET imaging led to
modifications in disease staging for one patient only (1/9), this may
be related to the high proportion of patients with advanced disease
stages. Interestingly, 18F-PFPN showed low background activity,
ultimately allowing reliable delineation of a higher number of dis-
tant lesions from MM, including those at nodal, bone, and hepatic
sites. Pigmented lesions can appear hyperintense on T1-weighted
MR images because of the high number of negative melanin
charges, which ultimately facilitate iron binding. In this scenario,
the combination of 18F-PFPN PET with MRI can increase image
interpretation accuracy. Immune checkpoint inhibitions could
enhance immune cells to kill tumors, which had been one of the
main treatments for metastatic melanoma (23). 18F-PFPN may pro-
vide an excellent possibility to distinguish between inflammatory
processes and melanotic lesions through specific binding to mela-
nin. Benefitting from this capacity, 18F-PFPN imaging could be a
valuable tool to evaluate immune checkpoint inhibition efficacy by
reflecting the changes in melanoma tumor cells. However, 18F-
PFPN PET may underperform traditional 18F-FDG PET in less
common amelanotic or hypomelanotic subtypes of MM, which
comprise 2%28% of all cases. These lesions, whose appearance
can mimic several benign and malignant conditions, continue to
pose significant diagnostic challenges (11).
Our findings need to be interpreted in the context of some limita-

tions. First, it would have been interesting to include patients with
early-stage (I2II) MM; more research is necessary to confirm our
findings and to evaluate the role of 18F-PFPN PET imaging in this
patient group. Second, our study focused on the clinical value of this
imaging modality in patients with pigmented MM. One of the study
patients had her distant amelanotic lesions missed on 18F-PFPN PET;
therefore, the possibility of nonpigmented lesions in patients with
MM should be based on a comprehensive consideration of thorough
clinical and imaging investigations. Finally, the single-center design
may have limited the external validity of our results. Despite these
limitations, our data represent a promising step in understanding the
potential utility of 18F-PFPN as a melanin tracer and may open new
research directions. For example, labeling 18F-PFPN with therapeutic
radioisotopes may warrant further scrutiny as a potential therapeutic
strategy in metastatic MM (24).

FIGURE 7. A 51-y-old woman who underwent partial excision of MM in
left breast 1 y before PET imaging. She was regularly followed up;
marked increase in serum CA 19-9 level (.1,200 U/mL; reference range,
0–35 U/mL) was evident over last 4 mo. (A) On 18F-FDG PET imaging, avid
tracer uptake was evident in operated breast (SUVmax, 3.7–10.4), axillary
lymph nodes (SUVmax, 3.8–9.6), and bone (SUVmax, 3.2–10.2), indicating
recurrent disease. Unexpectedly, 18F-PFPN PET imaging findings were
negative. (B) Visual examination of operated breast showed nonpigmented
recurrent lesions. Pathology examination (hematoxylin and eosin [H&E]
staining) of axillary lymph nodes identified metastases from MM; however,
these metastatic cells were proven to be nonpigmented (unable to pro-
duce melanin). Red arrows indicate breast lesion.
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CONCLUSION

18F-PFPN is a safe and well-tolerated melanin PET tracer. In
a pilot clinical study, 18F-PFPN PET outperformed traditional
18F-FDG PET in identifying both primary MM and distant metas-
tases. Further research is needed to verify these results in a larger
sample and investigate the clinical value of 18F-PFPN PET imag-
ing in early-stage MM.
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KEY POINTS

QUESTION: 18F-PFPN is a novel PET probe with high affinity
and selectivity for melanin; it may have clinical utility in patients
with MM.

PERTINENT FINDINGS: In MM patients, uptake of 18F-PFPN
was higher than that of 18F-FDG for both primary tumors and
metastases, and 18F-PFPN PET could detect 365 metastases
missed on 18F-FDG PET. Additionally, 18F-PFPN PET had clinical
value in distinguishing false-positive lesions on 18F-FDG PET.

IMPLICATIONS FOR PATIENT CARE: 18F-PFPN PET may
outperform traditional 18F-FDG PET in identifying both primary
melanoma and its distant spread.
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223Ra Induces Transient Functional Bone Marrow Toxicity
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223Ra is a bone-seeking, a-particle–emitting radionuclide approved
for the treatment of patients with metastatic prostate cancer and is
currently being tested in a variety of clinical trials for primary andmeta-
static cancers to bone. Clinical evaluation of 223Ra hematologic safety
showed a significantly increased rate of neutropenia and thrombocy-
topenia in patients, hinting at myelosuppression as a side effect.
Methods: In this study, we investigated the consequences of 223Ra
treatment on bone marrow biology by combining flow cytometry,
single-cell RNA sequencing, three-dimensional multiphoton micros-
copy and bone marrow transplantation analyses. Results: 223Ra accu-
mulated in bones and induced zonal radiation damage confined to the
bone interface, followed by replacement of the impaired areas with adi-
pocyte infiltration, as monitored by 3-dimensional multiphoton micros-
copy ex vivo. Flow cytometry and single-cell transcriptomic analyses
on bone marrow hematopoietic populations revealed transient, non-
specific 223Ra-mediated cytotoxicity on resident populations, including
stem, progenitor, and mature leukocytes. This toxicity was paralleled
by a significant decrease in white blood cells and platelets in peripheral
blood—an effect that was overcome within 40 d after treatment. 223Ra
exposure did not impair full hematopoietic reconstitution, suggesting
that bone marrow function is not permanently hampered. Conclusion:
Our results provide a comprehensive explanation of 223Ra reversible
effects on bone marrow cells and exclude long-term myelotoxicity,
supporting safety for patients.

KeyWords: 223Ra; myelotoxicity; bonemarrow
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The radioisotope 223Ra is an a-particle emitter that accumulates
in bone after in vivo administration (1,2). 223Ra was originally
tested as targeted radiotherapy for prostate cancer metastasis in
bone (1), which represents a major site for distant colonization (3).
The high-energy radiation of 223Ra, coupled with limited penetrance
in tissues (,100 mm), mediates zonal toxicity at the bone interface
toward osteoblasts, osteoclasts, and tumor cells (4–7). 223Ra pro-
longed the median overall survival (3.6 mo) and delayed the time to
first symptomatic skeletal event (5.8 mo) in men with prostate can-
cer metastatic to bone (8,9). These results led to the approval of

223Ra for the treatment of metastatic prostate cancer patients with
symptomatic bone lesions and no visceral involvement (8,9). On the
basis of this positive outcome, the use of 223Ra is now being clini-
cally investigated for other tumor types that colonize the bone,
including multiple myeloma, hormone-positive breast cancer, renal
cell carcinoma, non–small cell lung cancer, and differentiated thy-
roid cancer (10–12).
Follow-up studies on patients excluded long-term emergence of

secondary malignancies associated with 223Ra treatment (such as
other primary bone cancers or acute myelogenous leukemia) for up
to 3 y (13,14). Hematologic safety analyses instead showed an im-
pact by 223Ra on bone marrow function (15). Accordingly, median
absolute neutrophil counts and platelet number, which remained
constant for placebo-treated patients, significantly decreased in
223Ra-treated men, with a rebound after the end of the treatment.
Hemoglobin levels were not significantly affected over the treatment
period in either the 223Ra group or the placebo group. In comparison,
antitumor radiation levels of b-emitting agents such as 89Sr- or
153Sm-ethylenediamine-tetra-methylene-phosphonic acid, which dis-
plays abundant g-emission, are associated with more severe bone
marrow toxicity, limiting their usefulness for treating patients (1).
Neutropenia and thrombocytopenia currently represent the most

common adverse reactions and hint at significant levels of bone
marrow toxicity (15). Therefore, understanding the biologic deter-
minants of 223Ra-mediated myelosuppression and the medium- to
long-term consequences on bone marrow function is critical to
support a more meaningful and rational application of this agent in
current and future patients. Furthermore, ruling out major toxic
effects could further prompt 223Ra use in early-stage patients.
In this study, we investigated the effects of 223Ra on bone mar-

row biology, including topology and function. We applied preclin-
ical murine models combined with 3-dimensional multiphoton
microscopy, flow cytometry analysis, bone marrow transplantation
experiments, and single-cell RNA sequencing to elucidate 223Ra-
mediated myelotoxicity over time.

MATERIALS AND METHODS

Animal Studies
Animal studies were approved by the Institutional Animal Care and

Use Committee of the University of Texas M.D. Anderson Cancer Cen-
ter and were performed according to the institutional guidelines for ani-
mal care and handling. More details on the in vivo studies are provided
in the supplemental materials (available at http://jnm.snmjournals.org).

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 8 by

unpaired 2-tailed Student t testing or 1-way ANOVA followed by

Received Oct. 13, 2021; revision accepted Feb. 10, 2022.
For correspondence or reprints, contact Eleonora Dondossola (edondossola@

mdanderson.org) or Francesco Boccalatte (francesco.boccalatte@nyulangone.
org).

*Contributed equally to this work.
Published online Feb. 17, 2022.
COPYRIGHT© 2022 by the Society of Nuclear Medicine andMolecular Imaging.

1544 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 63 ! No. 10 ! October 2022



Tukey post hoc testing. Data are mean 6 SD. For single-cell RNA
sequencing, differential expression analysis was determined using the
Wilcoxon rank sum test.

Further experimental methods are detailed in the supplemental
materials.

RESULTS

223Ra Accumulates in Bones and Affects the Bone Marrow
Compartment
To study the effects of 223Ra on bone marrow biology, C57BL/6

mice were administered a single dose of 7.5 kBq, according to the
therapeutic dose used in other preclinical analyses on mice (2,4,6).
Radiation emission was monitored for up to 40 d in femur, tibia,
humerus, skull, and spine. 223Ra accumulated in different bones
and significantly decayed over time to a similar extent, with limited
radiation emission (#15% of the initial amount) detectable by day
40 after injection, in line with its half-life of 11.4 d (Fig. 1A) (1).
Bone matrix showed localized radioactivity, whereas no signal was
detected within bone marrow cells (Fig. 1A). These results confirm
that 223Ra accumulates in calcified bone tissues but not in the bone
marrow cavity, as previously reported (2). Interestingly, 223Ra
induced a significant decrease in white blood cells in bone, whereas
levels of red blood cells and platelets did not significantly change
(Fig. 1B). These results suggest that 223Ra incorporates in the calci-
fied component of bone and induces cellular changes in bone mar-
row cells.

223Ra Induces Topologic Changes Within the Bone
Marrow Cavity
Next, we investigated the topologic effects that 223Ra exerts over

time on bone marrow cells by applying infrared-excited nonlinear
microscopy. We focused on tibia, which recapitulates the complex-
ity of bone architecture, including areas of cancellous bone at the
distal epiphysis/metaphysis (where 223Ra effects should be maxi-
mized (2)), and a trabecula-free cavity at the diaphysis (where the
impact of 223Ra should be minimal (2)). Tibiae were processed, cut
at the vibratome to generate 3-dimensional slices, stained, and ana-
lyzed by multiphoton microscopy. We acquired 3-dimensional
stacks (up to 4.5 mm3 1.2 mm3 200 mm) at different time points
and monitored bone marrow cells (CD45, a marker expressed by all
nucleated hematopoietic cells (16), and 49,6-diamidino-2-phenylin-
dole), together with second- and third-harmonic generation label-
free nonlinear imaging techniques. Second-harmonic generation is
elicited by noncentrosymmetric structures, such as collagen depos-
ited in the bone matrix (4), whereas third-harmonic generation is
engendered at different interfaces, such the water-lipid interface in
adipocytes (17). Bone marrow at the baseline showed a homoge-
neous distribution of CD451 cells, intercalated within bone trabec-
ulae at the epiphysis and metaphysis, with no evidence of
adipocytes, as expected for healthy adult mice younger than 2 y
(Fig. 2A; Supplemental Fig. 1A) (20). By day 4 after 223Ra injec-
tion, bone marrow at the epiphysis and metaphysis showed major
damage, with CD45-positive cells alternated to strongly fluorescent
circular structures, negative for third-harmonic generation (Fig. 2A;
Supplemental Fig. 1B). These events preferentially localized at
36.66 36mm from bone, either trabecular or cortical, and were dis-
tributed mostly at the epiphysis or metaphysis, within 1.39 mm
(Fig. 2B) from the growth plate. By day 11, active damage persisted
near cancellous and cortical bone, with preferential distribution
2,2476 700 mm from the growth plate, paralleled by the emergence

of third-harmonic generation-positive adipocytes at the epiphysis
and metaphysis (Fig. 2; Supplemental Fig. 1C). This trend increased
until up to day 40 (Fig. 2A; Supplemental Fig. 1D), with a signifi-
cantly higher number of third-harmonic generation–positive adipo-
cytes at the epiphysis and metaphysis and some damage still
persisting at the metaphysis (Fig. 2B). By day 60, fewer than 5 areas
of damage per slice were still visible, with a significant infiltration
of adipocytes at the epiphysis and metaphysis (Fig. 2B; Supplemen-
tal Fig. 1E). The bone marrow at the diaphysis instead did not show
any sign of perturbation, even on day 4 after treatment, when the
damage was more evident in other areas (Fig. 2; Supplemental Figs.
1A–1E). The progressive adipocyte increase at the epiphysis and
metaphysis, with no involvement of the diaphysis, was further con-
firmed by histology (Supplemental Fig. 2).
These results suggest that 223Ra induces extensive bone marrow

remodeling at the epiphysis and metaphysis, which are more
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exposed to its radiation, possibly because of the presence of cancel-
lous bone, but leaves the diaphysis morphologically unperturbed.

223Ra Induces Transient, Nonspecific Myelotoxicity in Bone
Marrow-Derived Cells
To evaluate the effects of 223Ra on specific bone marrow popula-

tions, mice were treated with 223Ra and their bone marrow collected
either before (day 0) or at 4, 11, and 40 d after treatment. Then, the
impact of 223Ra on stem, progenitor, mature leukocyte, and erythroid
cells was evaluated by flow cytometry (Supplemental Fig. 3; Supple-
mental Table 1). To further evaluate the long-term toxicity, we moni-
tored hematopoietic stem and progenitor cells at various stages of
differentiation. 223Ra treatment significantly depleted total CD45-pos-
itive bone marrow leukocytes at 4 and 11 d after treatment, whereas
their number returned to baseline after 40 d, indicating a transient
effect (Fig. 3A; Supplemental Fig. 4A). When we monitored hemato-
poietic stem and progenitor cells at various stages of differentiation,
we found that the early myeloid and lymphoid lineages were affected
to a similar extent (Fig. 3A; Supplemental Figs. 4B and 4C). Notably,
the long-term hematopoietic stem cell (HSC) population (Lin-

negative Kit-positive Sca-positive CD135-
negative CD150-positive CD40-negative)
was also significantly reduced by 223Ra but
fully recovered by 40 d after treatment, sug-
gesting restoration of the hematopoiesis and
reversible myelotoxicity. This was further
confirmed by the evaluation of mature mye-
loid and lymphoid cells, which reached nor-
mal levels by 40 d after treatment (Fig. 3A;
Supplemental Fig. 4D). The only cell type
not significantly affected by 223Ra treatment
was mature erythrocytes. To better under-
stand the nature of this phenomenon, we fur-
ther dissected this population according to
the maturation stages and identified depletion
of the more immature precursors and erythro-
blasts by early 223Ra treatment, whereas the
mature, nonnucleated erythrocytes (which
are the most abundant population) were unaf-
fected by 223Ra (Fig. 3A; Supplemental Fig.
4E). The absence of splenomegaly for up to
day 40 after treatment suggests that no extra-
medullary hematopoiesis emerged to com-
pensate the bone marrow functional damage
(Fig. 3B). Analysis of peripheral blood at dif-
ferent time points after 223Ra treatment
showed a significant decrease in white blood
cells until up to day 28 after treatment, as
well as a significant decrease in platelets until
up to day 16 after treatment, and no signifi-
cant reduction in red blood cells, hemoglo-
bin, or hematocrit (Fig. 3C), in agreement
with the outcome observed in patients (15).
These results indicate that in multiple

bone marrow populations, treatment with
223Ra has widespread toxicity that resolves
over time. To evaluate the global effects of
223Ra on bone marrow in early hematopoi-
etic populations, we conducted single-cell
RNA sequencing on Kit-positive hemato-
poietic stem and progenitor cells from the

bone marrow of C57BL/6 mice over time (days 0, 4, 11, and 40
after treatment with 223Ra; 3 mice per time point). We obtained
high-quality transcriptomic data from a total of 10,501 single cells
followed by analysis using Seurat, an R package designed for sin-
gle-cell RNA sequencing data (18). The distribution of all the tran-
scriptomes over time was visualized using uniform manifold
approximation and projection (Fig. 4A). To define similarity clus-
ters, we applied unsupervised clustering based on the differential
expression analysis for specific genes with a resolution of 0.8 and
resolved 26 separate clusters (Supplemental Figs. 5 and 6). On
the basis of previous studies on single-cell gene expression (19),
we manually curated population-specific genes in each cluster
and defined 16 distinct populations, comprising all major stem, pro-
genitor, and mature bone marrow cell types (Fig. 4A). In particular,
to guide a reliable cell type assignment, we examined the expression
of specific genes correlating with a more primitive (CD34, Flt3) or
more lineage-primed (Dntt, Elane, Ly6g) phenotype (Fig. 4B;
Supplemental Fig. 7). By comparing the bone marrow composi-
tion at baseline and after 223Ra treatment over time, we
observed that the most primitive cluster of hematopoietic stem
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and progenitor cells (made of 796 single cells and quite homo-
geneous in terms of differential gene expression) underwent a
limited proportional skewing, whereas lineage-primed precur-
sors showed either a contraction (e.g., granulocytic and neutro-
phil precursors) or an expansion (e.g., common myeloid
progenitor, B-cell precursors, and progenitors). These adaptations
were limited primarily to the initial time points after 223Ra treatment,
whereas the reciprocal proportions were reestablished within 40 d
from treatment (Fig. 4C), in line with flow cytometry data. To lever-
age the power of single-cell transcriptome data, we then examined
differentially expressed genes from the clusters representing stem
and early progenitors by comparing each posttreatment time point
(days 4, 11, and 40) with the baseline (day 0). Gene ontology and
pathway search via Gene Set Enrichment Analysis (21–23) on day 4
after treatment showed upregulation of genes related to apoptosis,
radiation response, and double-strand break repair, reflecting an ion-
izing insult and need to react, which in hematopoietic stem and pro-
genitor cell was overcome by day 40. An enrichment for terms
related to metabolism, DNA replication, cell cycle, and hematopoi-
etic stem/progenitor cell differentiation was also evident in most popu-
lations at early time points (Fig. 4D), indicating that the acute
irradiation insult prompted progenitor cells to activate a mitogenic
program to restore all hematopoietic types to their baseline levels.
Interestingly, very few differences were identifiable at baseline and 40

d after treatment (Fig. 4D; Supplemental Fig.
8) in more immature populations, indicating
that most perturbations at the transcriptomic
level are fully resolved.
Overall, the data obtained at the single-

cell level indicate that in all bone marrow
populations. 223Ra has an acute toxicity that
is overcome by 40 d after treatment. This
finding supports the notion that 223Ra ad-
ministration, although acutely toxic, does
not permanently damage the hematopoietic
system.

223Ra Exposure Does Not Impair Full
Hematopoietic Reconstitution
Given the transient myelotoxicity that

affects all the hematopoietic compartments,
we further investigated whether HSCs were
able to fully reconstitute a functional steady-
state hematopoiesis after acute exposure to
223Ra. To this purpose, we performed bone
marrow transplantation experiments using
bone marrow from donors that were exposed
to 223Ra treatment. C57BL/6 GFP mice
were treated with saline (as control) or
223Ra; after 30 d their bone marrow was
recovered and implanted in lethally irra-
diated wild-type C57BL/6 mice. Three-
dimensional reconstruction of femurs at the
multiphoton microscope 1 mo after treat-
ment showed repopulation of the bone
marrow cavity by GFP cells in both control
and 223Ra-exposed mice, whereas wild-type
C57BL/6 mice did not show any specific
fluorescence (Fig. 5A). Hematologic param-
eters (white blood cells, red blood cells,
hemoglobin, platelets) were monitored as

an index of functional bone marrow reconstitution 1 mo after
transplantation, showing no differences between mice that were
previously exposed to 223Ra and those exposed to control treat-
ment (Fig. 5B). Finally, both control and 223Ra-exposed mice
survived 40 wk after transplantation (Fig. 5C).
These results show that the acute 223Ra insult to HSCs does not

impair full hematopoietic reconstitution, thus indicating that the
treatment does not subvert bone marrow function over the long
term.

DISCUSSION

Among the limited treatments currently available for patients
with castration-resistant prostate cancer metastatic to bone, 223Ra
is a viable option that improves overall survival coupled with a
good therapeutic index and relatively low toxicity (8). Such results
prompted further clinical testing of 223Ra for the treatment of other
primary cancers and cancers metastatic to bone, with an increasing
number of patients who could benefit from this drug (10–12).

223Ra exerts zonal cancer cell killing and efficiently reduces
tumor mass in vivo, especially in the case of small lesions (4,7),
and its preventive application decreases tumor burden in preclini-
cal models of disseminated breast cancer (10). In addition, retro-
spective clinical analyses showed that overall survival is improved
in men with metastatic bone disease and a low bone scan index
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(24), whereas preliminary clinical observations suggest that 223Ra
has higher efficiency in individuals with fewer circulating tumor
cells (,5 circulating tumor cells/7.5 mL of blood) (25). Alto-
gether, this evidence supports 223Ra application for secondary pre-
vention of bone metastasis and treatment of oligometastatic bone
disease to achieve maximal efficacy, extending the benefits of this
treatment to patients at early stages.
Recent clinical observations showed that 223Ra does not induce

the emergence of secondary malignancies (13,14), and neutropenia
and thrombocytopenia are among the most common side effects
(15). To exclude long-term myelotoxicity, which is particularly rel-
evant when considering a larger cohort of patients with longer sur-
vival expectancy, we tested the global effects of 223Ra exposure on
hematopoiesis in preclinical models. We confirmed that 223Ra
incorporation within bone-calcified matrix induces cellular changes
in the bone marrow. Topologic alterations were induced in the bone
marrow cavity, where zonal radiologic damage emerged 4 d after
treatment and decreased over time up to day 40 after treatment, par-
alleled by an increment of adipocytes. Cytotoxicity, which extended
among all hematopoietic cell lineages, was overcome by 6 wk from
223Ra administration and was paralleled by a significant, transient
decrease in circulating white blood cells, with a 50% reduction 28 d
after treatment compared with control-treated mice. In patients
4 wk after the first dose of 223Ra, the levels of circulating neutro-
phils significantly decreased by approximately 25% (15). The
higher cytotoxic impact in mouse models might be explained by the
smaller scale of mouse bones compared with human ones, which in
proportion are exposed to higher levels of a-radiation (that travels
for,100 mm of distance (8)).
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Blood cells are formed in a complex microenvironment in which
several different stromal cell types (such as endothelial, osteoblastic,
and adipogenic progenitors) foster hematopoiesis through mutual
interactions. This delicate balance is compromised by external insults,
such as chemotherapy or radiation (18), which impact the hematopoi-
etic compartment both directly (by arresting its proliferation) and indi-
rectly (by compromising its niche (26–28)). 223Ra induces zonal bone
marrow injury at the tibia epiphysis and metaphysis, paralleled by the
transient change in the number of peripheral blood cells. This early
damage is followed by a marked increase in adipocytes, which usually
accompanies the restoration of normal hematopoiesis. This increase is
in line with recent studies showing that irradiation or fluorouracil
treatment causes differentiation of stromal cells into adipocytes,
which in turn produce cytokines that stimulate HSCs to regenerate
hematopoiesis (20). Bone marrow alterations were evident at the
epiphysis or metaphysis, where dense trabecular areas are present,
and more prominent remodeling of cancellous bone (29) may further
increase 223Ra incorporation, enhancing zonal toxicity. In contrast,
the diaphysis was relatively unaltered. Consistently, high-resolution
analysis of bone by a-camera autoradiography showed a predominant
223Ra localization at the growth plate, with little activity at the diaphy-
sis and no signal from the bone marrow (2). Interestingly, most quies-
cent long-term HSCs preferentially reside in the diaphysis, and in
particular within perivascular rather than osteoblastic niches (30), sug-
gesting a potential role for the region-specific distribution of 223Ra in
sparing some niches that host HSCs.
Importantly, our results show no major differences in lineage

commitment at baseline and 40 d after 223Ra treatment—neither in
the transcriptional programs of the hematopoietic stem and progeni-
tor cells nor in their mature progeny. The bone marrow of mice
exposed to 223Ra efficiently restores full hematopoiesis in irradiated
hosts, with no significant differences from control-treated mice. This
finding suggests that, despite transient bone marrow damage, HSC
functionality and normal hematopoietic reconstitution processes are
not permanently impaired by 223Ra. Our study addressed these
effects after exposure to 1 therapeutic dose of 223Ra, and follow-up
work can be performed to exclude a potential increased cytotoxicity
by repeated cycles of treatment or by exposure to higher doses.

CONCLUSION

Our results provide a comprehensive explanation of the effects
of 223Ra on bone marrow cells and suggest their reversibility,
excluding long-term myelotoxicity.
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KEY POINTS

QUESTION: Does 223Ra induce permanent bone marrow
damage?

PERTINENT FINDINGS: 223Ra prolongs survival in bone-metasta-
sis patients but induces significant neutropenia. Three-dimensional
multiphoton microscopy, fluorescence-activated cell sorting analy-
sis, single-cell RNA sequencing, and bone marrow transplantation
reveal reversible 223Ra-mediated functional myelotoxicity.

IMPLICATIONS FOR PATIENT CARE: Our results provide a
comprehensive explanation of 223Ra reversible effects on bone
marrow cells and exclude long-term myelotoxicity, supporting
safety for patients.
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Reactive gliosis, characterized by reactive astrocytes and activated
microglia, contributes greatly to neurodegeneration throughout the
course of Alzheimer disease (AD). Reactive astrocytes overexpress
monoamine oxidase B (MAO-B). We characterized the clinical perfor-
mance of 18F-(S)-(2-methylpyrid-5-yl)-6-[(3-fluoro-2-hydroxy)propoxy]-
quinoline (18F-SMBT-1), a novel MAO-B PET tracer as a potential
surrogate marker of reactive astrogliosis. Methods: Seventy-seven
participants—53 who were elderly and cognitively normal, 7 with mild
cognitive impairment, 7 with AD, and 10 who were young and cogni-
tively normal—were recruited for the different aspects of the study.
Older participants underwent 3-dimensional magnetization-prepared
rapid gradient-echo MRI and amyloid-b, tau, and 18F-SMBT-1 PET. To
ascertain 18F-SMBT-1 selectivity to MAO-B, 9 participants underwent
2 18F-SMBT-1 scans, before and after receiving 5 mg of selegiline
twice daily for 5 d. To compare selectivity, 18F-THK5351 studies were
also conducted before and after selegiline. Amyloid-b burden was
expressed in centiloids. 18F-SMBT-1 outcomes were expressed as
SUV, as well as tissue ratios and binding parameters using the subcor-
tical white matter as a reference region. Results: 18F-SMBT-1 showed
robust entry into the brain and reversible binding kinetics, with high
tracer retention in basal ganglia, intermediate retention in cortical
regions, and the lowest retention in cerebellum and white matter,
which tightly follows the known regional brain distribution of MAO-B
(R2 5 0.84). More than 85% of 18F-SMBT-1 signal was blocked by
selegiline across the brain, and in contrast to 18F-THK5351, no residual
cortical activity was observed after the selegiline regimen, indicating
high selectivity for MAO-B and low nonspecific binding. 18F-SMBT-1
also captured the knownMAO-B increases with age, with an annual rate
of change ($2.6%/y) similar to the in vitro rates of change ($1.9%/y).
Quantitative and semiquantitative measures of 18F-SMBT-1 binding
were strongly associated (R2 . 0.94), suggesting that a simplified tis-
sue-ratio approach could be used to generate outcomemeasures.Con-
clusion: 18F-SMBT-1 is a highly selective MAO-B tracer, with low
nonspecific binding, high entry into the brain, and reversible kinetics.
Moreover, 18F-SMBT-1 brain distribution matches the reported in vitro

distribution and captures the known MAO-B increases with age, sug-
gesting that 18F-SMBT-1 can potentially be used as a surrogate
marker of reactive astrogliosis. Further validation of these findings
with 18F-SMBT-1 will require examination of a much larger series,
including participants with mild cognitive impairment and AD.

Key Words: reactive astrogliosis; MAO-B; Alzheimer disease; amy-
loid; brain imaging
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The neuropathologic hallmarks of Alzheimer disease (AD)—
neurofibrillary tangles of tau protein and amyloid-b (Ab) pla-
ques—are accompanied by reactive gliosis, cellular degeneration,
and diffuse synaptic and neuronal loss (1).
In recent years, there has been increased interest in the study of

astrocytes (2). Astrocytes are the most abundant glial cells in the
brain and are involved in several functions critical for the normal
functioning and preservation of brain homeostasis (3,4), such as
synaptic plasticity and formation of memory (5,6), regulation of
g-aminobutyric acid and glutamatergic neurotransmission (7–9),
regulation of cerebral blood flow (10,11), and both Ab production
(12) and Ab clearance (13). Astrocytes are also essential compo-
nents of the neuroglial vascular unit, where they play a key neuro-
protective role in cerebrovascular disease (10,11). Astrocytes do
not constitute a homogeneous population and have been morpho-
logically classified into protoplasmic, fibrous, and interlaminar or
by their state: resting or activated (14). Although reactive astrocytes
have also been classified as neurotoxic (A1), characterized by the
expression of complement fraction 3, and neuroprotective (A2),
expressing the S100A10 protein (15,16), reactive astrogliosis consti-
tutes a much more complex spectrum of toxic and protective path-
ways (2,17), playing a crucial role in the pathophysiology of AD
(9,18). Astrogliosis is an early neuroinflammatory event in several
neurodegenerative conditions (19) such as AD (7,9,18), making it a
target for the in vivo assessment of neuroinflammatory processes
and their potential synergistic or independent contribution to the
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development of AD dementia. In AD, reactive astrogliosis and
microgliosis have been observed around both dense-core Ab plaques
and neurofibrillary tangles, and they are believed to contribute
greatly to neurodegeneration throughout the course of the disease
(18,20). In contrast to microgliosis, which is not detected by imaging
at early disease stages (21), reactive astrogliosis occurs early (22),
making it a particularly attractive target for understanding its contri-
bution to AD pathogenesis and the development of dementia and, as
such, is a potential therapeutic target for AD (23).
Reactive astrocytes overexpress monoamine oxidase B (MAO-B)

(24), and molecular neuroimaging studies have used MAO-B tracers
such as 11C-L-deprenyl-D2 (

11C-DED) as surrogate markers of astro-
gliosis (22,25–28). Some of these studies have shown that reactive
astrogliosis is observed at the prodromal stages in both sporadic and
familial AD (22,25). Historically, 11C-DED has been used as a surro-
gate PET tracer for reactive astrogliosis; however, several issues limit
the use of 11C-DED, such as difficulty with quantification due to its
irreversible kinetics, the existence of radiolabeled metabolites that
can cross the blood–brain barrier and bind to monoamine transport-
ers, poor image quality, and low selectivity for MAO-B (29). More
recently another MAO-B tracer, 11C-SL25.1188, with more favorable
tracer kinetics than 11C-DED was developed (30,31). 11C-BU99008,
a tracer for the imidazoline 2 binding sites, has also been proposed
as a surrogate marker of astrogliosis (32–35). Unfortunately, like
11C-DED, these tracers are labeled with 11C, which has a 20-min
half-life, preventing widespread clinical or research applications.
Recently, an analog of the PET radiotracer 18F-THK5351, which

was developed as a putative tau imaging radiotracer (36) but was later
shown to have significant MAO-B binding (37,38), has been found
to be highly selective for MAO-B (39). Preclinical assessment
showed that 18F-(S)-(2-methylpyrid-5-yl)-6-[(3-fluoro-2-hydroxy)pro-
poxy]quinoline (18F-SMBT-1) binds with high affinity (dissociation
constant, 3.5 nM) and selectivity to MAO-B in human brain homoge-
nates (39). Comparison of in vitro 18F-SMBT-1 binding against
MAO-B regional activity expressed as relative luminescence showed
18F-SMBT-1 binding to correlate strongly with regional activity of
MAO-B in the brain (39). Autoradiography studies showed signifi-
cantly higher specific binding in the frontal cortex of an AD patient
than in a control subject (39). Specific binding of 18F-SMBT-1 was
completely displaced after incubation with 1mM of the selective
MAO-B inhibitor lazabemide (39), showing high selectivity and low
nonspecific binding. Receptor-binding screening assays showed no
significant 18F-SMBT-1 binding to 60 common neurotransmitter re-
ceptors, ion channels, and transporters (39). Radiation exposure was
extrapolated to be 21.3 mSv/MBq for women and 12.2 mSv/MBq for
men (39). Toxicity studies of 18F-SMBT-1 in animals, including acute
pharmacology and toxicity at doses 1,000–10,000 times higher than
those expected in a PET study, demonstrated no toxic effects related
to the drug treatment.
The aim of this first-in-humans study was to characterize 18F-

SMBT-1 binding, assessing its relation to age, regional brain distri-
bution, and selectivity for MAO-B. We also examined 18F-SMBT-1
tracer kinetics and explored potential quantification approaches.

MATERIALS AND METHODS

Participants
In total, 77 nonsmoking participants—53 who were elderly and

cognitively normal (CN), 7 with mild cognitive impairment (MCI),
7 with AD, and 10 young and CN (YCN)—were recruited for the dif-
ferent aspects of the study. All participants were screened for unstable

medical or psychiatric disease and concomitant medication. Partici-
pants with known use of antidepressants, cold and flu tablets, or opiate
or opioid agonist medication were excluded because of the possibility
of interactions with selegiline. For participants with a recognized
memory impairment, this information was collected from a next of kin
or caregiver. The study protocol was approved by the Austin Health
Human Research Ethics Committee, and all participants gave written
informed consent.

Image Acquisition
PET scans were acquired on 1 of 2 scanners, a Philips TF64 PET/

CT or a Siemens Biograph mCT. A low-dose CT scan was obtained
for attenuation correction. Partial-volume correction was not per-
formed in any of the studies.

18F-SMBT-1 PET. 18F-SMBT-1 was synthesized in-house in the
Department of Molecular Imaging and Therapy, Austin Health, using an
ORA Neptis radiosynthesiser. The 18F-SMBT-1 synthesis is detailed in
the supplemental materials (available at http://jnm.snmjournals.org). Sixty-
nine adults (10 YCN, 49 CN, 6 MCI, and 4 AD) participated in the
assessment of 18F-SMBT-1. All were administered 186 6 6 MBq (range,
177–194 MBq). The average administered mass was 1.0 6 0.8 mg (range
0.10–2.60 mg). Of the 69, 10 nondemented participants (4 CN and
6 MCI) underwent a 90-min dynamic scan after an intravenous bolus
injection of 18F-SMBT-1. The remaining 59 participants (10 YCN,
45 CN, and 4 AD) underwent a 20-min emission scan (4 3 5 min) start-
ing at 60 min after injection of 18F-SMBT-1. A second 18F-SMBT-1 PET
scan was acquired for 9 participants (5 CN and 4 AD) after completion of
a 5-d regimen of oral selegiline.
Ab PET. All 67 older adults underwent Ab PET imaging with 18F-

flutemetamol (n5 3), 18F-florbetapir (n5 2), or 18F-NAV4694 (n5 62)
to ascertain Ab status. 18F-NAV4694 and 18F-florbetapir were synthe-
sized in-house in the Department of Molecular Imaging and Therapy,
Austin Health, as previously reported (40–42). 18F-flutemetamol was
manufactured by Cyclotek Pty Ltd. The 18F-NAV4694 and 18F-florbe-
tapir PET acquisitions consisted of 20-min (4 3 5 min) dynamic scans
obtained at 50 min after an intravenous bolus injection of 185 MBq
(610%) of 18F-NAV4694 or 18F-florbetapir. Similarly, the participants
who received 18F-flutemetamol also underwent a 20-min (4 3 5 min)
PET acquisition starting at 90 min after injection of 185 MBq (610%)
of 18F-flutemetamol. All Ab imaging results were expressed in centi-
loids (40,41,43,44).
Tau PET. Nine older adults who were enrolled in the selegiline

assessments with 18F-SMBT-1 also underwent tau imaging with either
6-(fluoro-18F)-3-(1H-pyr- rolo[2,3-C]pyridin-1-yl)isoquinolin-5-amine
(18F-MK-6240) (n 5 7) (45) or 18F-PI2620 (n 5 2) (46). Both tau
imaging tracers were synthesized in-house in the Department of Molec-
ular Imaging and Therapy, Austin Health, as previously reported (47).
The 18F-MK6240 PET acquisition consisted of a 20-min (4 3 5 min)
dynamic scan acquired at 90 min after an intravenous bolus injection
of 185 MBq (610%) of 18F-MK6240. The 18F-PI2620 PET acquisition
consisted of a 20-min (4 3 5 min) dynamic scan acquired at 80 min
after an intravenous bolus injection of 200 MBq (610%) of 18F-PI2620.
All tau imaging results were expressed as SUV ratios (SUVRs) using
the cerebellar cortex as a reference region.

18F-THK5351 PET. Eight older adults (4 CN, 1 MCI, and 3 AD)
underwent 2 18F-THK5351 PET scans. 18F-THK5351 was synthesized
in-house in the Department of Molecular Imaging and Therapy, Austin
Health, as previously described (48). Participants received an intravenous
bolus injection of 185 MBq (610%) of 18F-THK5351, and a 30-min
emission scan (4 3 5 min) was acquired starting at 50 min after injec-
tion. A second 18F-THK5351 PET scan was acquired after completion
of a 5-d regimen of oral selegiline.
MRI. Participants were also asked to undergo structural MRI on

a 3-T TIM Trio scanner (Siemens Medical Solutions) to obtain
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high-resolution T1-weighted anatomic magnetization-prepared rapid
gradient-echo sequences.

Image Analysis
Ab and tau PET scans were spatially normalized using CapAIBL

(44). The standard centiloid method was applied to determine Ab burden
(43). A centiloid value of more than 20 was selected to determine a
high-Ab (Ab1) scan (49). A 1.19 SUVR in the temporal composite
region (50) was used to discriminate between high tau (tau-positive) and
low tau (tau-negative). 18F-THK5351 scans were spatially normalized
using CapAIBL and expressed as SUVs. 18F-SMBT-1 PET images were
also spatially normalized using CapAIBL. 18F-SMBT-1 PET volumes of
interest were sampled to assess tracer selectivity, regional distribution,
effect of age, and kinetic analysis. SUV values for the selegiline studies
were estimated in 4 composite gray matter volumes of interest: neocor-
tex (comprising frontal cortex, superior parietal lobe, lateral temporal
lobe, lateral occipital lobe, anterior and posterior cingulate gyri, and pre-
cuneus), mesial temporal lobe (comprising hippocampus, entorhinal cor-
tex, parahippocampus, and amygdala), basal ganglia (comprising caudate
nuclei, putamen, globus pallidus, and thalamus), and cerebellar cortex.
Several brain regions were evaluated as potential reference tissue, before
generation of semiquantitative tissue ratios/SUVRs and graphical analy-
sis of the data. Kinetic analysis was performed using PMOD (PMOD
Technologies).

Assessing Tracer Selectivity Using Selegiline
Seventeen volunteers participated in the selegiline study. After a base-

line 18F-THK5351 or 18F-SMBT-1 PET scan, the participants were sup-
plied with oral selegiline tablets and instructed to follow a 5-d regimen
at the standard therapeutic dose of 10 mg daily (5mg at breakfast and
5mg at lunch). At the completion of the regimen, the participants were
invited back for a repeat PET scan.

Statistical Analysis
All statistical analyses were performed with JMP Pro (version 16.0;

SAS Institute Inc.) for Macintosh (Apple). Data are presented as mean 6

SD unless otherwise stated. Groups were compared using paired or
unpaired Student t tests. Effect size was measured with Cohen d. Correla-
tions were assessed by Spearman and Pearson correlation coefficients.
Changes in tracer retention between pre- and postselegiline 18F-THK5351
studies were expressed as percentage reduction from baseline.

Significance was set at a P value of less than 0.05, uncorrected for mul-
tiple comparisons.

RESULTS

No significant changes in vital signs or in immediate or delayed
adverse events related to the study drug were observed or reported
by any of the participants during or after the 18F-SMBT-1 scan.

Tracer Selectivity Studies
The irreversible MAO-B inhibitor selegiline was used to evaluate

the selectivity of 18F-SMBT. All participants underwent an Ab and
tau imaging scan, in addition to the 2 18F-SMBT-1 scans before and
after selegiline. The same study was repeated with a different cohort
of participants using 18F-THK5351 to assess the validity of the sele-
giline regimen.
Table 1 shows the demographics of both groups. Tracer selectivity

was assessed in 17 participants; 8 of them (4 CN, 3 Ab1 AD, and
1 Ab1 MCI) underwent assessment with 18F-THK5351, whereas 9
(5 CN and 4 Ab1 AD) underwent assessment with 18F-SMBT-1.
For the selectivity study with 18F-THK5351, 8 participants under-

went Ab PET and 2 18F-THK5351 PET scans, one at baseline and
one after a 5-d regimen of 5mg of oral selegiline twice daily. Figure
1A shows Ab imaging studies performed with 18F-flutemetamol in a
CN subject and with 18F-NAV4694 in an AD patient, as well as base-
line 18F-THK5351 PET images of the same individuals before and
after the selegiline regimen, indicating a variable degree of blockade
of the 18F-THK5351. Given that there is a significant reduction in
tracer retention in the cerebellar cortex, usually used as a reference
region, all images are displayed in SUV units. Importantly, there is
residual neocortical signal in the follow-up scan of the Ab1 AD
patient that is likely attributable to tau. Figure 1B shows a variable
decrease in baseline 18F-THK5351 signal in the neocortex ($63%
decrease), mesial temporal lobe ($71% decrease), basal ganglia
($82% decrease), and cerebellar cortex ($54% decrease), although
there were no significant differences in the degree of signal reduction
between CN and AD subjects.
For the selectivity study with 18F-SMBT-1, 9 participants (5 CN

and 4 Ab1 tau-positive AD) underwent Ab and tau imaging and

TABLE 1
Demographics of 18F-THK5351 and 18F-SMBT-1 Selectivity Evaluations

Demographic

18F-THK5351 18F-SMBT-1

CN AD/MCI CN AD

Total subjects (n) 4 4 5 4

Age (y) 79.1 6 6.7 74.9 6 7.0 78.5 6 6.0 76.7 6 1.5

Sex (n) 3 M/1 F 2 M/2 F 2 M/3 F 1 M/3 F

APOE4 25% 50% 60% 67%

MMSE 29.3 6 0.5 25.7 6 2.8* 29.2 6 0.8 22.8 6 4.8*

CDR SoB 0.0 6 0.0 2.2 6 0.4* 0.0 6 0.0 7.6 6 2.1*

Ab (centiloids) 28.3 6 54.7 82.7 6 12.7 17.4 6 10.2 127.6 6 47.1

Ab1 25% 100% 60% 100%

*Statistically significant (P , 0.05).
MMSE 5 Mini Mental State Examination; CDR SoB 5 clinical dementia rating sum of boxes.
Continuous data are mean 6 SD.
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2 18F-SMBT-1 PET scans, one at baseline and one after the same 5-d
regimen of 5 mg of oral selegiline twice daily. Figure 1C shows Ab
imaging studies with 18F-NAV4694 and tau imaging studies with
18F-MK6240, using the cerebellar cortex as a reference region, in a
CN subject and an AD subject. The 18F-SMBT-1 SUV images before
and after the selegiline regimen indicate a very high degree of reduc-
tion in 18F-SMBT-1 signal, with no residual activity attributable to
Ab or tau. Figure 1D shows a more than 85% decrease in baseline
18F-SMBT-1 signal in the neocortex, mesial temporal lobe, basal gan-
glia, and cerebellum, with the same degree of signal reduction in CN
and AD subjects. A more detailed brain regional blockade by selegi-
line is provided in Table 2.

Regional Brain Distribution of 18F-SMBT-1
We also assessed the in vivo regional brain distribution of

18F-SMBT-1. Figure 2 shows 18F-SMBT-1 SUV at 60–80 min
after injection in 44 low-Ab (Ab-negative) CN subjects, against
the reported in vitro 11C-DED autoradiography regional concentra-
tions (51). There was a strong correlation (R2 5 0.84, P 5 0.0002)
between the in vivo regional 18F-SMBT-1 signal and the in vitro
concentrations in several regions of the brain.

Increase in MAO-B with Age
To further evaluate 18F-SMBT-1, we scanned 10 YCN subjects

(5 women, 5 men; 31.3 6 4.0 y old) (Table 3) to assess whether

FIGURE 1. Effect of selegiline on 18F-THK5351 and 18F-SMBT-1. (A) Representative coronal, sagittal, and transaxial PET images in Ab-negative CN sub-
ject (79-y-old man; MMSE, 29) and in Ab1 AD subject (72-y-old man; MMSE, 24). Ab imaging studies are expressed in centiloids (top row) and were per-
formed with 18F-flutemetamol or 18F-NAV4694. Baseline 18F-THK5351 PET images (middle row) of same individuals before and after (bottom row)
selegiline regimen indicate variable degree of regional blockade of 18F-THK5351, most noticeable in basal ganglia, mesial temporal lobe, and neocortex.
Given that there is significant reduction in tracer retention in cerebellar cortex, images are displayed in SUV units. Although in CN participants there is sig-
nificant reduction of 18F-THK5351 retention throughout brain, in AD patients there is residual cortical retention likely due to 18F-THK5351 binding to tau.
(B) Bar graphs showing percentage of selegiline 18F-THK5351 regional blockade in neocortex ($63% decrease), mesial temporal lobe ($71% decrease),
basal ganglia ($82% decrease), and cerebellum ($54% decrease). Reduction of signal was greater in basal ganglia and mesial temporal lobe than in neo-
cortex and cerebellum, although there were no significant differences in degree of signal reduction between CN and AD subjects. (C) Representative coro-
nal, sagittal, and transaxial PET images in Ab-negative, tau-negative CN subject (78-y-old woman; MMSE, 29) and in Ab1, tau-positive AD subjects
(75-y-old woman; MMSE, 21). Ab imaging studies performed with 18F-NAV4694 are expressed in centiloids (top row). Second row shows tau imaging
studies expressed in SUVR using cerebellar cortex as reference region, performed with either 18F-MK6240 or 18F-PI2620. Baseline 18F-SMBT-1 PET
images (third row) of same individuals before and after (bottom row) selegiline regimen indicate high degree of regional blockade of 18F-SMBT-1 across all
regions of brain. Images are displayed in SUV units. In contrast to 18F-THK5351 (Fig. 1A), there was no residual cortical retention in CN or AD subjects.
(D) Bar graphs showing high percentage of blocking of 18F-SMBT-1 by selegiline, with more than 85% blockade across all regions of brain, indicating
selective binding of 18F-SMBT-1 to MAO-B as well as low nonspecific binding. There were no significant differences in degree of signal reduction between
regions or between CN and AD subjects. BG5 basal ganglia; CB5 cerebellum; CL5 centiloids; MTL5 mesial temporal lobe; NCTX5 neocortex.

1554 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 63 ! No. 10 ! October 2022



18F-SMBT-1 was able to capture the age-related increases of
MAO-B in the frontal cortex as previously reported by in vitro
studies (52). 18F-SMBT-1 SUV in the frontal cortex of 10 YCN
and 44 Ab-negative tau-negative CN subjects (Fig. 3A) demon-
strated a significant age-related increase in MAO-B (R2 5 0.44,
P , 0.0001). Figure 3B shows coronal, sagittal, and transaxial

TABLE 2
Percentage Reduction in Regional 18F-THK5351 and 18F-SMBT-1 SUV by Selegiline

Region

18F-THK-5351 18F-SMBT-1

CN AD CN AD

Caudate 286% 284% 93% 95%

Thalamus 283% 282% 93% 95%

Putamen 280% 278% 92% 92%

Anterior cingulate 276% 274% 88% 90%

Hippocampus 269% 264% 88% 90%

Frontal cortex 267% 263% 87% 89%

Temporal 267% 267% 87% 88%

Posterior cingulate 266% 263% 86% 88%

Parietal 263% 256% 85% 86%

Cerebellar cortex 254% 254% 86% 86%

Whole cerebellum 272% 268% 83% 83%

Pons 273% 268% 82% 82%

Midbrain 266% 263% 82% 81%

Occipital 261% 256% 80% 83%

Cerebellar white matter 265% 256% 69% 69%

SWM 1 corpus callosum 264% 257% 62% 65%

SWM 254% 254% 60% 63%

No P values were statistically significant for CN Þ AD.

FIGURE 2. Regional distribution of MAO-B in brain: correlation between
in vitro autoradiography with 11C-DED and 18F-SMBT-1 retention in Ab-neg-
ative CN subjects. There was high correlation (R2 5 0.84) between known
in vitro regional distribution of MAO-B in brain (51), expressed in fmol/mg,
and regional SMBT-1 retention at 60–80 min after injection. ARG 5 autora-
diography; WM5 white matter.

TABLE 3
Demographics for Assessment of Effect of Age

Demographic YCN Ab-negative CN

Total subjects (n) 10 44

Age (y) 31.3 6 4.0* 76.0 6 4.8

Female 50% 57%

Education (y) 14.8 6 2.7

APOE4 30%

MMSE 28.6 6 1.5

CDR SoB 0.07 6 0.2

Ab burden (centiloids) 0.80 6 6.9

*Statistically significant association (P , 0.05).
MMSE 5 Mini Mental State Examination; CDR SoB 5 clinical

dementia rating sum of boxes.
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images illustrating the age-related regional increases in 18F-SMBT-1
signal in 3 women, whose ages ranged from 31 to 86 y old.

18F-SMBT-1 Kinetics
We characterized the in vivo 18F-SMBT-1 kinetics in 10 elderly

participants (6 MCI and 4 CN, Table 4). Time–activity curves
revealed that 18F-SMBT-1 has robust entry into the brain (SUV,
4–7 at $3–5 min after injection) and displays reversible kinetics
(Fig. 4A). 18F-SMBT-1 retention was highest in the basal ganglia
and thalamus; intermediate in the anterior cingulate, gyrus rectus,
and hippocampus; low in neocortical areas; and lowest in the cere-
bellum and in the subcortical white matter (SWM).
Before generating SUVRs over time, we compared the SUVs in

several potential reference regions—cerebellum, cerebellar white
matter, SWM (53), SWM, and corpus callosum (54)—to be used
in a simplified reference tissue model (55). The SUVR generated
with the SWM as a reference region had the strongest correlation
with the in vitro regional distribution of MAO-B (Table 5) (51).
SUVRs were shown to approach an apparent steady state in

high-binding areas approximately 50 min after injection (Fig. 4B),
suggesting the possibility of using a simplified 18F-SMBT-1 imag-
ing protocol with SUVR as the outcome. 18F-SMBT-1 reversible
kinetics were further validated by graphical analysis of the 90-min
dynamic scans, using the same regions as used for generating SUVRs.
18F-SMBT-1 specific binding measures of distribution volume derived

from the noninvasive Logan plot (56), as well as nondisplace-
able binding potential estimated using the Ichise multilinear ref-
erence tissue model, MRTM (57), showed high correlations
with late-scan SUVR (R2 5 0.97 and 0.94 for nondisplaceable
binding potential and distribution volume, respectively) and with
the known distribution of MAO-B in the human brain (R2 5 0.78
and 0.72 for nondisplaceable binding potential and distribution vol-
ume, respectively) (51).

DISCUSSION

To the best of our knowledge, 18F-SMBT-1 represents the first
available 18F MAO-B radiotracer to be used in a clinical study.
Because preclinical evaluation demonstrated 18F-SMBT-1 to have
an in vitro binding profile well suited for an MAO-B PET tracer
(39), the study aimed at characterizing the 18F-SMBT-1 binding
profile in vivo with PET. The study was divided into 4 main areas
or substudies. We first assessed 18F-SMBT-1 selectivity for MAO-B
before and after a 5-d regimen of oral selegiline. 18F-SMBT-1 is an
analog of the PET radiotracer 18F-THK5351, which was developed
as a putative tau imaging radiotracer (39) but was later shown to
have significant MAO-B binding (37,38). Therefore, we compared
the 18F-SMBT-1 results with studies performed with 18F-THK5351
under the same selegiline regimen. For these studies, given that there
is a significant widespread reduction in tracer retention even in re-
gions usually used as an internal reference, all images were dis-
played in SUV units. In the 18F-THK5351 studies, the degree of
blockade by selegiline in gray matter areas was variable, ranging
from 54% in the cerebellar cortex to more than 80% in the basal
ganglia. Moreover, there was some residual 18F-THK5351 signal in
the cortex, likely representing 18F-THK5351 binding to tau. In the
18F-SMBT-1 studies, the degree of blockade by selegiline in gray
matter areas was more than 85%, and most importantly, there was
no residual cortical signal. There were no significant differences in
the degree of signal reduction between CN and AD subjects with
either 18F-THK5351 or 18F-SMBT-1. This study also demonstrated
the low degree of nonspecific binding with 18F-SMBT-1. This is
important because it enables 18F-SMBT-1 to accurately detect in-
cipient early cortical changes in MAO-B concentrations as well as
small changes over time. The low nonspecific binding is also evident
in the high-contrast images (Fig. 1C) even at 60–80 min after injec-
tion. We then assessed the regional brain distribution of 18F-SMBT-
1 and compared the results with in vitro autoradiography performed
with 11C-DED (51), showing a high correlation between the two.

FIGURE 3. Effect of age. (A) 18F-SMBT-1 SUV at 60–80 min after injection in frontal cortex of 10 YCN subjects (5 women, 5 men; 31.36 4.0 y old) and
44 Ab-negative CN subjects (25 women, 19 men; 76.06 4.8 y old) was able to capture reported age-related increases of MAO-B in frontal cortex as pre-
viously reported by in vitro studies (52) and in vivo with PET (62). (B) Coronal, sagittal, and transaxial 18F-SMBT-1 images illustrating age-related regional
increases in 18F-SMBT-1 signal in 3 women, whose ages ranged from 31 to 86 y (red circles in A).

TABLE 4
Demographics for Assessing 18F-SMBT-1 Tracer Kinetics

Demographic CN/MCI

Total subjects (n) 10

Age (y) 73.2 6 7.2

Female 30%

APOE4 60%

MMSE 27.7 6 1.6

CDR SoB 0.3 6 0.4

Ab burden (centiloids) 15.8 6 31.0

Ab1 30%

MMSE 5 Mini Mental State Examination; CDR SoB 5 clinical
dementia rating sum of boxes.
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The competition studies with selegiline and the regional distribution
studies indicate that 18F-SMBT-1 is a highly selective 18F-labeled
MAO-B tracer (7).

18F-SMBT-1 was also able to capture the known increases
in MAO-B with age. The estimated yearly signal increase for
18F-SMBT-1 in the frontal cortex is about 2.5%/y, similar to the
approximately 1.9%/y estimates from in vitro studies (52).
Finally, we evaluated the tracer kinetic characteristics of

18F-SMBT-1. The time–activity curves showed high initial entry
into the brain, followed by clearance of the tracer. Clearance was
slower in areas with very high MAO-B concentrations such as

the basal ganglia, intermediate in areas
with high MAO-B concentrations such as
the hippocampus and anterior cingulate
gyrus, and faster in cortical areas with
low concentrations of MAO-B such as the
neocortical areas. The lowest retention was
observed in SWM. The reversible binding
kinetics suggested that 18F-SMBT-1 binding
could be quantified using graphical analysis
(56,57) and a simplified reference tissue
model (55).
Before embarking on the generation of

tissue ratios and graphical analysis of the
data, we explored several potential reference
regions. We correlated the tissue ratios gen-
erated with each of them against the known
regional distribution of MAO-B in the brain.
SWM SUVR yielded the strongest correla-
tion. Moreover, the SWM was the region
least affected by selegiline (Table 2) and
one of the least atrophic regions across the
AD continuum (58). Graphical analysis out-
comes, either multilinear reference tissue
model or Logan plot, also generated using

the SWM as reference region, correlated strongly with SWM SUVR
and with the in vitro brain distribution of MAO-B. The small num-
ber of MCI and AD patients precludes drawing any conclusion
regarding group differences in the 18F-SMBT-1 signal. A larger
sample size of MCI and AD patients, with their corresponding Ab
and tau status, will be required to examine whether 18F-SMBT-1
can capture the reported increases in MAO-B in AD.
Although most of the recently developed specific neuroimaging

and biofluid markers of disease have focused on the pathologic
hallmarks of AD, such as Ab plaques and tau tangles, the most
prevalent markers identified in genomewide association studies
of AD are related to neuroinflammation (59). The introduction of
biomarker-based approaches to identifying brain pathology has
informed new strategies for the design of preventative clinical tri-
als aimed at preventing the onset of cognitive impairment and
dementia. Markers of Ab and tau pathology and markers of neuro-
degeneration have been incorporated into a recently proposed bio-
marker-based framework (60). In view of the advantage of the
modular design of the framework, and considering that reactive
gliosis is a critical aspect of the neuropathology of AD, the bio-
marker framework might be expanded to include reactive gliosis.
There are several limitations to the study. There is no validation

of the semiquantitative or simplified reference region approach by
full kinetic analysis with metabolite-corrected arterial input func-
tion. The same applies to the selection of the reference region. Ini-
tial semiquantitative and quantitative examinations used the SWM
as the reference region. Although SWM was affected significantly
less by the selegiline regimen than were the cortical, subcortical, or
cerebellar regions ($60% vs. .85% blockade), the selegiline study
clearly indicates that there is substantial specific binding in SWM.
This, in principle, would preclude the use of SWM as a reference
region. It could be argued that SWM represents a brain region that
is not likely to be involved in the early disease process; although
there is SWM atrophy in AD, atrophy is more prevalent around
mesial temporal lobe structures (58). Another issue to consider is
that SWM, stricto sensu, does not truly fulfill the criteria for a ref-
erence region (55) given that it has a completely different cellular

FIGURE 4. 18F-SMBT-1 time–activity and total binding curves. (A) Time–activity curves reveal
that 18F-SMBT-1 has robust entry into brain (SUV, 5–7 at $5 min after injection) and reversible
kinetics. 18F-SMBT-1 clearance was slower in areas of high concentrations of MAO-B, such as
basal ganglia and hippocampus, and faster in regions with lower MAO-B concentrations, such
as frontal cortex, temporal lobe, and cerebellum. (B) Tissue ratios—using SWM as reference
region—over time show SWM SUVR approaching apparent steady state in high binding areas
$50 min after injection. SWM was more stable reference region across clinical groups and across
Ab status.

TABLE 5
Correlation Between MAO-B In Vitro Distribution and

18F-SMBT-1 Binding Parameters and Tissue
Ratios Generated with Different Reference Regions

Parameter r 95% CI P

SWM SUVR 0.914 0.62–0.98 0.0002

SUVR 0.904 0.61–0.98 0.0007

Cerebellum

SWM 1 corpus callosum 0.889 0.55–0.98 0.0013

Cerebellar white matter 0.888 0.55–0.98 0.0014

Ichise nondisplaceable
binding potential

0.885 0.54–0.98 0.0015

Logan total distribution
volume ratio

0.849 0.42–0.97 0.0038

Correlation between in vitro MAO-B brain distribution assessed
with autoradiography (51) and quantitative and semiquantitative
measures of 18F-SMBT-1 binding, ranked by correlation
coefficients (r). Tissue ratios and graphical analysis results using
SWM as reference region yielded highest correlation with in vitro
measures of MAO-B.
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composition, has about half the regional cerebral blood flow of
gray matter, and is likely to have a completely different degree of
nonspecific binding. A more appropriate term for it might be inter-
nal brain scaling region. The kinetic analysis was performed pool-
ing CN and MCI subjects, with 30% being deemed Ab1. Probably
because of the small numbers, there were no significant kinetic dif-
ferences between CN and MCI subjects, nor were there significant
kinetic differences when comparing Ab-negative with Ab1.

CONCLUSION

Our first-in-humans studies confirmed that 18F-SMBT-1 is a
selective MAO-B tracer. Although the main goal was to character-
ize an MAO-B tracer to be used as a surrogate marker of astroglio-
sis in neurodegenerative conditions, the potential applications of
an MAO-B tracer are much wider, extending from neuropsychiatric
conditions such as depression (30) to movement disorders (61). In
the particular case of assessing astrogliosis, 18F-SMBT-1 will allow
a better understanding of the pathophysiology of AD while examin-
ing its potential direct or indirect effect over neurodegeneration,
cognitive decline, and clinical progression, enabling more accurate
staging and prognosis at earlier stages of the disease.
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KEY POINTS

QUESTION: Is 18F-SMBT-1 a selective MAO-B tracer?

PERTINENT FINDINGS: A clinical study in 59 elderly and 10
young participants showed that 18F-SMBT-1 is a highly selective
MAO-B tracer, with reversible kinetics and low specific signal that
follows the known regional distribution of MAO-B in the brain and
captures the known increases in MAO-B with age.

IMPLICATIONS FOR PATIENT CARE: 18F-SMBT-1 can be used
as a surrogate marker of reactive astrogliosis
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A neuroinflammatory reaction in Alzheimer disease (AD) brains involves
reactive astrocytes that overexpress monoamine oxidase-B (MAO-B).
18F-(S)-(2-methylpyrid-5-yl)-6-[(3-fluoro-2-hydroxy)propoxy]quinoline
(18F-SMBT-1) is a novel 18F PET tracer highly selective for MAO-B. We
characterized the clinical performance of 18F-SMBT-1 PET across the
AD continuum as a potential surrogate marker of reactive astrogliosis.
Methods:We assessed 18F-SMBT-1 PET regional binding in 77 volun-
teers (76 6 5.5 y old; 41 women, 36 men) across the AD continuum:
57 who were cognitively normal (CN) (44 amyloid-b [Ab]–negative
[Ab2] and 13 Ab-positive [Ab1]), 12 who had mild cognitive impair-
ment (9 Ab2 and 3 Ab1), and 8 who had AD dementia (6 Ab1 and
2 Ab2). All participants also underwent Ab and tau PET imaging, 3-T
MRI, and neuropsychologic evaluation. Tau imaging results were
expressed in SUV ratios using the cerebellar cortex as a reference
region, whereas Ab burden was expressed in centiloids. 18F-SMBT-1
outcomes were expressed as SUV ratio using the subcortical white
matter as a reference region. Results: 18F-SMBT-1 yielded high-con-
trast images at steady state (60–80 min after injection). When com-
pared with the Ab2 CN group, there were no significant differences in
18F-SMBT-1 binding in the group with Ab2 mild cognitive impairment.
Conversely, 18F-SMBT-1 binding was significantly higher in sev-
eral cortical regions in the Ab1 AD group but also was significantly
lower in the mesial temporal lobe and basal ganglia. Most impor-
tantly, 18F-SMBT-1 binding was significantly higher in the same
regions in the Ab1 CN group as in the Ab2 CN group. When all clinical
groups were considered together, 18F-SMBT-1 correlated strongly
with Ab burden andmuch less with tau burden. Although in most corti-
cal regions 18F-SMBT-1 did not correlate with brain volumetrics,
regions known for high MAO-B concentrations presented a direct
association with hippocampal and gray matter volumes, whereas the
occipital lobe was directly associated with white matter hyperintensity.
18F-SMBT-1 binding was inversely correlated with Mini Mental State
Examination and the Australian Imaging Biomarkers and Lifestyle’s

Preclinical Alzheimer Cognitive Composite in some neocortical regions
such as the frontal cortex, lateral temporal lobe, and supramarginal
gyrus. Conclusion: Cross-sectional human PET studies with 18F-
SMBT-1 showed that Ab1 AD patients, but most importantly, Ab1
CN individuals, had significantly higher regional 18F-SMBT-1 binding
than Ab2 CN individuals. Moreover, in several regions in the brain,
18F-SMBT-1 retention was highly associated with Ab load. These find-
ings suggest that increased 18F-SMBT-1 binding is detectable at the
preclinical stages of Ab accumulation, providing strong support for its
use as a surrogate marker of astrogliosis in the AD continuum.

Key Words: reactive astrogliosis; MAO-B; Alzheimer disease; amy-
loid; tau; brain imaging
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The neuropathologic hallmarks of Alzheimer disease (AD)—
neurofibrillary tangles (NFT) of tau protein and amyloid-b (Ab)
plaques—are accompanied by reactive gliosis, cellular degenera-
tion, and diffuse synaptic and neuronal loss (1). Astrocytes are the
most abundant glial cells in the brain and are involved in several
functions critical for the normal functioning and preservation of
brain homeostasis (2,3). Loss of these regulatory and compensa-
tory mechanisms in astrogliosis likely translates into increased
vasculature-related vulnerability (4), affecting the brain’s ability to
compensate for the accumulating Ab and tau burden and impaired
cerebrovascular function in AD. The complex spectrum of toxic
and protective pathways (5,6) of reactive astrogliosis plays a crucial
role in the pathophysiology of AD (7–9) and other neurodegenerative
conditions (10–16). Reactive astrogliosis and microgliosis have been
observed around both dense-core Ab plaques and neurofibrillary tan-
gles, and they are believed to contribute greatly to neurodegeneration
throughout the course of AD (9,17). In contrast to microgliosis
(18), reactive astrogliosis occurs early in the disease (19), and is a
particularly attractive target for understanding its contribution to
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the development of AD dementia, and, as such, is a potential thera-
peutic target for AD (20).
Reactive astrocytes overexpress monoamine oxidase B (MAO-B)

(21), and molecular neuroimaging studies have used MAO-B tracers
such as 11C-L-deprenyl-D2 and 11C-SL25.1188 (22,23) as surrogate
markers of astrogliosis (15,19,24–26). Some of these studies have
shown that reactive astrogliosis is observed at the prodromal stages
in both sporadic and familial AD (19,24). 11C-BU99008—a tracer
for the imidazoline 2 binding sites, with some partial binding to
MAO-B (27)—has also been proposed as a surrogate marker of
astrogliosis (28,29). Unfortunately, these tracers are labeled with
11C, which has a 20-min half-life, preventing widespread clinical or
research applications.
A novel 18F MAO-B tracer, 18F-(S)-(2-methylpyrid-5-yl)-6-[(3-

fluoro-2-hydroxy)propoxy]quinoline (18F-SMBT-1), with high in vitro
binding affinity (dissociation constant, 3.5 nM) and selectivity to
MAO-B has recently been developed (30). Comparison of in vitro
18F-SMBT-1 binding against MAO-B activity showed SMBT-1 bind-
ing to be highly correlated with the regional activity of MAO-B in
AD brain tissue homogenates (30). Autoradiography analysis showed
significantly higher specific binding in the frontal cortex tissue sec-
tion from an AD patient than in a control (30), and this binding
was completely displaced by the selective MAO-B inhibitor laza-
bemide (30).
In a first-in-humans study (31), 18F-SMBT-1 showed robust entry

into the brain and reversible binding kinetics, with quantitative and
semiquantitative measures of 18F-SMBT-1 binding being strongly
associated. More than 85% of 18F-SMBT-1 signal was blocked by
selegiline across the brain, indicating high selectivity for MAO-B
and low nonspecific binding. 18F-SMBT-1 regional binding followed
the known regional brain distribution of MAO-B (R2 5 0.84) while
also capturing the known MAO-B increases with age (R2 . 0.94),
suggesting that 18F-SMBT-1 can potentially be used as a surrogate
marker of reactive astrogliosis in AD.
The aim of this study was to characterize 18F-SMBT-1 binding

across the AD continuum, assessing its relation to Ab and tau pathol-
ogy burden, as well as brain volumetrics, white matter hyperintensity,
and cognitive performance.

MATERIALS AND METHODS

Participants
In total, 77 nonsmoking elderly participants (76 6 5.5 y old; age

range, 58–89 y; 40 women, 35 men) were included in the study: 57 cog-
nitively normal (CN) controls, 12 subjects meeting the criteria for mild
cognitive impairment (MCI) (32), and 8 subjects meeting the NINDS-
ADRDA and NIAA-AA criteria for AD (33). Subjects with AD and
MCI were recruited from memory disorder clinics. CN subjects were
recruited by advertisement in the community. Some participants (46 CN,
6 MCI, and 4 AD) were included in a previous study (31).

All participants were screened for unstable medical or psychiatric dis-
ease and concomitant medication. Participants with known use of MAO-B
inhibitors or with a diagnosis of a psychiatric disorder were excluded.
For participants with a recognized memory impairment, this information
was collected from the next of kin or a caregiver. The study protocol
was approved by the Austin Health Human Research Ethics Committee,
and all participants gave written informed consent.

A detailed neuropsychologic evaluation is provided in the supple-
mental materials (available at http://jnm.snmjournals.org).

Image Acquisition
All SMBT-1 PET scans were acquired on a Philips TF64 PET/CT

device. Ab and tau PET scans were acquired on 1 of 2 scanners, a Philips

TF64 PET/CT or a Siemens Biograph mCT. A low-dose CT scan was
obtained for attenuation correction.

18F-SMBT-1 PET. All 77 participants underwent 18F-SMBT-1 PET.
As previously reported (31), 10 nondemented participants (4 CN and
6 MCI) underwent a 90-min dynamic scan after receiving an intrave-
nous bolus injection of 185 MBq (610%) of 18F-SMBT-1. The
remaining 67 participants received an intravenous bolus injection of
185MBq (610%) of 18F-SMBT-1 and underwent a 20-min emission
scan (43 5 min) starting at 60 min after injection.

18F-SMBT-1 was synthesized in-house in the Department of Molec-
ular Imaging and Therapy, Austin Health, as previously described
(31). 18F-SMBT-1 yielded more than 95% radiochemical purity after
high-performance liquid chromatography purification, with an average
decay-corrected radiochemical yield of 40%. The molar activity at the
end of 18F-SMBT-1 synthesis was more than 400 GBq/mmol.
Ab PET. All 77 participants underwent Ab PET imaging with 18F-

flutemetamol (n5 3), 18F-florbetapir (n5 2), or 18F-NAV4694 (n5 72)
to ascertain Ab status. 18F-NAV4694 and 18F-florbetapir were synthe-
sized in-house in the Department of Molecular Imaging and Therapy,
Austin Health, as previously described (34,35). 18F-flutemetamol was
manufactured by Cyclotek Pty Ltd. The 18F-NAV4694 and 18F-florbe-
tapir PET acquisitions consisted of 20-min (4 3 5 min) dynamic scans
obtained at 50 min after an intravenous bolus injection of 200MBq
(610%) of the tracers. Similarly, the18F-flutemetamol PET acquisition
also was a 20-min (4 3 5 min) scan starting at 90 min after injection of
185MBq (610%) of the tracer. All Ab imaging results were expressed
in centiloids (34–38). In a subset of participants (n 5 31) who had avail-
able longitudinal Ab imaging data, rates of Ab accumulation—expressed
as centiloids/y—were generated from the linear regression of the data as
previously described (39).
Tau PET. Seventy-four participants underwent tau imaging with

either 18F-MK6240 (n 5 70) or 18F-PI2620 (n 5 2). Both tau imaging
tracers were synthesized in-house in the Department of Molecular
Imaging and Therapy, Austin Health, as previously reported (40,41).
The 18F-MK6240 PET acquisition consisted of a 20-min (4 3 5 min)
dynamic scan obtained at 90 min after an intravenous bolus injection
of 185MBq (610%) of the tracer. The 18F-PI2620 PET acquisition
consisted of a 20-min (4 3 5 min) dynamic scan acquired at 80 min
after an intravenous bolus injection of 200 MBq (610%) of the tracer.
All tau imaging results were expressed as SUV ratios using the cerebel-
lar cortex as a reference region. A metatemporal region comprising the
entorhinal cortex, amygdala, hippocampus, parahippocampal gyrus, fusi-
form gyrus, and inferior and middle temporal gyri—as adapted from a
previous publication (42)—was used to determine tau status and for cor-
relational analysis.
MRI. Seventy-three participants underwent structural MRI on a 3-T

TIM Trio scanner (Siemens Medical Solutions) to obtain high-resolu-
tion T1-weighted anatomic magnetization-prepared rapid gradient-
echo and fluid-attenuated inversion recovery sequences.

Image Analysis
Ab and tau PET scans were spatially normalized using CapAIBL

(38). The standard centiloid method was applied to determine Ab bur-
den (36). A threshold of 20 centiloids was used to categorize partici-
pants as high Ab (Ab-positive [Ab1]) or low Ab (Ab-negative
[Ab2]) (43). Thresholds of 1.19 SUV ratio for 18F-MK6240 and 1.20
SUV ratio for 18F-PI2620 in the metatemporal composite region (42)
were used to categorize participants as high tau (tau-positive) or low
tau (tau-negative). As previously described (31), assessment of the stabil-
ity of potential reference regions for 18F-SMBT-1 across age and across
groups showed no associations with age, but the cerebellar cortex was
significantly higher in Ab1 CN subjects than in Ab2 CN subjects, pre-
cluding its use as a reference region. Therefore, 18F-SMBT-1 regional
SUVs at 60–80 min after injection were normalized using the subcortical
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white matter as a reference region to generate SUV ratios. 18F-SMBT-1
PET images were spatially normalized using CapAIBL, and no correction
for partial-volume effects was applied.

The T1-weighted magnetization-prepared rapid gradient-echo images
for all participants were first segmented into gray matter, white matter,
and cerebrospinal fluid using an expectation maximization algorithm
(44) and subsequently used to measure hippocampal, gray matter, white
matter, and ventricular volumes. The hippocampus region of interest was
extracted using a multiatlas approach based on the Harmonized Hippo-
campus Protocol (45). Cortical volumes were normalized by total intra-
cranial volume. The white matter hyperintensity volume was quantified
from fluid-attenuated inversion recovery images using the HyperIntensity
Segmentation Tool (46).

Statistical Analyses
All statistical analyses were performed with JMP Pro (version 16.0;

SAS Institute Inc.) for Macintosh (Apple). Data are presented as mean 6

SD unless otherwise stated. Groups were compared using the Tukey
honest significance test followed by a Dunnett test against Ab2 CN.
Effect size was measured with Cohen d. Correlations were assessed by
Spearman and Pearson correlation coefficients. Vertexwise correla-
tions between 18F-SMBT-1 and Ab and tau imaging were performed
with CapAIBL. The 2 participants who underwent tau imaging with

18F-PI2620 were excluded from the correlational analysis. Group
comparisons of 18F-SMBT-1 and correlations between SMBT-1 and
Ab or tau burdens were adjusted for age and sex. Correlations
between 18F-SMBT-1 and brain volumes were adjusted for age, sex,
and Ab and tau burdens. Correlations between 18F-SMBT-1 and cog-
nitive parameters were also adjusted for age, sex, hippocampal vol-
ume, and Ab and tau burdens. Significance was set at a P value of
less than 0.05, uncorrected for multiple comparisons.

RESULTS

Table 1 shows the demographics of the clinical groups. There
were no significant differences in age between groups. The MCI
group had twice as many men as women, in contrast to the CN and
AD groups, which had more women than men. The MCI and AD
groups had significantly fewer years of education. As expected, the
MCI and AD groups had cognitive performance significantly worse
than the CN group (Table 1). The AD group had significantly more
atrophic hippocampi and cortical gray matter, more extensive white
matter hyperintensity, higher Ab and tau burdens, and a higher preva-
lence of APOE4 (Table 1). The demographics of participants classi-
fied by Ab status is provided in Supplemental Table 1.

TABLE 1
Demographics

Demographic CN MCI AD

Total subjects (n) 57 12 8

Age (y) 76.8 6 5.1 73.4 6 5.8 76.4 6 7.6

Sex (n) 32F/25 M 4F/8 M* 5F/3 M

Education (y) 14.8 6 2.7 10.0 6 1.7* 10.3 6 1.3*

APOE4 39% 25% 57%*

MMSE 28.6 6 1.5 27.9 6 1.7 24.1 6 4.1*

Clinical dementia rating 0.03 6 0.1 0.33 6 0.3* 0.69 6 0.3*

Clinical dementia rating sum of boxes 0.05 6 0.2 0.46 6 0.3 6.00 6 2.3*

Episodic memory 0.16 6 0.8 21.08 6 0.5* 23.40 6 1.5*

Nonmemory 20.06 6 0.6 20.86 6 0.5* 22.61 6 1.8*

AIBL PACC 0.09 6 0.6 20.85 6 0.7* 24.25 6 2.0*

Hippocampus (cm3) 5.91 6 0.5 5.80 6 0.8 4.84 6 0.7*

Cortical gray matter (cm3) 467 6 35 467 6 10 429 6 22*

White matter (cm3) 388 6 26 388 6 17 387 6 28

Ventricles (cm3) 33.8 6 13 37.0 6 25 43.5 6 13

White matter hyperintensity (cm3) 5.15 6 6.6 4.60 6 7.1 17.8 6 19*

Ab burden (centiloids) 13.7 6 33 20.3 6 43 85.8 6 66*

Ab accumulation (centiloids/y, n 5 31) 2.35 6 4.1 0.22 6 0.1 4.08

Tau SUV ratio

Mesial temporal 0.95 6 0.2 1.14 6 0.3 1.58 6 1.0*

Temporoparietal 1.05 6 0.2 1.20 6 0.2 1.93 6 1.2*

Rest of neocortex 0.90 6 0.1 1.01 6 0.1 1.49 6 0.7*

Metatemporal 1.03 6 0.2 1.21 6 0.3 1.83 6 1.2*

Ab1 23% 25% 75%*

Tau1 18% 42% 67%*

*Significantly different from CN group (P , 0.05).
Continuous data are mean 6 SD.
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18F-SMBT-1 yielded high-contrast SUV images at steady state
(60–80 min after injection). Figure 1 shows representative 18F-
SMBT-1 images from Ab2 CN, Ab1 CN, Ab2 MCI, Ab1 MCI,
and Ab1 AD subjects. When the clinical groups were compared
with the CN group, 18F-SMBT-1 binding was significantly higher in
several regions in the AD group (including the 2 Ab2 “AD” sub-
jects), namely the posterior cingulate gyrus, supramarginal gyrus,
and lateral occipital lobe, but also was significantly lower in the
globus pallidus, hippocampus, and parahippocampal gyrus.
Then, the clinical groups were classified on the basis of their Ab

status. Of the 57 CN subjects, 44 were Ab2 and 13 Ab1. Of the
12 MCI subjects, 9 were Ab2 and 3 Ab1, whereas of the 8 patients
with probable AD, 6 were Ab1 and 2 Ab2. When compared with
the Ab2 CN group, there were no significant differences in 18F-
SMBT-1 binding in either the Ab2 MCI group or the Ab2 AD
group (Supplemental Table 2). In contrast, when compared with the
Ab2 CN group, 18F-SMBT-1 binding was significantly higher in
several cortical regions in the Ab1 AD group (Fig. 2), namely the
posterior cingulate gyrus, supramarginal gyrus, lateral occipital lobe,
gyrus angularis, and primary visual cortex, but also was significantly
lower in the globus pallidus and hippocampus, with Cohen effect
sizes (d) ranging from 2.65 and 2.36 in the lateral occipital lobe and
supramarginal gyrus, respectively, to 21.66 and 21.88 in the hippo-
campus and globus pallidus, respectively (Supplemental Table 2).
Several regions were also significantly higher in the Ab1 CN group
than in the Ab2 CN group (Fig. 2). In addition to the posterior cingu-
late gyrus, supramarginal gyrus, and lateral occipital lobe—the same
regions as those with high binding in the Ab1 AD group—18F-
SMBT-1 binding was also significantly higher in the orbitofrontal,
lateral, and inferior temporal gyri. 18F-SMBT-1 binding was also
significantly lower in the globus pallidus (Supplemental Table 2).
The effect sizes (d) ranged from 1.21 and 1.00 in the supramarginal
gyrus and lateral temporal lobe, respectively, to 21.29 in the globus
pallidus (Supplemental Table 2). Similar regions, such as the supra-
marginal gyrus, showed higher 18F-SMBT-1 binding in the Ab1
MCI group, but none reached significance (Fig. 2).
When all clinical groups were considered together, 18F-SMBT-1

PET correlated strongly with Ab burden and much less with tau

burden (Table 2). Figure 3A shows that this close regional relation-
ship between Ab deposition and astrogliosis was present in only
some regions of the brain, such as the supramarginal gyrus, poste-
rior cingulate gyrus, lateral occipital lobe, and inferior and middle
temporal gyri, but was much lower in other regions also character-
ized by high Ab deposition, such as the frontal cortex, and relatively
absent in the superior temporal gyrus. When further exploring the
relationship between 18F-SMBT-1 and Ab, we observed that a non-
linear fit seemed to better describe the relationship between 18F-
SMBT-1 and Ab in, for example, the supramarginal gyrus, where
the 18F-SMBT-1 signal seems to be increasing before Ab becomes
abnormal (Supplemental Fig. 1). This relationship was not affected
by adjustment for age, white matter hyperintensity, and hippocampal
volume. There were no correlations between 18F-SMBT-1 and Ab
in brain regions with a high density of MAO-B, such as the anterior
cingulate gyrus and the mesial temporal lobe. Further, in the basal
ganglia, the region with the highest density of MAO-B in the brain,
18F-SMBT-1 correlated inversely with Ab (Table 2). A similar pic-
ture was observed for the correlation between 18F-SMBT-1 and tau
in the metatemporal region, although the associations were less
extensive (Fig. 3B) and were less significant than for Ab (Table 2).
When examining the relationship between 18F-SMBT-1 and Ab
accumulation in a subset of participants (n 5 31) who had available
longitudinal Ab imaging data, we observed a significant association
in the temporal lobe (lateral and inferior temporal) (Table 2). Trend
levels (P , 0.09) were also observed in the parahippocampus, tem-
porooccipital region, and supramarginal gyrus region (Table 2).
When all clinical groups were considered together, Ab and tau

burdens were highly associated with hippocampal volume and gray
matter volume (Supplemental Table 3). Overall, sex was the major
contributor to the variation in gray matter volume, whereas age was
the major contributor to the variation in white matter hyperintensity.
A few associations survived after covariate adjustment. 18F-SMBT-1
binding in the supramarginal gyrus and lateral occipital lobe was
inversely associated with gray matter (r 5 20.28, P 5 0.017) and
hippocampal volume (r 5 20.28, P 5 0.016), respectively (Supple-
mental Table 3). Conversely, 18F-SMBT-1 binding in the hippocam-
pus was significantly associated with hippocampal volume (r 5 0.34,

FIGURE 1. Representative transaxial, coronal, and sagittal 18F-SMBT-1 PET images in Ab2 CN subject (84-y-old man; MMSE, 28; CDR, 0; 7 centi-
loids); Ab2 MCI subject (69-y-old woman; MMSE, 27; CDR, 0.5; 9 centiloids); Ab1 CN subject (72-y-old man; MMSE, 29; CDR, 0; 24 centiloids); Ab1
MCI subject (72-y-old man; MMSE, 27; CDR, 0.5; 144 centiloids); and Ab1 AD subject (78-y-old woman; MMSE, 25; CDR, 1; 173 centiloids). Ab2 CN
and MCI participants show normal distribution of 18F-SMBT-1 in brain, highlighting cortical areas with high concentration of MAO-B such as basal gan-
glia, thalamus, mesial temporal lobe, and anterior cingulate gyrus, as well as different nuclei in brain stem. Higher cortical 18F-SMBT-1 binding is
observed in Ab1 CN, MCI, and AD participants, with binding extending to frontal cortex, temporal lobe, occipital lobe, and posterior cingulate gyrus.
SUVRWM 5 SUV ratio using white matter as reference region.
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P 5 0.003), cortical gray matter volume (r 5 0.34, P 5 0.004), and
white matter volume (r 5 0.23, P 5 0.048), but theirs was a direct
relationship—in other words, the lower the 18F-SMBT-1 binding, the
lower the respective volume (Supplemental Table 2). Similar findings
were observed in the caudate nuclei, pallidus, thalamus, and pons,
where 18F-SMBT-1 binding was also directly associated with gray
matter volume (Supplemental Table 3). In contrast to the findings in
the mesial temporal lobe, no atrophy was detected in these regions.
18F-SMBT-1 binding in the occipital lobe was significantly associated
with white matter hyperintensity (Supplemental Table 3).
When all groups were considered together, and after adjusting for

age, sex, Ab, tau, and hippocampal volume, 18F-SMBT-1 binding
correlated with Mini Mental State Examination (MMSE) and the
Australian Imaging Biomarkers and Lifestyle’s Preclinical Alz-
heimer Cognitive Composite (AIBL PACC) in some neocortical
regions such as the frontal cortex, lateral temporal lobe, supramargi-
nal gyrus, and angular gyrus, contributing 24%–35% of the variance
in MMSE and 18%–28% of the variance in AIBL PACC (Table 3).
Overall, all cognitive domains were driven by tau, with hippocampal
volume contributing to CDR SoB, nonmemory, and AIBL PACC
and sex contributing to episodic memory and AIBL PACC.

DISCUSSION

To the best of our knowledge, 18F-SMBT-1 represents the first
available 18F MAO-B radiotracer to be used in a clinical study to
assess reactive astrogliosis. In the present clinical study, we evalu-
ated the performance of 18F-SMBT-1 PET across the AD spectrum.

When comparing clinical groups, we found that the AD group
had both significantly higher (posterior cingulate gyrus, supramar-
ginal gyrus) and lower (hippocampus, globus pallidus) SMBT-1
binding than the CN elderly controls. This difference was better
defined when the clinical groups were separated according to high
or low Ab PET burden. It became clear that in regions such as the
posterior cingulate gyrus, supramarginal gyrus, and lateral occipi-
tal lobe, the Ab1 CN and Ab1 AD groups became better sepa-
rated from the Ab2 CN group but also that the globus pallidus
and hippocampus remained significantly lower. Interestingly, the
same regions tended to be higher in the Ab1 MCI group, but it
was a group with only 3 participants and none of the regions
achieved significance. Most importantly, the Ab1 CN group had
significantly higher 18F-SMBT-1 binding than the Ab2 CN group
in the same regions as those that were significantly higher in the
AD group (posterior cingulate gyrus, supramarginal gyrus, and lat-
eral occipital lobe), but 18F-SMBT-1 binding was also signifi-
cantly higher in the orbitofrontal, lateral, and inferior temporal
gyri. These findings match recent reports from fluid biomarker
studies that found plasma levels of glial fibrillary acidic protein,
an astrocytic marker, to be higher in Ab1 CN subjects than in
Ab2 CN subjects (47), as well as predicting future conversion to
AD in MCI subjects (48).
As in the AD group, when compared with the Ab2 CN group

the Ab1 CN group had significantly lower 18F-SMBT-1 binding
in the globus pallidus. The first thing to consider when looking at
the mesial temporal structures is that the PET results are not

FIGURE 2. Bar graphs showing that regional 18F-SMBT-1 SUV ratios were significantly higher in posterior cingulate gyrus, supramarginal gyrus, lateral
occipital lobe, gyrus angularis, and primary visual cortex in Ab1 AD group but also were significantly lower in globus pallidus and hippocampus. In addi-
tion, 18F-SMBT-1 binding was significantly higher in orbitofrontal, lateral, and inferior temporal gyri and significantly lower in globus pallidus. Similar
regions, such as supramarginal gyrus, showed higher 18F-SMBT-1 binding in Ab1 MCI group, but none reached significance. *Significantly higher than
in Ab2 CN group (P, 0.05). †Significantly lower than in Ab2 CN group (P, 0.05). SUVRWM 5 SUV ratio using white matter as reference region.
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TABLE 2
Association Between Regional 18F-SMBT-1 Binding and Global Ab Burden, Metatemporal Tau, and Ab Accumulation

Centiloids
(n 5 77)

Metatemporal tau SUV
ratio (n 5 72)

Ab accumulation
(centiloids/y) (n 5 31)

SMBT-1 region r P r P r P

Ventrolateral prefrontal 0.180 0.117 0.130 0.281 0.177 0.341

Orbitofrontal 0.233 0.042* 0.137 0.254 0.240 0.193

Anterior cingulate 20.127 0.270 0.079 0.513 20.017 0.926

Posterior cingulate 0.339 0.003* 0.339 0.004* 0.212 0.253

Superior parietal 0.230 0.044* 0.283 0.017* 0.159 0.393

Supramarginal gyrus 0.477 ,0.0001* 0.365 0.002* 0.315 0.084

Lateral occipital 0.484 ,0.0001* 0.308 0.009* 0.297 0.105

Primary visual cortex 0.322 0.004* 0.229 0.055 0.049 0.794

Gyrus angularis 0.382 0.001* 0.280 0.018* 0.271 0.141

Temporooccipital 0.334 0.003* 0.306 0.010* 0.340 0.061

Lateral temporal 0.275 0.015* 0.194 0.106 0.431 0.016*

Inferior temporal 0.233 0.042* 20.073 0.543 0.668 ,0.0001*

Amygdala 20.081 0.482 20.145 0.229 0.290 0.114

Hippocampus 20.170 0.140 20.114 0.343 0.240 0.193

Parahippocampus 20.161 0.161 20.122 0.310 0.363 0.051

Entorhinal cortex 20.062 0.595 20.119 0.323 20.035 0.850

Caudate nuclei 20.248 0.030* 20.262 0.027* 0.172 0.356

Putamen 20.235 0.040* 20.211 0.078 20.100 0.593

Globus pallidus 20.432 ,0.0001* 20.391 0.001* 20.249 0.176

Thalamus 20.179 0.120 20.215 0.072 20.139 0.457

Midbrain 0.185 0.108 0.183 0.128 0.086 0.644

Pons 20.146 0.205 20.203 0.090 0.310 0.090

*Statistically significant association (P , 0.05).

FIGURE 3. (A) There were high regional vertexwise associations between 18F-SMBT-1 binding and Ab across brain areas of early Ab deposition such
as temporoparietal junction, supramarginal gyrus, and posterior cingulate gyrus, but also much lower associations were observed in areas also charac-
terized by high Ab, such as frontal cortex and superior temporal gyrus. Some areas, particularly those characterized by high MAO-B concentrations in
Ab2 CN subjects, such as basal ganglia, mesial temporal lobe, and anterior cingulate gyrus, presented negative correlations (not shown). (B) Much less
extensive regional associations were observed with tau. Color scale represents regression coefficients (r).
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corrected for partial-volume effects, and as expected, the hippo-
campi were significantly more atrophic in the Ab1 AD group
than in the Ab2 CN group (5.94 6 0.5 vs. 4.50 6 0.5, P ,
0.0001)—likely the best explanation for lower 18F-SMBT-1 bind-
ing in a region that otherwise has a high density of MAO-B. On
the other hand, partial-volume effects are not likely to explain the
lower 18F-SMBT-1 binding in the region with the highest density
of MAO-B in the brain. Although only the globus pallidus reached
significance, all basal ganglia regions showed lower 18F-SMBT-1
binding (Fig. 2). An alternative explanation might be that, as
in vitro studies using autoradiography and 11C-L-deprenyl-D2

showed, MAO-B presented an inverse correlation with Braak and
Braak stages in AD brains (49), suggesting that as the neurodegen-
eration progresses, the expression of MAO-B decreases, most
noticeably in those areas with a high density of MAO-B such as
the mesial temporal lobe and basal ganglia, while also reflecting
the regional loss of astrocytes similar to what is observed in neu-
rons (50) associated with progressive Ab deposition.
Early Ab deposition is known to occur in brain regions with signif-

icantly higher SMBT-1 binding in Ab1 CN and Ab1 AD subjects,
such as the supramarginal gyrus (identified as the “temporoparietal
junction” in 2012 (51) and recently rebranded as the “banks of the
superior temporal sulcus” (52)) along with the orbitofrontal and the
posterior cingulate gyri (51) . This fact suggests that reactive astroglio-
sis, as detected with 18F-SMBT-1, is associated with early Ab deposi-
tion at the preclinical stages of AD and likely plays a moderating
or modulating role over neurodegeneration, cognitive trajectories,
and clinical progression. This possibility was further confirmed by

the correlational and vertexwise analysis in which 18F-SMBT-1
binding in the same regions correlated strongly with Ab. But the
association between 18F-SMBT-1 binding and Ab merits closer
examination. The highest correlations were in areas of early Ab
deposition, whereas other areas, characterized by high Ab such as
the frontal cortex, had much lower correlations. In contrast, brain
areas known for a high density of MAO-B either lacked correlation
or had even an inverse correlation, as observed in the mesial tempo-
ral lobe, anterior cingulate gyrus, and basal ganglia. And although
the association between 18F-SMBT-1 binding and Ab accumulation
in areas such as the inferior temporal lobe followed a linear relation-
ship (Supplemental Fig. 2), the association between 18F-SMBT-1
binding and Ab was better described by a nonlinear fit. This finding
suggests that the increase in 18F-SMBT-1 signal likely precedes the
time that Ab becomes abnormal (Supplemental Fig. 1), in agreement
with the hypothesis that reactive astrogliosis precedes the significant
build-up of Ab plaques in the brain (24,53). The consequent sugges-
tion is that astrocytes could be reactive and increase MAO-B expres-
sion or activity in response to Ab changes that precede plaque
deposition (e.g., an increased brain concentration of Ab oligomers
and protofibrils). The high association of reactive astrogliosis with
insoluble Ab, coupled with its early manifestation, has prompted
the postulation that the neuroinflammatory reaction is driven by solu-
ble Ab oligomers (24,25). Astrocytes do not constitute a homoge-
neous population and have—and adopt—different morphologic,
biochemical, and functional properties reflecting a complex mix of
toxic and protective pathways (6). Thus, the relationship with Ab
and tau, given the diverse morphologic and biochemical diversity of

TABLE 3
Association Between Regional 18F-SMBT-1 Binding and Cognitive Performance

MMSE CDR SoB Episodic memory Nonmemory AIBL PACC

SMBT-1 region b P b P b P b P b P

Ventrolateral prefrontal 20.27 0.025* 0.16 0.109 20.12 0.240 20.12 0.286 20.21 0.032*

Orbitofrontal 20.35 0.004* 0.14 0.168 20.11 0.313 20.12 0.285 20.22 0.027*

Anterior cingulate 20.25 0.036* 0.06 0.545 20.21 0.040* 20.19 0.084 20.26 0.005*

Posterior cingulate 20.22 0.082 0.15 0.150 20.07 0.529 20.17 0.136 20.19 0.060

Superior parietal 20.19 0.124 0.14 0.175 20.00 0.979 20.20 0.072 20.15 0.138

Supramarginal gyrus 20.29 0.025* 0.08 0.479 20.09 0.450 20.18 0.127 20.17 0.099

Lateral occipital 20.17 0.188 0.24 0.026* 20.13 0.252 20.14 0.226 20.21 0.046*

Gyrus angularis 20.30 0.018* 0.16 0.125 20.12 0.266 20.14 0.230 20.20 0.051

Temporooccipital 20.17 0.196 0.01 0.963 20.09 0.422 20.03 0.780 20.09 0.406

Lateral temporal 20.35 0.003* 0.04 0.689 20.14 0.169 20.11 0.293 20.19 0.048*

Inferior temporal 20.22 0.102 0.20 0.068 20.25 0.023* 20.08 0.487 20.28 0.007*

Amygdala 20.24 0.037* 0.10 0.305 20.12 0.240 20.20 0.056 20.20 0.032*

Hippocampus 20.22 0.072 0.11 0.304 20.17 0.115 20.19 0.092 20.18 0.073

Parahippocampus 20.10 0.420 0.12 0.217 20.01 0.912 20.01 0.922 20.07 0.451

Caudate nuclei 20.01 0.945 20.01 0.912 0.06 0.604 0.10 0.358 0.07 0.518

Putamen 20.16 0.207 20.07 0.535 20.00 0.996 0.09 0.240 0.05 0. 652

Globus pallidus 20.02 0.856 20.01 0.904 20.20 0.068 20.17 0.150 20.14 0.179

Thalamus 20.09 0.473 0.05 0.657 20.06 0.601 20.05 0.631 20.09 0.388

*Statistically significant association (P , 0.05).
CDR SoB 5 clinical dementia rating sum of boxes.
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astrocytes, is not likely to be straightforward or the same across dif-
ferent brain regions, indicating a complex regional relationship rather
than a global response.
The associations between 18F-SMBT-1 binding and brain volumet-

rics or white matter hyperintensity were not strong. Hippocampal and
parahippocampal 18F-SMBT-1 binding was associated with hippo-
campal volume, as 18F-SMBT-1 binding in the caudate nuclei, pal-
lidus, thalamus, and pons was also associated with gray matter
volume, but these were all direct associations, with lower 18F-SMBT-
1 binding being associated with smaller volumes. The expedient
explanation would be that these regions—regions with normally high
concentrations of MAO-B—are atrophic. As explained in the section
dealing with the correlations with Ab, the hippocampi in the Ab1
AD group were significantly more atrophic. Therefore, the lower 18F-
SMBT-1 binding in the hippocampus and parahippocampal gyrus can
be explained by partial-volume effects. But the basal ganglia were not
atrophic, and there were no significant differences across the groups;
partial-volume effects thus cannot explain the lower 18F-SMBT-1
binding. We believe that the results in the basal ganglia truly reflect a
reduction in 18F-SMBT-1 binding in these areas, especially in AD, a
condition in which, as neurodegeneration progresses, the expression
of MAO-B likely decreases, most noticeably in those areas with a
high density of MAO-B such as the basal ganglia.
In regard to the associations between 18F-SMBT-1 binding and

cognitive parameters, the main driver of cognitive impairment across
all domains was tau burden, contributing more than 50% of the vari-
ance, followed by hippocampal volume. Sex was also a contributor to
episodic memory and AIBL PACC, with women performing worse
than men. 18F-SMBT-1 binding correlated mainly with MMSE and
AIBL PACC in some neocortical regions such as the frontal cortex,
with the lateral temporal lobe, supramarginal gyrus, and angular gyrus
contributing 24%–35% of the variance of MMSE and 18%–28% of
the variance of AIBL PACC. These findings suggest that reactive
astrogliosis makes a detrimental contribution to general cognition and
some memory tasks that are independent of tau, Ab, or hippocampal
atrophy and that early amelioration of neuroinflammation might be a
complementary therapeutic avenue for AD (20).
There are several limitations and caveats to this study. Similarly to

microglial activation, only surrogate markers are available to assess
reactive astrogliosis. In contrast to neuroreceptor PET studies using
tracers that bind directly to the receptor, the study of neuroinflamma-
tion is based on using surrogate markers to assess their change of
state from resting to activated. Thus, microglial activation has been
studied for decades by assessing overexpression of mitochondrial
translocator protein 18 kDa (18) and, more recently, by using tracers
for macrophage colony-stimulating factor 1 receptor (54) or puriner-
gic receptors (55), whereas reactive astrogliosis has been assessed
with markers of MAO-B (19) and imidazoline 2 binding sites (29). It
needs to be clearly understood that 18F-SMBT-1 is a MAO-B tracer,
and as such, several factors and conditions that affect MAO-B can
affect 18F-SMBT-1 binding. Besides the obvious effect of MAO-B
inhibitors, MAO-B also increases with age (56), is affected by smok-
ing (57), and has been found to be altered in psychiatric conditions
such as major depression (22). Therefore, careful clinical anamnesis
and an itemized listing of exclusionary criteria are required before
participants undergo 18F-SMBT-1 PET. Although MAO-B is present
mainly in astrocytes, it is also found, in a much smaller concentration,
in neurons (58). 18F-SMBT-1 can detect increases and decreases in
MAO-B in the brain but cannot discriminate between the fluid
change or transition of reactive astrocytes from a protective to a
toxic state, and not all reactive astrocytes overexpress MAO-B (58).

The small number of Ab1 MCI subjects precludes drawing any
conclusion on group differences in the SMBT-1 signal. A larger
sample size, especially Ab1 MCI and Ab1 AD patients, will be
required to further validate the finding that 18F-SMBT-1 captures
the reported increases in MAO-B across the AD continuum. There
is also a chance of spurious correlations from analyses of sub-
groups. These analyses were undertaken to dissect the relation
between the different aspects of 18F-SMBT-1 binding in the pres-
ence or absence of Ab and tau and how 18F-SMBT-1 binding
relates to other variables. Finally, the participants were volunteers
who were not randomly selected from the community and were
generally well educated and had high scores on cognitive tests;
thus, these findings might not apply to the general population.
The introduction of biomarker-based approaches for the identifi-

cation of brain pathology has informed new strategies for the
design of clinical trials aimed at preventing the onset of cognitive
impairment and dementia. Markers of Ab and tau pathology and
markers of neurodegeneration have been incorporated into a
recently proposed biomarker-based framework (59). The advan-
tage of the modular design of the framework, and considering that
reactive gliosis is a critical aspect of the neuropathology of AD, is
that the biomarker framework might be expanded to include reac-
tive gliosis.
Our studies showed that 18F-SMBT-1 can be used as a surrogate

marker of reactive astrogliosis. Despite the limited sample size in
some of the groups, there was a distinctive degree and pattern of
tracer binding across the AD continuum that was associated mainly
with the presence of Ab burden in the brain. 18F-SMBT-1 will allow
a better understanding of the pathophysiology of AD, enabling more
accurate staging and determination of prognosis at earlier stages of
the disease. It will also be necessary to examine the relationship
between 18F-SMBT-1 binding in the brain and plasma glial fibrillary
acidic protein. Longitudinal studies will be required to assess the
effects of reactive astrogliosis over the clinical expression of AD and
also, given the intimate relationship between astrocytes and blood
vessels, of cerebrovascular disease. Longitudinal studies will also be
required to fully elucidate the complex interaction between reactive
astrogliosis, AD pathology, and cerebrovascular disease and their
moderating or modulating impact over neurodegeneration, cognitive
decline, and clinical progression.

CONCLUSION

Cross-sectional human PET studies with 18F-SMBT-1, a highly
selective 18F-labeled MAO-B tracer, showed that Ab1 AD subjects
but, most importantly, Ab1 CN subjects have significantly higher
regional 18F-SMBT-1 binding than Ab2 CN subjects. Moreover, in
several regions of the brain, 18F-SMBT-1 retention was highly associ-
ated with Ab burden. These findings suggest that increased 18F-
SMBT-1 binding occurs at the preclinical stages of Ab accumulation,
providing strong support for its use as a surrogate marker of astroglio-
sis and a biomarker of early stages in the AD continuum.
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KEY POINTS

QUESTION: Can 18F-SMBT-1 be used to assess reactive
astrogliosis in vivo?

PERTINENT FINDINGS: A clinical study on 77 elderly participants
showed that 18F-SMBT-1, a novel 18F MAO-B tracer used as a
surrogate marker of reactive astrogliosis, was significantly higher
in AD patients and, most importantly, in elderly CN controls with
high Ab in the brain.

IMPLICATIONS FOR PATIENT CARE: 18F-SMBT-1 can be used
as a surrogate and early marker of reactive astrogliosis across the
AD continuum.
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Parkinson’s disease (PD) is associated with aberrant innate immune
responses, including microglial activation and infiltration of peripheral
myeloid cells into the central nervous system (CNS). Methods to
investigate innate immune activation in PD are limited and have not
yet elucidated key interactions between neuroinflammation and
peripheral inflammation. Translocator protein 18 kDa (TSPO) PET is a
widely evaluated imaging approach for studying activated microglia
and peripheral myeloid lineage cells in vivo but has yet to be fully
explored in PD. Here, we investigate the utility of TSPO PET in addition
to PET imaging of triggering receptor expressed on myeloid cells
1 (TREM1)—a novel biomarker of proinflammatory innate immune
cells—for detecting innate immune responses in the 6-hydroxydop-
amine mouse model of dopaminergic neuron degeneration.Methods:
C57/BL6J and TREM1 knockout mice were stereotactically injected
with 6-hydroxydopamine in the left striatum; control mice were
injected with saline. At day 7 or 14 after surgery, mice were adminis-
tered 18F-GE-180, 64Cu-TREM1 monoclonal antibody (mAb), or 64Cu-
isotype control mAb and imaged by PET/CT. Ex vivo autoradiography
was performed to obtain high-resolution images of tracer binding
within the brain. Immunohistochemistry was conducted to verify
myeloid cell activation and dopaminergic cell death, and quantita-
tive polymerase chain reaction and flow cytometry were com-
pleted to assess levels of target in the brain. Results: PET/CT
images of both tracers showed elevated signal within the striatum
of 6-hydroxydopamine–injected mice compared with those injected
with saline. Autoradiography afforded higher-resolution brain images
and revealed significant TSPO and TREM1 tracer binding within the
ipsilateral striatum of 6-hydroxydopamine mice compared with saline
mice at both 7 and 14 d after toxin. Interestingly, 18F-GE-180 enabled
detection of inflammation in the brain and peripheral tissues (blood
and spleen) of 6-hydroxydopamine mice, whereas 64Cu-TREM1mAb
appeared to be more sensitive and specific for detecting neuroin-
flammation, in particular infiltrating myeloid cells, in these mice, as
demonstrated by flow cytometry findings and higher tracer binding
signal-to-background ratios in brain. Conclusion: TSPO and TREM1
PET tracers are promising tools for investigating different cell types
involved in innate immune activation in the context of dopaminergic
neurodegeneration, thus warranting further investigation in other PD
rodent models and human postmortem tissue to assess their clinical
potential.

KeyWords:Parkinson’s disease; neuroinflammation; molecular imag-
ing; TSPOPET; TREM1 PET
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Parkinson’s disease (PD) is the most commonmovement disorder
and the second most common neurodegenerative disease. Affecting
nearly 7 million people worldwide (1–3), PD encompasses a wide
spectrum of motor, cognitive, autonomic, and psychiatric symptoms.
PD is characterized pathologically by dopaminergic neuron loss in the
substantia nigra and accumulation of Lewy bodies and neurites, which
contain misfolded a-synuclein protein, within neurons. Neuroinflam-
mation is intimately tied to both dopaminergic neuron loss and a-syn-
uclein accumulation, indicating this to be an early event in PD
pathogenesis (4). Activated microglial cells, peripheral myeloid-medi-
ated proinflammatory innate immune responses, and neurotoxic adap-
tive immune activity in the central nervous system (CNS) are also
specifically involved in PD pathogenesis (5,6).
Methods to investigate inflammatory processes in PD brain are

restricted mainly to postmortem tissue or cerebrospinal fluid.
Although these studies have yielded useful insights on the presence
of activated microglia and altered proinflammatory cytokine con-
centrations in the substantia nigra and cerebrospinal fluid of PD
patients (7–15), they are often obtained at a single time point and
are therefore limited in the information they can provide on highly
dynamic immune responses.
PET imaging of translocator protein 18 kDa (TSPO)—an estab-

lished imaging biomarker of inflammation, predominately upregu-
lated in activated microglia and peripheral myeloid lineage cells (e.g.,
macrophages, monocytes, and neutrophils)—is a useful method to
visualize neuroinflammation in living subjects. 18F-GE-180 is one of
the most sensitive and specific TSPO PET tracers for imaging rodent
models of neuroinflammation (16–20) because of its high signal-to-
background ratio as demonstrated through head-to-head comparison
studies with 18F-PBR06 (19), 11C-(R)-PK11195 (20), and 18F-DPA-
714 (21); however, it has not yet been evaluated in PDmouse models
(22,23). Additionally, triggering receptor expressed on myeloid cells
1 (TREM1) (24) was recently identified as a novel, highly specific
imaging biomarker of proinflammatory innate immune cells: our
laboratory reported the first TREM1 PET tracer, 64Cu-TREM1
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monoclonal antibody (mAb), and demonstrated its ability to detect
peripheral CNS-infiltrating TREM1-positive myeloid cells in mouse
models of stroke and multiple sclerosis (2.5–3.5 percentage injected
dose per gram in brain regions of interest) (25–27).
Here, we set out to assess the potential of these 2 promising

PET imaging biomarkers for providing unique insights into the
spatiotemporal dynamics of innate immune responses in the con-
text of PD and neuroinflammation. We hypothesized that detection
of TSPO and TREM1 PET by 18F-GE-180 and 64Cu-TREM1
mAb, respectively, can track different aspects of innate immune
activation in a mouse model of dopaminergic neurodegeneration.

MATERIALS AND METHODS

Study Design
6-Hydroxydopamine hydrobromide (6-hydroxydopamine) selectively

damages dopaminergic neurons and protracts degeneration of the nigros-
triatal system when injected into the striatum unilaterally (28). We per-
formed TSPO and TREM1 PET imaging 7 and 14 d after intrastriatal
injection of 6-hydroxydopamine or vehicle (saline). TSPO and TREM1
tracer specificity was assessed using PK-11195, a TSPO ligand, and an
appropriate isotype control antibody, respectively. Since the unlabeled
TREM1 tracer and other available TREM1 antibodies are agonists, they
cannot be used for mass-level blocking experiments without perturbing
the molecular pathways of interest in our mouse model; therefore,
TREM1 knockout mice were imaged 7 d after 6-hydroxydopamine injec-
tion to further assess specificity of the TREM1 PET agent. Binding and
spatial distribution of each tracer were confirmed by ex vivo g-counting
and high-resolution autoradiography. Alterations in immune activation
were confirmed using flow cytometry, immunohistochemistry, and
reverse-transcription quantitative polymerase chain reaction (PCR). Fig-
ure 1 summarizes the study time line, and Supplemental Table 1 shows
the numbers of mice and tissue samples used for each experiment (sup-
plemental materials are available at http://jnm.snmjournals.org).

Animals
All experiments involving animals were completed in accordance

with the Stanford Administrative Panel on Laboratory Animal Care,
which is accredited by the Association for the Assessment and Accredi-
tation of Laboratory Animal Care International. Male 8- to 12-wk-
old C57BL/6J wild-type mice (Jackson Laboratories) and TREM1

knockout littermates (29), a kind gift from the laboratory of Professor
Katrin Andreasson (Stanford University, original breeders provided by
Dr. Christoph Mueller, University of Bern), were housed in a tempera-
ture-controlled environment under a 12-h light/dark schedule with
unrestricted access to food and water. When indicated, anesthetization
was performed using isoflurane.

6-Hydroxydopamine Model Induction
6-Hydroxydopamine (10 mg/mL; Sigma) or saline was injected

(1 mL) into the striatum of anesthetized mice during stereotactic sur-
gery (coordinates: anterior/posterior 5 0.5, lateral 5 1.8, dorsal/ventral
5 23.5) using established methods (30,31).

18F-GE-180 Radiolabeling
18F-GE-180 was radiosynthesized according to standard methods (22).

The tracer was formulated in phosphate-buffered saline (0.1 M NaCl,
0.05 M sodium phosphate, pH 7.4) containing 10% ethanol. A molar
activity of 44.4 GBq/mmol and high radiochemical purity (.95%) were
achieved.

TREM1 DOTA Conjugation
Mouse TREM1 mAb (R&D Systems) was conjugated with DOTA-

N-hydroxysuccinimide (Macrocyclics) using metal-free buffers and
previously published procedures (25,32). The average number of
chelator molecules per antibody was determined to be 0.8–1.9 using
electrospray ionization mass spectrometry and matrix-assisted laser
desorption/ionization time of flight. The average was determined after
performing 3 independent reactions.

64Cu-TREM1 mAb and Isotype Control Radiolabeling
TREM1 mAb and isotype control mAb were radiolabeled using

previously reported general copper-labeling methods (25,33,34). Briefly,
immunoconjugate (806 11 mg, n5 4) in NH4OAc (pH 5.5) was added to
64Cu-CuCl2 (0.06 GBq) in NH4OAc under gentle agitation at 37"C. The
reactionwasmonitored via radio–thin-layer chromatography until a labeling
efficiency of more than 99% was observed (15–30 min), at which point
2 mL of ethylenediaminetetraacetic acid (50 mM) were added. Reactions
were analyzed by radio–thin-layer chromatography and size-exclusion
high-performance liquid chromatography (Phenomenex 00H-2146-K0,
5 mm SEC-s3000 400 Å, 300 3 7.8 mm). Pure fractions (.99%) of
64Cu-TREM1 mAb and isotype control mAb were combined and
diluted with saline. The molar activity of each tracer was determined

to be more than 70 GBq/mmol, and high
radiochemical purity (.97%) was achieved.

In Vivo PET/CT Acquisition
Mice were imaged using a dual small-ani-

mal PET/CT scanner (GNEXT; Sophie) 7 or
14 d after stereotactic injection of 6-hydroxy-
dopamine. Isotype control, blocking, TREM1
knockout, and saline studies were conducted
on day 7. Mice were anesthetized and intrave-
nously injected (3.7–5.55 MBq) with their
respective tracer (Supplemental Table 1).

CT images were acquired as previously
described (35) for anatomic reference before a
10-min static PET acquisition 50 min after
administration of 18F-GE-180 or 19 h after
intravenous injection of 64Cu-TREM1 mAb or
64Cu-isotype control mAb. A calibration factor
was calculated each imaging day on the basis of
a reference standard consisting of a 20-mL
syringe containing a known amount of 18F or
64Cu. PET data were acquired and reconstructed
as previously described by our laboratory (25).

FIGURE 1. Study design of 6-hydroxydopamine model induction and imaging time line. d7- and
d14-mice refer to mice injected with 6-hydroxydopamine or saline 7 or 14 d, respectively, before
imaging or flow cytometry. A/P 5 anterior/posterior; D/V 5 dorsal/ventral; L 5 lateral; OHDA 5

hydroxydopamine; RT-qPCR5 reverse transcription-quantitative polymerase chain reaction.
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PET Analysis and Quantitation
PET and CT images were coregistered and analyzed using Vivo-

Quant (version 4.0; inviCRO) and Inveon Research Workspace soft-
ware (Siemens) to quantify tracer uptake in specific regions of
interest. For striatum quantitation, a 3-dimensional mouse brain atlas
was fit to the PET/CT images via alignment of the atlas with the skull
of each mouse (as determined by CT).

18F-GE-180 Blocking Studies
Blocking studies were conducted 7 d after stereotactic 6-hydroxy-

dopamine injection. The TSPO ligand PK-11195 (3 mg/kg; Sigma-
Aldrich) was administered intravenously 15 min before 18F-GE-180
injection, and a subsequent 10-min static PET scan was acquired at
50–60 min after tracer injection.

g-Counting and Autoradiography
On scan completion, cardiac puncture was performed under anesthe-

sia, and the mice were subsequently perfused with 30 mL of phos-
phate-buffered saline, pH 7.4 (1 time), to assess tracer uptake and
spatial distribution in tissues while eliminating the contribution of tracer
signal in blood. Brain, blood, and spleen were harvested, weighed, and
counted using an automatic g-counter (Hidex). Brains were immedi-
ately submerged in phosphate-buffered saline before being counted to
reduce the likelihood of drying before subsequent freezing for ex vivo
autoradiography. Percentage injected dose per gram was calculated for
each organ of interest. Immediately after g-counting, brains were frozen
in optimal-cutting-temperature compound, and 40-mm-thick sections
were cut for autoradiography (Microm HM550 Microtome; Leica Bio-
systems) and exposed to digital films for a minimum of 10 half-lives.
Films were scanned using a Typhoon phosphor scanner (Cytiva), and
the mean pixel intensity in the ipsilateral versus contralateral striatum
was quantified using Image J (version 1.53a).

Immunohistochemistry
The same brain sections as used for autoradiography were probed

with antibodies to CD68 (marker for microglia and other myeloid

lineage cells) and tyrosine hydroxylase (marker
for dopaminergic cells) using standard proce-
dures (36).

Briefly, sections were fixed in acetone for 10
min, thoroughly washed in tris-buffered saline,
and pretreated with 0.6% H2O2 in 0.3% Triton X
(Union Carbide)–tris-buffered saline before over-
night 4"C incubation with anti-CD68 (rat, 1:500;
Bio Rad) and anti–tyrosine hydroxylase (rabbit,
1:3,000; Abcam) antibodies. The following day,
sections were washed with tris-buffered saline,
incubated for 1 h with ImmPRESS horseradish
peroxidase antirat IgG polymer detection kit
(Vector Laboratories) and ImmPRESS horse
antirabbit IgG PLUS polymer kit (Vector Labo-
ratories), and subsequently exposed to 0.05%
3,3-diaminobenzidine (Sigma-Aldrich) in 0.1 M
TrisHCl (pH 7.4) with 0.03% H2O2 for 1–3 min.
Sections were washed with 0.1MTrisHCl before
application of a coverslip. Images were captured
using a Nanozoomer 2.0-RS (Hamamatsu).

RNA Isolation and Gene
Expression Analysis

Ipsilateral brain sections were harvested
from anesthetized mice after perfusion, imme-
diately flash-frozen in TRIzol (Invitrogen), and
stored at 280"C until use. RNA was extracted

FIGURE 2. Immunohistochemistry of representative mouse brains injected with either 6-hydroxy-
dopamine or saline. (Left) CD68 immunohistochemistry in brains of 6-hydroxydopamine or saline
mice, with zoomed images beside their respective coronal brain images. CD68-positive immunos-
taining was present in slightly different regions of brain because of small variations in injection site.
(Right) Tyrosine hydroxylase staining of dopaminergic processes in ipsilateral and contralateral stri-
ata of mice injected with 6-hydroxydopamine or saline. Ice crystals, or bubbles (freezing artifacts),
due to rapid freezing can be seen in zoomed images. OHDA5 hydroxydopamine.

FIGURE 3. Representative 18F-GE-180 PET/CT whole-body maximum-
intensity-projection images, coronal brain images, and autoradiography of
40-mm-thick coronal mouse brain sections. Black and white dashed out-
lines indicate spleen and coronal brain sections, respectively. Arrows point
to areas of increased TSPO PET signal around site of 6-hydroxydopamine
injection. %ID 5 percentage injected dose; ARG 5 autoradiography;
C 5 contralateral brain hemisphere; I 5 ipsilateral brain hemisphere;
MIP5maximum-intensity projection; OHDA5 hydroxydopamine.
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following the TRIzol reagent RNA isolation standard operating procedure
(Invitrogen). Briefly, tissues were homogenized, and RNA was isolated
using chloroform (Sigma-Aldrich). Messenger RNA was precipitated and
then purified in isopropanol and 75% EtOH, and the product was sus-
pended in nuclease-free water. All messenger RNA was assessed for
concentration and quality using an Eppendorf BioSpectrometer.

Complementary DNA was synthesized using the RT2 First Strand
kit (Qiagen), and incubation steps were completed in the Thermal
Cycler Mini Amp (Applied Biosystems), per kit protocol. PCR was
performed with SYBR green polymerase (Qiagen), reverse-transcrip-
tion PCR Qiagen-specified primers (TSPO, TREM1, and GAPDH),
and complementary DNA. GAPDH was used as a housekeeping gene.
Reactions were completed in the Applied Biosystems QuantStudio
6 Real-Time PCR machine. Each sample was run with 3 technical rep-
licates, and fold-change for each gene was calculated by deriving
2DDCT. Transcripts with undetectable values were assigned a cycle
threshold of 38 for analysis (37). Samples with high variation between
technical replicates (SD . 0.70) were excluded from analysis.

Flow Cytometry
Day 7 6-hydroxydopamine and saline mice were perfused, and

brains (ipsilateral and contralateral hemispheres) and spleens were har-
vested and processed into single-cell suspensions for flow cytometric
analysis. Briefly, brain and spleen tissues were mechanically homoge-
nized in CNS buffer (2.5% HEPES [2-[4-(2-hydroxyethyl)piperazin-
1-yl]ethanesulfonic acid], pH 7.5 [Invitrogen] in Hanks balanced
salt solution without calcium or magnesium [Gibco]) and fluorescent
activated cell sorting buffer (2% fetal bovine serum in phosphate-
buffered saline), respectively. Myelin was removed from brain sam-
ples using a Percoll (GE Healthcare) gradient (25% Percoll in CNS
buffer). Resulting single-cell suspensions were stained for live/dead

(Aqua; ThermoFisher Scientific), TREM1
(APC; R&D Systems), CD11c (PAC-Blue;
Biolegend), Ly-6G (PE-Cy7; Biolegend),
CD11b (APC-Cy7; Biolegend), CD3 (PE;
Biolegend), and CD45 (PerCP-Cy5.5; Biole-
gend) to isolate immune cell populations.
Cells were fixed in 2% paraformaldehyde
(Santa Cruz Biotechnology) before analysis.
Data were gated (Supplemental Fig. 1) and
analyzed using FlowJo (version 10.7.1).

Statistics
Statistical analyses were performed using

GraphPad Prism (version 9.1.1). Data were
assessed for normalization, and parametric/
nonparametric tests were applied as appropri-
ate before 2-way (PET and flow cytometry) or
1-way (autoradiography, g-counting, and gene
expression) ANOVA. P values of less than
0.05 were considered statistically significant.

RESULTS

Injection of 6-Hydroxydopamine Induces
Dopaminergic Neurodegeneration and
Myeloid Cell Activation
To confirm dopaminergic neurodegenera-

tion and immune response in our PD rodent
model, immunohistochemistry was performed
on brain slices 7 and 14 d after striatal injec-
tion of 6-hydroxydopamine or saline, at which
time activation of microglial/macrophages
and dopaminergic cell loss is expected to be

greatest (38). CD68 immunohistochemistry of striatum showed acti-
vated microglia/macrophages in and around the site of toxin injection
(Fig. 2; Supplemental Fig. 2). Importantly, this marker did not detect
significant levels of activated microglia/macrophages in the saline
mice, indicating that the immune activation was specific to 6-hydroxy-
dopamine injection. Tyrosine hydroxylase immunohistochemistry con-
firmed both the loss of dopaminergic processes at the toxin injection
site and the presence of intact cells in the saline mice (Fig. 2). Unfortu-
nately, accurate quantitation of our immunostaining was not possible
because of the presence of freezing artifacts. These artifacts arose due
to staining of the same tissue as used for autoradiography, which was
not able to undergo extensive fixation protocols (i.e., sectioning and
exposure to autoradiography films was performed 30–60 min after
removal of brain tissue to minimize radioactive decay). Importantly,
immunostaining of the same tissues as used for autoradiography
enabled accurate quantitation of tracer signal in autoradiography
images and provided clear, qualitative evidence of innate immune acti-
vation associated with dopaminergic cell loss, which appeared to be
more pronounced 14 d after 6-hydroxydopamine, aligning with the
results from a similar study performed by Cicchetti et al. (Fig. 2; Sup-
plemental Fig. 2) (38).

TSPO PET Imaging Enables Visualization of Innate
Immune Activation in Brain, Spleen, and Blood of
6-Hydroxydopamine–Injected Mice
To investigate the ability of TSPO PET to detect innate immune

activation in the 6-hydroxydopamine model, in vivo PET images
were acquired at 50–60 min after injection of 18F-GE-180 (Fig. 3;
Supplemental Fig. 3). Whole-body images revealed increased tracer
uptake in the brains of day 7 and day 14 6-hydroxydopamine mice

FIGURE 4. Quantification of TSPO PET tracer signal (saline ipsilateral, 2.56 0.53; saline contralat-
eral, 2.16 0.61; blocking ipsilateral, 1.66 0.25; blocking contralateral, 1.56 0.24; day 7 6-hydroxy-
dopamine ipsilateral, 2.5 6 0.19; day 7 6-hydroxydopamine contralateral, 2.2 6 0.20; day 14
6-hydroxydopamine ipsilateral, 3.06 0.51; day 14 6-hydroxydopamine contralateral, 2.76 0.39), ex
vivo autoradiography (saline, 1.1 6 0.09; blocking, 1.5 6 0.26; day 7 6-hydroxydopamine, 1.9 6

0.49; day 14 6-hydroxydopamine, 1.9 6 0.54), and g-counting quantification (brain: saline, 1.8 6

0.29; blocking, 1.2 6 0.23; day 7 6-hydroxydopamine, 2.3 6 0.21; day 14 6-hydroxydopamine,
1.8 6 0.26; spleen: saline, 25.2 6 2.33; blocking, 8.9 6 1.89; day 7 6-hydroxydopamine, 45.2 6

14.13; day 14 6-hydroxydopamine, 32.2 6 7.26) in saline, blocking, and 6-hydroxydopamine mice.
All groups were compared with saline control (significance denoted by *); day 7 6-hydroxydopamine
and blocking were compared (significance denoted by #). Data are mean6 SD percentage injected
dose per gram. *P , 0.05. **P , 0.01. ###P , 0.001. ####P , 0.0001. %ID 5 percentage injected
dose; ARG5 autoradiography; OHDA5 hydroxydopamine; ROI5 region of interest.
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compared with saline mice and day 7 6-hydroxydopamine mice pre-
treated with PK1119. In the periphery, we observed increased signal
in adipose tissue (brown and white), kidneys, spleen, liver, and lungs
(all tissues known to express TSPO (39)) of day 7 and day 14
6-hydroxydopamine mice, whereas, preblocked mice contained sig-
nal only in the gastrointestinal tract (indicative of tracer excretion),
thus proving the specificity of 18F-GE-180 in this model. PET signal
was quantified in the ipsilateral and contralateral striata (Fig. 4).
Quantitation of PET images confirmed there was a significant
increase in tracer binding in the ipsilateral striatum of day 14
6-hydroxydopamine mice compared with saline mice (P, 0.01), in
addition to significant attenuation of signal in 6-hydroxydopamine–
injected mice preblocked with PK-11195 (P , 0.001), confirming
tracer specificity.
Ex vivo autoradiography of both day 7 and day 14 6-hydroxydop-

amine mouse brains exhibited significantly elevated tracer binding
compared with saline mice (P , 0.01), with striatal tracer uptake
ratios (ipsilateral to contralateral striatum) determined to be 1.9 for
day 7 6-hydroxydopamine, 1.9 for day 14 6-hydroxydopamine, 1.1
for saline, and 1.5 for blocking mice (Figs. 3 and 4). g-counting of
whole brain, spleen, and peripheral blood (Fig. 4; Supplemental Fig.
4A) revealed significantly increased tracer uptake in all 3 tissues of
day 7 6-hydroxydopamine mice (P , 0.05 for all 3 tissues). Day 14
6-hydroxydopamine mice showed a significant difference only in
spleen (P , 0.05), when compared with saline animals. Importantly,
g-counting of brain tissue was performed using whole-brain tissue (as
opposed to ipsilateral vs. contralateral hemisphere), which could have
diluted the differences in signal observed in injured versus uninjured

striata within autoradiography images. PK-
11195 blocking significantly decreased tracer
uptake in the brain (P , 0.0001) and spleen
(P , 0.001) of day 7 6-hydroxydopamine
mice. The increased TSPO PET and autora-
diography signal was supported by reverse-
transcription quantitative PCR findings, which
revealed a strong trend that ipsilateral striatal
TSPO messenger RNA levels trended toward
significance in day 7 6-hydroxydopamine
mice (P , 0.0598) and were significantly
increased in day 14 6-hydroxydopamine
mice (P , 0.01, Supplemental Fig. 5A).
Taken together, these data indicate that
TSPO PET shows promise for visualizing
inflammation in the brain, spleen, and
blood of this rodent model of dopaminergic
degeneration.

TREM1 Imaging Reveals Infiltrating
Innate Immune Cells in the Brain of
6-Hydroxydopamine–Injected Mice
To assess the ability of TREM1 PET to

detect activated myeloid cells in 6-hydroxy-
dopamine mice, whole-body PET/CT images
were acquired (Fig. 5; Supplemental Fig. 6)
and signal quantified in the ipsilateral versus
contralateral striatum (Fig. 6). Whole-body
images showed that in the spleen, signal was
higher in day 7 and day 14 6-hydroxydo-
pamine mice than in isotype control, knock-
out, and saline mice. There also appeared to
be higher blood signal in day 7 and day 14

6-hydroxydopamine mice (in addition to knockout mice) than in iso-
type control and saline mice. Quantitation of PET data confirmed
that day 7 6-hydroxydopamine mice had significantly higher tracer
binding in the ipsilateral striatum than did isotype control injected
mice (P , 0.01). Though not statistically significant, PET quantita-
tion trended toward higher tracer binding in the striatum of day 7
6-hydroxydopamine mice than in saline controls (P , 0.08). Of
note, TREM1 PET signal in the ipsilateral striata of knockout mice
was not significantly different from that in wild-type mice 7 d after
6-hydroxydopamine injection (P , 0.32), most likely due to the
presence of unbound tracer residing in the blood of knockout mice
since they lack TREM1 (and thus more tracer remains in the blood
pool as opposed to binding to target-containing tissues). In particular,
there appeared to be elevated signal in the cortex of knockout mice
close to the surgical site, where a hole was drilled to allow injection
of 6-hydroxydopamine. After removal of unbound tracer in blood
via perfusion, brain tissues were further evaluated using ex vivo
autoradiography (Figs. 5 and 6). Autoradiography showed that
TREM1 tracer binding was significantly elevated in the injured
brain tissue of day 7 (P , 0.05) and day 14 (P , 0.01) 6-hydroxy-
dopamine mice compared with saline mice. Importantly, day 7
6-hydroxydopamine mice had significantly increased tracer binding
compared with the knockout mice (P , 0.01), and knockout mouse
brains no longer contained any signal, confirming tracer specificity.
Ratios of autoradiography signal in the injured to uninjured brain
were as follows: 2.2 for day 7 6-hydroxydopamine, 3.3 for day 14
6-hydroxydopamine, 1.1 for saline, 1.7 for isotype control, and 1.0
for TREM1 knockout mice.

FIGURE 5. Representative 64Cu-TREM1 PET/CT whole-body maximum-intensity-projection images,
coronal brain images, and autoradiography of 40-mm-thick coronal mouse brain sections. Dashed out-
lines indicate spleen and coronal brain sections. %ID 5 percentage injected dose; ARG 5 autoradio-
graphy; C 5 contralateral brain hemisphere; I 5 ipsilateral brain hemisphere; KO 5 knockout; MIP 5

maximum-intensity projection; OHDA5 hydroxydopamine.
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Ex vivo g-counting was performed on whole brain, spleen, and
peripheral blood (from cardiac puncture; Fig. 6; Supplemental Fig.
4B). Tracer binding was significantly increased in the whole brain
of day 7 6-hydroxydopamine mice (P , 0.01) and trended higher in
the peripheral blood of day 14 6-hydroxydopamine mice (P , 0.13)
than in saline mice. Additionally, tracer signal was significantly
increased in all organs of day 7 6-hydroxydopamine mice com-
pared with isotype control (P , 0.01 for brain and , 0.05 for
spleen and blood). Reverse-transcription quantitative PCR analysis
revealed that TREM1 expression was markedly increased in day 14
6-hydroxydopamine mice (P , 0.05), whereas increases in day 7
6-hydroxydopamine mice trended toward significance (P , 0.08,
Supplemental Fig. 4B).
To confirm the presence of TREM1-positive immune cells after

dopaminergic neuron damage, flow cytometry was performed on
ipsilateral and contralateral brain regions (Fig. 7). A significant
increase in the infiltration (expressed as percentage live singlets) of
peripheral myeloid (CD45hi [hi = high] CD11b-positive) cells was
observed in the ipsilateral hemisphere of day 7 6-hydroxydopamine
mice compared with the contralateral hemisphere of day 7 6-
hydroxydopamine mice (P , 0.0001) and the ipsilateral hemi-
sphere of saline mice (P , 0.001, Fig. 7A). Increased lymphoid
(CD45-positive CD11b-negative) cell infiltration was also observed
in the ipsilateral versus contralateral region of day 7 6-hydroxydop-
amine mice (P , 0.0001). In contrast, microglia populations
(CD45int [int= intermediate] CD11b-positive) were unchanged by

6-hydroxydopamine treatment. No signifi-
cant changes in myeloid or lymphoid cell
populations were observed in the spleens of
day 7 6-hydroxydopamine or saline mice
(Supplemental Fig. 7). Phenotyping of
immune cell subtypes revealed significantly
elevated TREM1-positive myeloid cells in
the ipsilateral brain of day 7 6-hydroxydo-
pamine mice (vs. contralateral in day 7
6-hydroxydopamine mice [P, 0.0001] and
ipsilateral in saline mice [P 5 0.01], Fig.
7B). TREM1 expression was not observed
on infiltrating lymphoid cells and did not
significantly change on microglial cells, con-
firming that the increased signal observed in
PET and autoradiography images is due pri-
marily to infiltration of TREM1-positive
peripheral myeloid lineage cells.
Further characterization of infiltrating mye-

loid cells revealed an increased frequency of
neutrophils (CD45hi CD11b-positive Ly6G-
positive) compared with monocyte/macro-
phage/dendritic cells (CD45hi CD11b-positive
Ly6G-negative) (Supplemental Fig. 8A). A
large number of neutrophils compared with
monocytes/macrophages/dendritic cells were
found to infiltrate the ipsilateral brain of
day 7 6-hydroxydopamine mice (P , 0.001).
Moreover, a higher frequency of neutrophils
were TREM1-positive (P, 0.01, Supplemen-
tal Fig. 8B), suggesting that most TREM1
PET signal observed after 6-hydroxydopamine
treatment represents TREM1-positive neu-
trophils. Together, these data indicate that

TREM1 PET is a highly specific approach for visualizing the pres-
ence of early proinflammatory innate immune activation in the 6-
hydroxydopamine model of dopaminergic neurodegeneration.

DISCUSSION

The utility of 18F-GE-180 and 64Cu-TREM1 mAb to enable
quantification of whole-body innate immune responses was evalu-
ated in the 6-hydroxydopamine mouse model. We understand that
PD is a highly complex chronic, progressive neurodegenerative
disorder and that there is no mouse model that recapitulates this
disease. Importantly, the rodent model we chose has been exten-
sively studied and is known to contain selective dopaminergic
degeneration in addition to innate immune activation, making it a
suitable starting point to study the ability of TREM1 and TSPO
PET to detect activated myeloid cells in the context of PD pathol-
ogy (30). Better understanding the inflammatory responses in PD
may enable more accurate monitoring of disease progression and
response to novel therapies and, ultimately, help to prevent or reset
the chronic neuroinflammation that exacerbates disease (40).
Here, we have shown that TSPO and TREM1 tracers enabled

detection of complementary molecular information in the 6-
hydroxydopamine mouse model through detecting 2 distinct
immune cell types involved in innate immune responses associated
with dopaminergic degeneration. Because of the current limita-
tions of small-animal PET (i.e., relatively low spatial resolution
and the partial-volume effect), our in vivo imaging data were

FIGURE 6. Quantification of TREM1 PET tracer signal (saline ipsilateral, 2.1 6 0.45; saline contra-
lateral, 2.1 6 0.33; isotype control ipsilateral, 1.9 6 0.29; isotype control contralateral, 1.8 6 0.35;
TREM1 knockout ipsilateral, 3.16 0.57; TREM1 knockout contralateral, 2.86 0.97; day 7 6-hydrox-
ydopamine ipsilateral, 2.7 6 0.45; day 7 6-hydroxydopamine contralateral, 2.4 6 0.48; day 14
6-hydroxydopamine ipsilateral, 2.76 0.23; day 14 6-hydroxydopamine contralateral, 2.26 0.43), ex
vivo autoradiography (saline, 1.1 6 0.07; isotype control, 1.7 6 1.12; TREM1 knockout, 1.0 6 0.17;
day 7 6-hydroxydopamine, 2.2 6 1.07; day 14 6-hydroxydopamine, 3.3 6 0.32), and g-counting
quantification (brain: saline, 0.1 6 0.03; isotype control, 0.1 6 0.02; TREM1 knockout, 0.15 6 0.04;
day 7 6-hydroxydopamine, 0.16 6 0.04; day 14 6-hydroxydopamine, 0.13 6 0.01; spleen: saline,
4.8 6 0.74; isotype control, 3.3 6 1.2; TREM1 knockout, 3.5 6 1.82; day 7 6-hydroxydopamine,
5.4 6 0.91; day 14 6-hydroxydopamine, 4.3 6 1.32) in saline, isotype control, and 6-hydroxydop-
amine mice. All groups were compared with saline control (significance denoted by *); day 7
6-hydroxydopamine and isotype control were compared (significance denoted by #) as well as day
7 6-hydroxydopamine and TREM1 knockout (significance denoted by 1). Data are mean6 SD per-
centage injected dose per gram. */#P , 0.05. **/##/11P , 0.01. %ID 5 percentage injected dose;
ARG5 autoradiography; KO5 knockout; OHDA5 hydroxydopamine; ROI5 region of interest.
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corroborated by additional ex vivo methods. Specifically, we per-
formed high-resolution ex vivo autoradiography together with immu-
nostaining of the same tissue slices and confirmed the specific
correspondence of 18F-GE180 and 64Cu-TREM1 mAb binding in
regions containing activated myeloid cells in 6-hydroxydopamine
mice. Importantly, we did not observe the exact same results using
g-counting since we used whole brain as opposed to ipsilateral ver-
sus contralateral brain tissue, which likely dilutes the differences
found using autoradiography. Since autoradiography affords high-
resolution images depicting spatial distribution and binding of trac-
ers, it permits more accurate quantitation. Thus, the results from our
autoradiography analyses more reliably represent the extent of tracer
binding and its correspondence with immunostaining.
Interestingly, there was significantly elevated 18F-GE180 signal

in both the CNS and peripheral tissues (i.e., spleen and blood),
indicating that TSPO PET might be useful for investigating
inflammation throughout the whole body in the context of PD.
Conversely, 64Cu-TREM1 mAb may be more suitable for examin-
ing subtle alterations in innate immune activation in the CNS
because of its increased signal-to-background ratio compared with
18F-GE180, as demonstrated by brain autoradiography.
Our autoradiography findings were supported by gene expression

data using tissue from the ipsilateral striatum. That is, we found
that TSPO and TREM1 were both significantly upregulated in ipsi-
lateral striatum of day 14 6-hydroxydopamine mice compared with
saline mice and that there was a strong trend toward significant ele-
vation of both genes in day 7 6-hydroxydopamine animals (TSPO,
P , 0.0598, and TREM1, P , 0.0776). Importantly, the fold
change in TREM1 expression was nearly 30 times greater than for
TSPO, reiterating that TREM1 is likely a more sensitive biomarker
for neuroinflammation in this model than is TSPO. Importantly,

mouse and human RNA-sequencing data (https://www.brainrnaseq.
org) (41) for TSPO and TREM1 show that cellular expression of
these proteins is quite different. In mice, for example, basal TSPO
levels are about 20-fold higher in resting microglia/macrophages
than are TREM1 levels. Crucially, TREM1 is specifically expressed
on myeloid lineage cells, whereas TSPO is found not only in micro-
glia/macrophages but also in astrocytes or endothelial cells for both
mice and humans (Supplemental Fig. 9). The stark differences in
expression of these 2 genes, as well as differences in their basal lev-
els, indicates that TREM1 PET might be a more sensitive and spe-
cific technique for monitoring aberrant innate immune activation in
the CNS. Flow cytometry allowed further investigation of the molec-
ular changes underpinning a positive TREM1 PET/autoradiography
image. Our data suggest that peripheral infiltrating myeloid cells
(e.g., neutrophils) are likely the predominant cell type expressing
TREM1 in the ipsilateral brain tissue of 6-hydroxydopamine mice
(and not brain-resident microglia); however, further studies are
needed to confirm this possibility at different time points through-
out the course of disease in this model. Images acquired using
18F-GE180, on the other hand, most likely reflect a combination of
TSPO-expressing microglia, macrophages, astrocytes, and endothe-
lial cells, reinforcing the importance of understanding the cellular
specificity of an imaging biomarker in a given context or disease
when interpreting imaging data. Accordingly, our future studies will
involve additional flow cytometry comparing TSPO- and TREM1-
expressing cells in different tissues in this mouse model (and other
PD-like models) in addition to immunohistochemistry or multiplexed
methods of probing the expression and spatial distribution of TSPO
and TREM1 in human postmortem PD versus healthy control brain
tissue. Such studies will help to further parse out the various cell
types that express TSPO or TREM1 in different contexts.

FIGURE 7. Flow cytometry analysis of 6-hydroxydopamine and saline brains. (A) Flow cytometry analysis demonstrating frequency of peripheral myeloid
(CD45hi [hi = high] CD11b-positive), lymphoid (CD45-positiveCD11b-negative), andmicroglial (CD45int [int= intermediate] CD11b-positive) cells in brains of 6-
hydroxydopamine and salinemice 7d after stereotactic injection (myeloid: day 7 6-hydroxydopamine ipsilateral, 6.16 0.72; day 7 6-hydroxydopamine contra-
lateral, 0.12 6 0.09; saline ipsilateral, 0.72 6 0.48; saline contralateral, 0.16 6 0.05; lymphoid: day 7 6-hydroxydopamine ipsilateral, 2.0 6 0.71; day 7 6-
hydroxydopamine contralateral, 0.216 0.18; saline ipsilateral, 1.36 0.67; saline contralateral, 0.36 6 0.18; microglia: day 7 6-hydroxydopamine ipsilateral,
51.16 8.76; day 7 6-hydroxydopamine contralateral, 55.96 12.18; saline ipsilateral, 57.26 5.12; saline contralateral, 57.66 9.54). (B) Frequency of TREM1-
positivemyeloid, lymphoid, andmicroglial cells (TREM1-positivemyeloid: day 7 6-hydroxydopamine ipsilateral, 1.66 0.73; day 7 6-hydroxydopamine contra-
lateral, 0.036 0.025; saline ipsilateral, 0.426 0.36; saline contralateral, 0.0266 0.023; TREM1-positive lymphoid: day 7 6-hydroxydopamine ipsilateral, 0.014
6 0.016; day 7 6-hydroxydopamine contralateral, 0.00686 0.01; saline ipsilateral, 0.0166 0.014; saline contralateral, 0.0116 0.0065; TREM1-positivemicro-
glia: day 7 6-hydroxydopamine ipsilateral, 0.396 0.14; day 7 6-hydroxydopamine contralateral, 0.236 0.18; saline ipsilateral, 0.426 0.061; saline contralat-
eral, 0.456 0.22). Data aremean6SDpercentage total live singlets. **P, 0.01. ***P, 0.001. ****P, 0.0001. OHDA5 hydroxydopamine.
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CONCLUSION

Here, we showed that both TSPO and TREM1 PET enabled
detection of innate immune activation after selective dopaminergic
degeneration in a rodent model of PD-like pathology; however,
there were some key differences in the molecular information
these techniques afforded. That is, our data provided definitive evi-
dence of the high specificity and sensitivity of TREM1 PET for
imaging peripheral CNS-infiltrating myeloid cells in the brain of
mice injected with 6-hydroxydopamine, whereas TSPO PET pro-
vided information on a larger array of cell types in the CNS and
may be more useful for detecting inflammatory changes in both
the brain and peripheral tissues of these mice, highlighting the
potential of whole-body imaging using TSPO tracers. The current
availability of TSPO PET (42) for clinical use allows for immedi-
ate testing of whole-body molecular imaging of PD patients.
TREM1 PET, on the other hand, may help reveal unprecedented
insights into the role of peripheral CNS-infiltrating myeloid cells
in the pathogenesis of PD, both in rodent models and in patients
after successful translation.

DISCLOSURE

This work was generously supported by the Smart Foundation.
Michelle James is a cofounder and board member of Willow Neu-
roscience. No other potential conflict of interest relevant to this
article was reported.

ACKNOWLEDGMENTS

We are very grateful to Dr. Jason Thanh Lee from the Sci3 small-
animal imaging facility at Stanford University for his continual sup-
port and gracious assistance with PET/CT imaging. We also want to
thank Theresa McLaughlin at the Vincent Coates Foundation Mass
Spectrometry Laboratory and Stanford University Mass Spectrome-
try (SUMS) for her help with the liquid chromatography–mass spec-
trometry data. We are truly grateful to Dr. Emily M. Deal for her
assistance with editing and assembling the manuscript. Lastly, fig-
ures were assembled/created with BioRender.com.

KEY POINTS

QUESTION: Can 18F-GE-180 (TSPO PET) and 64Cu-TREM1
mAb (TREM1 PET) detect different types of cells involved
in innate immune activation in a mouse model of PD-like
pathology?

PERTINENT FINDINGS: TSPO and TREM1 PET enabled
visualization and monitoring of innate immune cell activation and
infiltration in a mouse model of PD-like pathology, with significant
tracer binding observed in animals with dopaminergic cell
degeneration compared with controls. In vivo findings were
corroborated by ex vivo autoradiography, flow cytometry, and
immunohistochemistry.

IMPLICATIONS FOR PATIENT CARE: The future translation of
64Cu-TREM1 mAb and immediate availability of multiple TSPO
PET radiotracers for clinical research could permit noninvasive
biomarker-driven disease staging and monitoring of the
inflammatory component of PD while facilitating the development
and real-time assessment of novel immunomodulatory
therapeutics for this disease.
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Autoimmune inflammatory arthritides (AIA), such as psoriatic arthritis
and rheumatoid arthritis, are chronic systemic conditions that affect
multiple joints of the body. Recently, total-body (TB) PET/CT scanners
exhibiting superior technical characteristics (total-body coverage,
geometric sensitivity) that could benefit AIA evaluation, compared
with conventional PET/CT systems, have become available. The ob-
jectives of this work were to assess the performance of an ultra-
low-dose, 18F-FDG TB PET/CT acquisition protocol for evaluating
systemic joint involvement in AIA and to report the association of TB
PET/CT measures with joint-by-joint rheumatologic examination and
standardized rheumatologic outcomemeasures.Methods: Thirty par-
ticipants (24 with AIA and 6 with osteoarthritis) were prospectively
enrolled in this single-center, observational study. All participants
underwent a TB PET/CT scan for 20 min starting at 40 min after intra-
venous injection of 78.164.7 MBq of 18F-FDG. Qualitative and quan-
titative evaluation of 18F-FDG uptake and joint involvement were
performed from the resulting images and compared with the rheuma-
tologic assessments. Results: TB PET/CT enabled the visualization of
18F-FDG uptake at joints of the entire body, including those of the
hands and feet, in a single bed position, and in the same phase of
radiotracer uptake. A range of pathologies consistent with AIA (and
non-AIA in the osteoarthritis group) were visualized, and the feasibility
of extracting PET measures from joints examined by rheumatologic
assessments was demonstrated. Of 1,997 evaluable joints, there was
concordance between TB PET qualitative assessments and joint-by-
joint rheumatologic evaluation in the AIA and non-AIA cohorts for
69.9% and 91.1% joints, respectively, and an additional 20.1% and
8.8% joints, respectively, deemed negative on rheumatologic exami-
nation showed PET positivity. On the other hand, 10.0% and 0%
joints in the AIA and non-AIA cohorts, respectively, were positive
on rheumatologic evaluation but negative on TB PET. Quantitative
measures from TB PET in the AIA cohort demonstrated a moderate-
to-strong correlation (Spearman r5 0.53–0.70, P, 0.05) with the
rheumatologic outcome measures. Conclusion: Systemic joint evalu-
ation in AIA (and non-AIA) is feasible with a TB PET/CT system and an
ultra-low-dose protocol. Our results provide the foundation for future
larger studies to evaluate the possible improvements in AIA joint
assessment via the TB PET/CT technology.

Key Words: total-body PET/CT; autoimmune arthritis; rheumatoid
arthritis; psoriatic arthritis; osteoarthritis
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Autoimmune inflammatory arthritides (AIA), such as psoriatic
arthritis (PsA) and rheumatoid arthritis (RA), are chronic, systemic
conditions with articular and extraarticular manifestation. Joint
inflammation is regarded as the hallmark of AIA and is considered
a bellwether for downstream joint destruction and pain (1). Conse-
quently, disease activity and treatment response assessments in
AIA have relied primarily on the physical evaluation of joints (e.g.,
tenderness and swelling) and composite scores from joint examina-
tion, joint pain and activity, and laboratory inflammatory markers.
These assessments, however, are subjective (2) and lack the sensi-
tivity required to detect early or subclinical disease (3).
To address this limitation, PET/CT scanning using the radio-

tracer 18F-FDG has been proposed, with results demonstrating the
ability to assess joint inflammation (4–8), considered a precursor to
AIA-associated joint damage. Despite these advantages, concerns
about using 18F-FDG PET/CT on current systems in the AIA popu-
lation have been expressed. These include the significant cumula-
tive dose to the patient for chronic disease activity monitoring or
measuring treatment response (9,10) and the assessment of only
portions of the body (e.g., just large joints (11)), given the limited
PET sensitivity and spatial resolution characteristics of systems
used for quantifying radiotracer uptake in small joints of the hands
and feet that are affected early in AIA (7,12).
Recently, long-axial field-of-view (FOV) PET/CT systems capable

of imaging either the entire adult human body (13) or large portions
of the body (14,15) have become available. Their sensitivity charac-
teristics are far superior to state-of-the-art conventional whole-body
PET/CT systems, and early studies have shown that dose reduction is
possible (16). These systems have a spatial resolution comparable to
or better than conventional whole-body PET/CT scanners (13). To
date, however, these total-body (TB) PET/CT systems have not been
evaluated for assessing systemic autoimmune diseases, such as AIA.
In this article we present the first-in-humans evaluation of a TB

PET/CT scanner to document the head-to-toe articular manifesta-
tions of AIA. The objectives of this work were to assess the perfor-
mance of an ultra-low-dose 18F-FDG TB PET/CT acquisition
protocol to evaluate joint involvement in AIA and to report the
association of rheumatologic measures of AIA joint and disease
activity with those evaluated from TB PET/CT.
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MATERIALS AND METHODS

Study Participants
This prospective study was approved by

Institutional Review Board of the University of
California Davis, and all participants provided
written informed consent before study proce-
dures began. The recruited participants had a
confirmed diagnosis, according to established
criteria, of 1 of 2 subtypes of AIA (PsA or RA)
(17,18) or osteoarthritis (OA), a non-AIA (19).

All study participants underwent rheumato-
logic evaluation by a fellowship-trained,
board-certified rheumatologist and dermatolo-
gist with over 25 y of posttraining experience
in AIA within 2 wk before the TB PET/CT
scan. Rheumatologic assessments included the
evaluation of 68 joints using the Disease
Activity in Psoriatic Arthritis (DAPSA) out-
come measure (20) and Disease Activity Score
(based on the assessment of 28 joints [DAS-
28] (21), which are subset of the 68 joints).
Blood samples were drawn on the day of the
scan for assessing serum C-reactive protein
(CRP), used to calculate DAPSA score and
DAS-28-CRP. The swollen and tender joint
counts (swollen joint count, tender joint count)
were recorded. A joint was considered posi-
tive if it was tender, swollen, or both.

Total-Body 18F-FDG PET/CT
All participants underwent scanning on a TB

PET/CT scanner (uEXPLORER; United Imag-
ing Health Care) at a single time point for 20min
starting at 4061 min after an intravenous injec-
tion of 78.16 4.7 MBq of 18F-FDG. Details of

TABLE 1
Characteristics of the Study Participants and Summary of Their Rheumatologic Assessments

AIA

Characteristic Non-AIA (n56) AIA (n524) P PsA (n515) RA (n5 9) P

Age (y) 54.5614.5
(36–72)

58.56 13.9
(28–77)

0.63 56.86 16.3
(28–77)

61.46 8.3
(47–71)

0.79

BMI (kg/m2) 28.668.4
(19.8–40)

31.36 6.3
(20–46.6)

0.49 32.36 7.1
(20–46.6)

29.66 4.5
(23.1–36.4)

0.36

TJC (68 joints) 0.560.8
(0–2)

12.5614
(0–55)

,0.001 10.56 13.7
(0–55)

16614.4
(4–45)

0.22

SJC (68 joints) 0 1.66 2.4
(0–9)

— 1.96 2.7
(0–9)

1.26 2.0
(0–6)

0.67

TJC (28 joints) 0 8.76 7.1
(0–25)

— 766.8
(0–25)

11.66 7.1
(4–23)

0.13

SJC (28 joints) 0 1.26 1.7
(0–6)

— 1.16 1.6
(0–5)

1.26 2.0
(0–6)

0.92

DAS-28-CRP* — 3.76 1.1
(2.1–5.4)

— 3.76 1.1
(2.1–5.4)

3.76 1.0
(2.4–5.1)

0.93

*DAS-28-CRP is not a validated outcome measure for non-AIA (OA) so was not calculated.
Values are reported as mean6SD (minimum–maximum).
BMI5body mass index; TJC5 tender joint count; SJC5 swollen joint count; CRP5C-reactive protein.

FIGURE 1. Total-body 18F-FDG PET uptake in participants with AIA compared with those with OA,
shown as maximum-intensity projections (MIPs). (A) A 33-y-old man with PsA, showing asymmetric
polyarthritis involving left shoulder, left elbow, right wrist, right knee, and small joints of the hands
and feet (arrows). (B) A 59-y-old woman with RA, showing mostly bilateral symmetric joint involve-
ment of the shoulders and knees, and to lesser extent the wrist joints. (C) A 64-y-old woman with
OA, presenting primarily mild-to-moderate uptake at fewer joints (shoulders and knees) commonly
involved in this condition. Several extraarticular findings are noted in A, including 18F-FDG–avid bilat-
eral axillary and left supraclavicular lymph nodes. Left side uptake is secondary to COVID vaccina-
tion (purple arrow), and the active spot (dashed circle) seen opposite the inferior angle of the scapula
corresponds to inflamed scapulothoracic bursa.
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participant positioning, acquisition, reconstruction, and image assess-
ment are provided in the supplemental materials (supplemental materials
are available at http://jnm.snmjournals.org). TB PET/CT image assess-
ments were reported qualitatively for each of the 68 joints using a modi-
fied 4-point Likert scale (5): 0, no uptake; 1, mild uptake comparable to
the surrounding background; 2, moderate uptake higher than the sur-
rounding background and comparable to blood pool (BP) at the ascend-
ing aorta; and 3, marked uptake higher than BP. For binary analyses, any
uptake with a score of $ 2 was considered positive. SUVmax was mea-
sured on 2.344-mm isotropic voxel reconstructions with no point-spread
function modeling or postprocessing smoothing. Measurements were
performed only for joints that scored$ 1. Values were reported as a ratio
(rSUVmax) between the joint SUVmax normalized by the BP SUVmean.
Positive joint count, summed qualitative scores, and summed rSUVmax

were derived for each scan. Further, a composite measure (PETcomp) was
calculated analogous to the DAPSA score (20) as the sum of positive
joints from PET, patient-reported outcomes of joint pain and activity
(each between 1 to 10), and serum CRP level in mg/dL.

Statistical Analysis
Continuous variables were compared between 2 independent cate-

goric groups using the Mann–Whitney U test. Association between
categoric variables was assessed using the Fisher exact test. Correla-
tion between 2 continuous measures was calculated using Spearman r.
All analyses were performed using SPSS, version 21 (IBM Corp.).

RESULTS

Participant Characteristics
Thirty participants (24 with established AIA [15 PsA and 9 RA],

and 6 with non-AIA [OA]; 7 women and 23 men), with a median
age of 63.5 y (age range: 28–77 y), were evaluated. Characteristics
of the participants and outcomes of their rheumatologic assessments
are presented in Table 1. As expected, participants with AIA had

higher positive joint counts than those without
AIA. There was no difference in participant
characteristics or rheumatologic assessments
between individuals with PsA and RA.

TB PET/CT Systemic Joint Evaluation
All participants completed their TB PET/

CT scans. Figure 1 shows PET maximum-
intensity-projection (MIP) images for repre-
sentative participants. Of a total of 2,040
joints (30 participants3 68 joints per partic-
ipant), 43 ($2%) joints from 6 participants
with AIA could not be adequately evaluated
from the scans (due to prosthesis [8 joints],
significant motion [30 joints], or being out-
side the PET and CT FOV [5 elbow joints]).
Thus, the analysis presented is for 1,997
evaluable joints.
Most participants with AIA (23/24,

95.8%) presented with peripheral polyar-
thritis apparent on TB PET/CT. Figure 2
shows images of the hands and feet of rep-
resentative study participants with AIA.
Table 2 provides details of joints with posi-
tive TB PET/CT findings.

Comparison of TB PET/CT Assessments
with Rheumatologic Outcome Measures
Qualitative Evaluation. In the AIA

cohort, of 1,589 joints evaluated, 69.9%
showed concordance between the TB PET and joint-by-joint rheu-
matologic evaluation (Table 3). An additional 20.1% were positive
on TB PET but negative on rheumatologic examination. Finally,
10.0% were negative on TB PET but positive on rheumatologic
evaluation. Supplemental Table 1 summarizes the distribution of
the 159 joints in the latter category. Of these joints, 148 (93.0%)
were small joints of the hands or feet, and 136 of the 148 joints
(91.9%) were just tender on physical examination with no objective
evidence of swelling or redness. In OA participants, concordance
between TB PET and joint-by-joint rheumatologic evaluation was
91.2%. An additional 8.8% of joints were positive on TB PET but
negative on rheumatologic examination, whereas no joints were
negative on TB PET and positive on rheumatologic examination
(Table 3).
Quantitative Evaluation. Quantitative 18F-FDG TB PET/CT

findings in joints are summarized in Table 4. Imaging metrics were
higher in AIA participants than in non-AIA participants. Systemic
18F-FDG TB PET metrics showed moderate-to-strong correlation
with the DAPSA and DAS-28 scores (Table 5). The correlation
coefficient was higher with DAS-28 because the measure does not
involve assessment of the hand DIP or any foot joints.

DISCUSSION

We report articular findings from first-in-humans 18F-FDG TB
PET/CT scans in an AIA and non-AIA (OA) population. The
entire adult human body was imaged in a single bed position in
the same phase of radiotracer uptake. An ultra-low-dose protocol
was implemented. The ability of assessing 18F-FDG uptake for
both large and small joints across the body was demonstrated.
Early diagnosis of AIA and initiation of treatment at its onset is

essential to achieve clinical remission or at least low or minimal

FIGURE 2. 18F-FDG uptake in hands and feet of participants with AIA. (A) A 54-y-old man with PsA
showing elevated uptake at multiple hand joints. Raylike distribution, as indicated by arrows, in metacar-
pophalangeal (MCP), proximal interphalangeal (PIP), and distal interphalangeal (DIP) joints in sequence,
attributed to involvement of flexor or extensor tendons. (B) A 47-y-old woman with RA, showing involve-
ment of entire row of MCP (arrowheads, right hand) and PIP/interphalangeal (IP) joints (arrowheads, left
hand). (C) Feet images of same PsA participant in A, demonstrating increased uptake at ankle joints
(dashed circles), more intense on the left side, and left first IP and fifth metatarsophalangeal (MTP) joints
(arrows). (D) Feet images of a 71-y-old man with RA, demonstrating bilateral, rather symmetric, uptake
around ankles as well as right first MTP and left first IP joints, suggestive of synovitis (arrowheads).
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disease activity (22,23). There is currently no validated diagnostic
test for PsA (24), and clinical assessments for AIA are suboptimal
(2). Therefore, the ability to perform a systemic evaluation of AIA-
associated joint inflammatory activity in a quantitative manner on a
per-patient basis via TB PET/CT, as demonstrated by our study,
could offer an important tool to the rheumatology community. Fur-
thermore, TB PET/CT could be useful to monitor response to thera-
pies on a personalized basis and justify cessation, reduction or
switching to another line of treatment (24–26). Beyond joints, TB

PET/CT provides the visualization of other tissues that AIA may
impact, such as the axial skeleton, entheses, digits (dactylitis), and
nail and skin, as well as organs such as heart, brain, liver, kidneys,
and skeletal muscle (27,28). Future investigations in assessing the
impact of AIA on these tissues could further expand our under-
standing of the disease process.
Our findings indicate that 20.1% of AIA joints deemed negative

on rheumatologic examination were PET-positive. This mismatch
has also been reported by other PET studies (4,8,29). It is plausible

TABLE 2
Frequency and Distribution of Positive Joints on 18F-FDG TB PET/CT

Positive joint count/no. of participants (average)

Joint group Specific joint(s) Non-AIA AIA

Hand joints First IP and 2-fifth PIP 6/2 (3.0) 82/17 (4.8)

1st-5th MCP 1/1 (1.0) 71/15 (4.7)

2nd-5th DIP 0/0 (0) 38/10 (3.8)

Sum 7/2 (3.5) 191/20 (9.6)

Feet joints First IP, 2nd-5th PIP and DIP 0/0 (0) 15/5 (3.0)

1st-5th MTP 4/3 (1.3) 41/10 (4.1)

Sum 4/3 (1.3) 56/11 (5.1)

Upper limb joints Gleno-humeral 6/4 (1.5) 37/21 (1.8)

Acromio-clavicular 3/2 (1.5) 23/13 (1.8)

Sterno-clavicular 3/3 (1.0) 26/17 (1.5)

Elbows 3/2 (1.5) 11/8 (1.4)

Wrists 4/2 (2.0) 31/19 (1.6)

Sum 19/5 (3.8) 128/22 (5.8)

Lower limb joints Hips 5/3 (1.7) 22/13 (1.7)

Knees 1/1 (1.0) 20/14 (1.4)

Talo-tibial 3/2 (1.5) 20/12 (1.7)

Midtarsal and subtalar 0/0 (0) 17/12 (1.4)

Sum 9/4 (2.3) 79/21 (3.8)

Temporomandibular joints 0/0 (0) 9/6 (1.5)

Sum of all positive joints/participants (average) 39/6 (6.5) 463/23 (20.1)

Data in parentheses are percentages.
IP 5 interphalangeal; PIP 5 proximal interphalangeal; MCP 5 metacarpophalangeal; DIP 5 distal interphalangeal;

MTP 5 metatarsophalangeal.

TABLE 3
Qualitative 18F-FDG TB PET/CT Findings in Joints in Comparison with Rheumatologic Examination

Rheumatologic examination

AIA Non-AIA

18F-FDG TB PET evaluation Negative Positive (T/S/TS) Negative Positive (T/S/TS)

Negative 967 159 (146/4/9) 369 0

Positive 320 143 (117/3/23) 36 3 (3/0/0)

Total (n 5 1997)* 1287 302 405 3

*Forty-three joints in AIA participants were unevaluable on PET; 6 of them were tender on rheumatologic examination.
T 5 only tender; S 5 only swollen; TS 5 tender and swollen.
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to hypothesize that 18F-FDG PET, due to its ability to detect cellular
metabolic activity, is sensitive to subclinical AIA inflammation that
may be occult on rheumatologic evaluation but may play a role in
joint damage (30). Future studies with short- and long-term follow-
up will be needed to test this hypothesis. On the other hand, 10.0%
joints that were positive on rheumatologic evaluation were PET-
negative. There could be 3 possible reasons for this discrepancy.
First, 93.6% of these joints were assessed as being tender on rheu-
matologic evaluation. Tenderness alone in established AIA may not
reflect active inflammation (31–33). Furthermore, inclusion of the
tender joint count in rheumatologic assessment may confound

evaluation of AIA inflammatory activity (34). Our results support
this premise and could help better establish the clinical value of ten-
derness in AIA evaluation, with or without synovitis or swelling.
The second reason could be the limited TB PET spatial resolution
($3mm (13)) for the small joints of the hand and feet. The recon-
structed radiotracer uptake was likely underestimated for the small
joints; data suggest that the contrast recovery coefficient for a
10-mm sphere with 4-to-1 source-to-background ratio and using the
same reconstruction method used here is approximately 50% (13).
The quantification of small lesion activity could likely be improved
with the implementation of advanced image reconstruction methods
developed specifically for TB PET/CT (35). Spatial resolution is par-
ticularly important in AIA imaging, as AIA may coexist with OA or
another musculoskeletal condition in the same anatomic region (e.g.,
small joints of the hand (7)), and defining the pattern may be critical
for differential diagnosis (22). Finally, despite the use of positioning
aids, intrascan motion likely confounded the evaluation of the small
joints of the hand and feet. Impact of motion could be mitigated by
shortening image acquisition time or retrospective temporal binning
of the data into shorter frames and either software-driven motion
correction or choosing frames with the least intrascan motion (36).
For shortening the image acquisition time while maintaining the
signal-to-noise ratio, an increase in the injected dose may be neces-
sary. On the other hand, advanced low-count image reconstruction
methods (35) will be essential when using short frames.
Because of the high sensitivity of the TB PET/CT system (13), an

ultra-low-dose protocol was implemented. Our findings are overall
consistent with documented patterns of joint involvement in AIA,
and with the findings of previous studies (4–6,8,37,38), though those
studies used a 3- to 5-times higher injected dose than that used in
our study. Dose is a significant limitation for the broader adoption
of PET/CT technology in AIA (9,10), given its chronic nature and
the potential need for monitoring disease activity in both treatment
responders and nonresponders. Low-dose approaches such as those
used in our work could therefore provide means for the rheumatol-
ogy community to capitalize on the benefits offered by TB PET/CT.
A 40-min 18F-FDG uptake time was used based on the tracer’s

arterial blood clearance characteristics (39,40), with a 20-min scan
time, and data were reconstructed into a single frame matching our
current clinical protocols (41). Our pilot data recently showed that
shorter scans may provide reasonable image quality (42). These
shorter scans need further validation; however, they could motivate

TABLE 4
Quantitative Findings from 18F-FDG TB PET/CT–Positive Joints

18F-FDG PET metrics derived from… Non-AIA (n 5 6) AIA (n 5 24) P

68 Joints

Positive count 6.5 6 4.9 (2–14) 19.3 6 12.6 (0–49) 0.01

Summed scores 14.2 6 10.7 (4–30) 44.5 6 30.2 (0–124) 0.01

Summed rSUVmax 10.7 6 8.7 (2.9–25.2) 28.6 6 19.3 (1.5–90.2) 0.001

28 Joints

Positive count 3.5 6 2.7 (0–7) 10.7 6 7.6 (0–26) 0.02

Summed scores 7.7 6 5.9 (0–14) 24.1 6 17.1 (0–64) 0.02

Summed rSUVmax 6.7 6 4.1 (1.8–12.5) 16.3 6 11.1 (4.2–50.3) 0.001

Values are reported as mean 6 SD (minimum–maximum).
rSUVmax 5 ratio between joint SUVmax and blood pool SUVmean.

TABLE 5
Spearman Correlation (r) Between Systemic Joint

Measures from 18F-FDG TB PET/CT and Rheumatologic
Assessments

Rheumatologic assessments

18F-FDG PET
metrics

DAPSA score
(n 5 15 with PsA)

DAS-28-CRP
(n 5 24 with AIA)

68 Joints

Positive count 0.61* (0.10–0.88) 0.62† (0.30–0.82)

Summed scores 0.61* (0.08–0.89) 0.61† (0.27–0.83)

Summed rSUVmax 0.56* (0.03–0.86) 0.53† (0.18–0.77)

PETcomp
‡ 0.63* (0.17–0.87) 0.70* (0.40–0.86)

28 Joints

Positive count 0.55* (0.06–0.89) 0.68† (0.40–0.86)

Summed scores 0.57* (0.09–0.89) 0.68† (0.39–0.87)

Summed rSUVmax 0.53* (0.01–0.87) 0.60† (0.29–0.84)

*P , 0.05.
†P , 0.01.
‡PETcomp 5 positive joint count 1 patient-reported joint

activity1 patient-reported joint pain 1 CRP.
Values are given as Spearman r-coefficient (with 95% CIs in

parentheses). Because DAPSA score is not validated for evaluating
RA, data under the DAPSA column are extracted from participants
with PsA, whereas data under DAS-28-CRP are extracted from all
the 24 participants with AIA.
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the creation of more practical scanning protocols suitable for the
AIA population that experiences significant difficulty in tolerating
long scan times. The shorter frames could also enable future classi-
fication of 18F-FDG kinetics in lesions over the 20-min window and
provide additional biomarkers, such as those from relative Patlak
plots (43). Furthermore, the 40- to 60-min scanning window used
will allow future exploration of optimizing the scan start time
within that window.
Our study has limitations. First, this was a feasibility study with a

modest sample size. Second, this was a cross-sectional study with
participants enrolled with different levels of AIA disease activity,
and the treatments they were receiving could have affected the PET
findings. Follow-up TB PET imaging will be essential to establish
the test–retest reliability in this patient population. Third, semiquanti-
tative SUVmax-based measures were used and other measures, such
as metabolically active volume, can be considered in the future.
Fourth, our ultra-low-dose CT protocol, while supporting PET atten-
uation correction and anatomic localization, resulted in an overall
low CT image quality. An increase in dose and deployment of
recently developed machine-learning–based methods for low-dose
CT reconstruction (44) could be helpful to address this limitation and
to assess the added value of CT-based joint findings. Fifth, the trans-
axial FOVwas not sufficient to capture the elbows consistently. Posi-
tioning schemes that would enable the capture of all joints of the
body will be helpful to implement in the future. Sixth, the study was
not powered to assess differences in PET uptake patterns between
the AIA subtypes. Finally, we did not compare our findings with
those from other imaging modalities such as ultrasound or MRI.
These studies could help define the future role of TB PET/CT for
AIA assessment compared with other imaging modalities.

CONCLUSION

The feasibility of acquiring 18F-FDG TB PET/CT scans in partici-
pants with AIA, and a non-AIA comparator group, at an ultra-low
dose was demonstrated. TB PET/CT enabled the acquisition of joints
of the entire body, including hands and feet, in a single bed position,
and in the same phase of radiotracer uptake. A range of pathologies
consistent with AIA (and non-AIA) were visualized, and the feasibil-
ity of extracting PET measures from anatomic sites commonly
examined clinically (68 and 28 joints) was demonstrated. Quantita-
tive measures from TB PET/CT demonstrated a moderate-to-strong
correlation with outcomes of AIA rheumatologic assessments. These
results provide the foundation for future studies to substantiate these
findings and quantitatively evaluate the improvements possible in
AIA assessment via the TB PET/CT technology.
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KEY POINTS

QUESTION: Is it feasible to assess joint involvement in
autoimmune arthritis using 18F-FDG and an ultra-low-dose
protocol on a TB PET/CT scanner?

PERTINENT FINDINGS: In this prospective study, systemic joint
involvement in participants with autoimmune arthritis was
successfully visualized and 18F-FDG uptake per joint was quantified.
Results showed a high concordance of TB PET/CT measures with
joint-by-joint rheumatologic evaluation and moderate-to-strong
correlation with rheumatologic outcome measures. 18F-FDG TB
PET/CT was positive for 20% of joints deemed negative on
rheumatologic examination, suggestive of its ability to potentially
detect subclinical disease activity.

IMPLICATIONS FOR PATIENT CARE: Evaluation of autoimmune
arthritis is feasible using ultra-low-dose, 18F-FDG TB PET/CT
scans.
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We aimed to explore whether the imaging of antiporter system xC
2 of

immune cells with (4S)-4-(3-18F-fluoropropyl)-L-glutamate (18F-FSPG)
PET can assess inflammatory bowel disease (IBD) activity in murine
models and patients (NCT03546868).Methods: 18F-FSPG PET imag-
ing was performed to assess IBD activity in mice with dextran sulfate
sodium-induced and adoptive T-cell transfer–induced IBD and a
cohort of 20 patients at a tertiary care center in South Korea. Immuno-
histochemical analysis of system xC

2 and cell surface markers was
also studied. Results: Mice with experimental IBD showed increased
intestinal 18F-FSPG uptake and xCT expression in cells positive (1)
for CD11c, F4/80, and CD3 in the lamina propria, increases positively
associated with clinical and pathologic disease activity. 18F-FSPG
PET studies in patients, most of whom were clinically in remission or
had mildly active IBD, showed that PET imaging was sufficiently accu-
rate in diagnosing endoscopically active IBD and remission in patients
and bowel segments. 18F-FSPG PET correctly identified all 9 patients
with superficial or deep ulcers. Quantitative intestinal 18F-FSPG uptake
was strongly associated with endoscopic indices of IBD activity. The
number of CD681xCT1 and CD31xCT1 cells in 22 bowel segments
from patients with ulcerative colitis and the number of CD681xCT1

cells in 7 bowel segments from patients with Crohn disease showed a
significant positive association with endoscopic indices of IBD activity.
Conclusion: The assessment of system xC

2 in immune cells may pro-
vide diagnostic information on the immune responses responsible for
chronic active inflammation in IBD. 18F-FSPG PET imaging of system
xC

2 activity may noninvasively assess the IBD activity.

Key Words: system xC
2; immune cells; PET; inflammatory bowel

disease

J Nucl Med 2022; 63:1586–1591
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Inflammatory bowel disease (IBD) consists of 2 types of chronic
incurable intestinal disorders, ulcerative colitis (UC) and Crohn
disease (CD). Tight monitoring of disease activity is essential
throughout the course of the disease to guide therapeutic decisions
and assess response to therapy and relapse (1,2). Although endo-
scopic mucosal healing is a long-term goal of therapy, endoscopic
evaluation may not always be feasible because of lack of immedi-
ate availability, cost, need for bowel preparation, relatively poor
patient acceptance, and complications. Less invasive markers of
disease activity are therefore needed.
Key immune processes involved in the pathogenesis of IBD

include cytokine production by activated dendritic cells and macro-
phages, and the development of effector T lymphocyte subsets (3).
Targeting dysfunctional immune cells and their products has led to
the development of new therapies that have benefited patients (3).
Similarly, a noninvasive method that targets dysfunctional immune
cells, distinguishing between active cell subsets and quiescent cell
populations, may allow specific assessment of disease activity, rather
than relying on nonspecific indicators of disease activity (4).
System xC

2 plays an important role in the regulation of the
innate and adaptive immune systems (5) and is upregulated in acti-
vated macrophages (6,7). On antigen stimulation, proliferating
T cells require sufficient glutathione levels to ensure proper reac-
tive oxygen species balance, resulting in the induction of high lev-
els of xCT for cystine uptake (8,9). An ex vivo study on patients
with IBD has shown that intestinal lamina propria macrophages
expressed xCT, which resulted in high glutathione levels and full
T-cell receptor reactivity (10). All these results suggest that system
xC

2 could be a specific indicator of disease activity in IBD.
Research designed to characterize the functional relevance of sys-
tem xC

2 in disease states with oxidative stress and inflammation
might pave the way for diagnosing and treating IBD (5).
(4S)-4-(3-18F-fluoropropyl)-L-glutamate (18F-FSPG) is a 18F-labeled

L-glutamate derivative that is specifically taken up by system xC
2

(11). An exploratory clinical study has shown that 18F-FSPG PET can
detect inflammation of the lungs and sarcoidosis (12). The low
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background uptake of 18F-FSPG would be especially advantageous in
detecting inflammatory lesions in the intestine (12,13), an organ in
which the use of conventional 18F-FDG imaging may be limited
because of physiologic uptake. 18F-FDG PET may also be limited in
differentiating mildly active IBD from endoscopic remission (14,15),
showing an adequate accuracy only for detecting moderate-to-severe
endoscopic disease (16,17). The objective of this study was to evaluate
whether the in vivo assessment of system xC

2 in immune cells pro-
vides information on the dysregulated immune responses responsible
for chronic active inflammation in IBD, thereby assessing the disease
activity. We first conducted animal experiments to investigate whether
18F-FSPG would have increased accumulation associated with xCT
expression in immune cells. Second, we aimed to explore the diagnos-
tic validity of 18F-FSPG PET/CT in patients. Finally, we assessed the
association of 18F-FSPG uptake and xCT expression in immune cells
with endoscopic markers.

MATERIALS AND METHODS

Experimental IBD Models, 18F-FSPG PET Imaging, and
Ex Vivo Analysis

The research protocol was approved by the Institutional Animal
Care and Use Committee (registration numbers 2016-12-153 and
2017-12-017). All animal experiments conformed to the institutional
guidelines. Experimental details are reported in accordance with the
ARRIVE guidelines, version 2.0 (Animal Research: Reporting of
In Vivo Experiments). Dextran sulfate sodium (DSS)–induced and
adoptive T-cell transfer–induced IBD models were evaluated. Details
of clinical disease activity, ex vivo analysis, and immunohistochemical
staining for expression of xCT and cell surface markers are provided
in the supplemental methods (supplemental materials are available at
http://jnm.snmjournals.org).

Clinical Study Design and Patients
This was a prospective, nonrandomized, single-center cohort study.

The study protocol, provided in the supplemental materials, was
approved by the Ministry of Food and Drug Safety of the Republic of
Korea and the institutional review board of Asan Medical Center
(approval 2018-0262). This trial was conducted in accordance with the
Declaration of Helsinki and institutional guidelines. All patients pro-
vided written informed consent before participation. The primary
objective was to explore the validity of 18F-FSPG PET/CT for the
diagnosis of patients with active IBD. The secondary objectives were
to explore the validity of 18F-FSPG PET/CT for detecting bowel seg-
ments with active IBD; to assess the correlation of 18F-FSPG activity
with clinical, endoscopic, and biologic markers of disease activity; to
assess the interreader variability of visual 18F-FSPG PET/CT interpre-
tation, and to evaluate the safety of 18F-FSPG PET/CT. Intended
enrollment included 10 patients with UC and 10 with CD, numbers
regarded as sufficient to obtain PET/CT imaging information while
avoiding unnecessary exposure to ionizing radiation. The trial was reg-
istered at http://clinicaltrials.gov as NCT03546868.

Patients eligible for inclusion were consecutive adults aged between
19 and 79 y who had UC or CD, as diagnosed clinically, endoscopi-
cally, and histologically. The complete inclusion and exclusion criteria
are listed in the supplemental methods. All cases were identified on
the basis of presenting symptoms, as evaluated by 3 of the authors at
the Department of Gastroenterology.

18F-FSPG PET/CT Imaging of Patients
Patients were asked to fast for at least 4 h before being administered

18F-FSPG (8 h if they were on a high-protein diet). A dose of 200 6

20 MBq of 18F-FSPG was administered as a slow intravenous bolus
injection for up to 60 s. Sixty minutes later, PET/CT was performed

from the abdomen to the pelvis, with an acquisition time of 3 min per
bed position, using a PET/CT scanner (Discovery PET/CT 690; GE
Healthcare). The total radiation exposure from the CT examination did
not exceed 1 mSv. Hyoscine butylbromide was administered intrave-
nously before or during the PET/CT to reduce peristaltic movement. The
safety assessment of 18F-FSPG is provided in the supplemental methods.

Images were interpreted independently by 2 board-certified nuclear
medicine physicians who were masked to clinical and endoscopic data.
18F-FSPG intensity moderately higher than in the liver was considered
positive for active disease. The SUVmax of each bowel segment was
also determined, with the summed SUVmax being the sum of all seg-
ments. Disagreements between the 2 physicians were resolved by con-
sensus. Details are provided in the supplemental methods (12,13).

Assessment of Disease Activity
Endoscopic assessment was considered a valid reference standard for

disease activity and extent. Sigmoidoscopy or colonoscopy was per-
formed by an experienced gastroenterologist masked to 18F-FSPG PET/
CT results. The severity and extent of inflammatory lesions were evalu-
ated using the UC Endoscopic Index of Severity (UCEIS) in UC patients
and the CD Endoscopic Index of Severity (CDEIS) in CD patients (18).
Segmental scores were determined in 5 bowel segments per patient using
the UCEIS or CDEIS. For segmental CDEIS, the score for ulcerated or
nonulcerated stenosis was imputed to the affected segment. Endoscopic
evidence of active UC was defined as a UCEIS score of at least 2,
whereas endoscopic evidence of active CD was defined as a CDEIS
score of at least 3. Bowel segments with a superficial or deep ulcer were
considered severe disease. Clinical and pathologic assessment are sum-
marized as the supplemental methods (18).

Immunohistochemical Staining of Human xCT, GLUT1, and
Cell Surface Markers

The immunohistochemistry study was approved by the institutional
review board of Asan Medical Center (approval 2019-0260). Written
informed consent was obtained again from all participants. The details are
summarized in the supplemental methods (19) and Supplemental Table 1.

Statistical Analysis
The sensitivity of 18F-FSPG PET/CT for the diagnosis of endo-

scopic evidence of active disease was calculated as the probability of
positive 18F-FSPG uptake in patients with active disease, as defined
by the UCEIS or CDEIS. Specificity was defined as the probability of
negative 18F-FSPG uptake when the disease was not present. Bowel
segment–level sensitivity and specificity were determined according to
segmental UCEIS and CDEIS scores. Bowel segments that were not
assessed by endoscopy were excluded from the analysis. The details
are provided in the supplemental methods.

RESULTS

In Vivo Animal Studies
Twelve of 15 DSS-treated mice and 11 of 15 mice that under-

went adoptive T-cell transfer met the eligibility criteria and com-
pleted the study. The control groups consisted of 6 and 10 mice,
respectively. Clinical disease activity of DSS-treated mice on day
7 (median, 1.8; range, 0.7–3.3) and T-cell–transferred mice 8–12 wk
after transfer (median, 2.5; range, 1.0–4.0) was significantly higher
than that of their respective control groups (P , 0.001; Supplemen-
tal Fig. 1).
In DSS-treated mice, an increased 18F-FSPG uptake in the colon

was observed (Fig. 1). The SUVmax of
18F-FSPG was significantly

higher in the colons of DSS-treated than control mice (median, 2.1
[range, 0.5–3.9] vs. 0.7 [range, 0.5–1.9]; P 5 0.018), as was the
pathologic score derived from colon tissue (median, 14.2 [range,
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5.8–32.0] vs. 1.5 [range, 0–2.8]; P , 0.001). The SUVmax of
18F-FSPG uptake was positively associated with clinical disease
activity (r 5 0.57, P 5 0.014) and pathologic scores (r 5 0.65,
P 5 0.004; Fig. 1; Supplemental Fig. 2).
Similarly, the SUVmax of colonic 18F-FSPG uptake (median, 4.5

[range, 2.9–6.8] vs. 0.7 [range, 0.5–0.9]; P , 0.001) and the patho-
logic score derived from colon tissue
(median, 8.3 [range, 6.4–14.8] vs. 0.8
[range, 0.4–1.6]; P , 0.001) were signifi-
cantly higher in T-cell–transferred than in
control mice (Fig. 2). The SUVmax of 18F-
FSPG uptake showed positive associations
with clinical disease activity (r 5 0.74,
P , 0.001) and pathologic scores (r 5
0.74, P , 0.001; Fig. 2; Supplemental
Fig. 3).
Immunohistochemical staining of colon

tissues revealed that xCT and GLUT1 were
highly expressed in dendritic cells positive
(1) for CD11c, in F4/801 macrophages,
and in CD31 T cells in the lamina propria
from mice with experimental colitis (Sup-
plemental Fig. 4). In addition, immunohis-
tochemical staining showed that xCT and
GLUT1 were expressed in the epithelial
cells of normal and inflamed mucosa.

Patients and 18F-FSPG PET/CT
Procedure
Between August 2018 and January 2019,

23 patients with IBD were assessed for ini-
tial eligibility and invited to participate in
this prospective study. Three patients with-
drew their consent before the injection of

18F-FSPG. Finally, 10 patients with UC and
10 with CD were enrolled. All 20 patients
completed 18F-FSPG PET/CT as planned.
The median administered activity per patient
was 199.8 MBq (range, 192.4–214.6 MBq),
and the median administered mass dose
was 0.82mg (range, 0.21–1.86mg). Nine-
teen patients underwent colonoscopy, and
1 underwent sigmoidoscopy 1 d after 18F-
FSPG PET/CT. The demographic and base-
line clinical characteristics are listed in
Table 1. Six patients with UC (60%) and
8 with CD (80%) showed endoscopic evi-
dence of active disease. Twelve (26%) of
47 bowel segments in patients with UC and
24 (59%) of 41 segments in patients with
CD showed active inflammatory lesions.

18F-FSPG Uptake in Patients
Readers determined that overall image

quality was adequate for interpretation in
all patients. The interreader agreements of
visual assessment of 18F-FSPG accumula-
tion had k-values of 0.70 (95% CI, 0.49–
0.92) for patient-level analysis and 0.65
(95% CI, 0.57–0.73) for bowel segmen-
t–level analysis. Two readers disagreed on

the presence of 18F-FSPG accumulation in 2 (10%) of 20 patients
and 10 (11%) of 95 bowels segments.

18F-FSPG PET/CT was positive in 4 (67%) of the 6 UC patients
with endoscopically active inflammation (Fig. 3) and correctly
diagnosed endoscopic remission in 2 (50%) of the 4 patients (Sup-
plemental Table 2). The 2 false-negative patients had scores of

FIGURE 1. 18F-FSPG imaging in DSS-treated mice. (A) Representative transaxial, coronal, and
sagittal 18F-FSPG PET/MR images of murine DSS-induced IBD model. Arrows indicate positive
18F-FSPG uptake along colon. (B and C) Associations of colonic SUVmax with clinical disease activity
(B) and pathologic score (C). Bl5 bladder.

FIGURE 2. 18F-FSPG imaging in T-cell–transferred mice. (A) Representative transaxial, coronal, and
sagittal 18F-FSPG PET/MR images of T-cell transfer–induced IBD model. Arrows indicate increased
18F-FSPG uptake in colon. (B and C) Associations of colonic SUVmax with clinical disease activity
(B) and pathologic score (C). Bl5 bladder.
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3 (Supplemental Fig. 5), and the 2 false-positives had scores of 4
(Supplemental Fig. 6). The sensitivity and specificity of 18F-FSPG
PET/CT in identifying active bowel segments were 75% (9/12) and
86% (30/35), respectively. All patients (n 5 2) and bowel segments
(n 5 5) with superficial or deep ulcers were correctly identified.
All 8 CD patients with active inflammation (Fig. 4) and 2 with

endoscopic remission were correctly diagnosed by 18F-FSPG PET/
CT (Supplemental Table 3). In a segment-based analysis, 18F-FSPG

PET/CT had a sensitivity of 71% (17/24) and a specificity of 94%
(16/17), respectively. All 7 patients and 16 of 20 segments with
superficial or deep ulcerations were correctly diagnosed.

Association Between 18F-FSPG Uptake and Disease Activity
In patients with UC, the median SUVmax was 3.1 (range, 1.8–8.2).

The summed SUVmax was strongly associated with the UCEIS (r 5

0.79, P5 0.006) but not with the partial Mayo score, C-reactive pro-
tein, and fecal calprotectin (Supplemental Fig. 7). The segmental
SUVmax (median, 2.2; range, 0.8–8.2) also showed strong associa-
tions with UCEIS (n 5 47, r 5 0.66; P , 0.001) and the Robarts
Histopathology Index (n5 23, r 5 0.64; P 5 0.001).
The median SUVmax in patients with CD was 5.6 (range, 2.8–7.6).

The summed SUVmax was strongly associated with the Crohn’s Dis-
ease Activity Index (CDAI), C-reactive protein, fecal calprotectin, and
the CDEIS (Supplemental Fig. 8). The segmental SUVmax (median,
2.9; range, 1.5–7.6) also showed a strong association with CDEIS
(n 5 41, r 5 0.61; P , 0.001) but not with the Colonic and Ileal
Global Histologic Disease Activity Score (n5 7, r 5 0.33; P5 0.47).

Safety of 18F-FSPG PET/CT
No adverse events were observed in patients with UC. How-

ever, 4 patients (40%) with CD had adverse events with mild

TABLE 1
Demographic and Clinical Characteristics

Characteristic UC CD

Asian (Korean) 10 (100%) 10 (100%)

Age (y) 42 (22–56) 28 (21–34)

Male 6 (60%) 9 (90%)

Body mass index
(kg/m2)

24.9 (17.1–36.9) 23.4 (18.7–30.0)

Smoking status

Never 6 (60%) 6 (60%)

Former 3 (30%) 3 (30%)

Every day 1 (10%) 1 (10%)

Disease duration
(mo)

40.2 (5.2–91.0) 55.8 (50.3–99.4)

Partial Mayo score 2 (0–4) NA

Remission, 0–2 7 (70%)

Mildly active, 3–5 3 (30%)

CDAI NA 91.89 (26.09–265.56)

Remission, ,150 7 (70%)

Mildly active,
150–219

2 (20%)

Moderately
active, 220–450

1 (10%)

Harvey–Bradshaw
Index

NA 2 (1–12)

Remission, 0–4 8 (80%)

Mildly active, 5–7 1 (10%)

Moderately
active, 8–16

1 (10%)

Hemoglobin (g/dL) 14.2 (10.5–15.2) 14.2 (9.4–17.5)

White blood cells
(3103/mL)

7.7 (3.9–12.9) 6.9 (4.0–10.0)

Platelets (3103/mL) 310 (233–405) 287 (223–521)

Erythrocyte
sedimentation
(mm/h)

15 (3–53) 17 (2–105)

C-reactive protein
(mg/dL)

0.11 (0.10–0.99) 0.43 (0.10–3.83)

Fecal calprotectin
(mg/g)

65.1 (30.0–721) 116 (36.1–2,810)

UCEIS 2 (0–5) NA

CDEIS NA 9.8 (0.8–28.5)

NA 5 not applicable; CDAI 5 Crohn’s Disease Activity Index.
Qualitative data are number and percentage; continuous data

are median and range.

FIGURE 3. 18F-FSPG PET/CT and endoscopic images of 55-y-old man
with UC who presented with increased stool frequency, loose stools, hem-
atochezia, and mild leukocytosis. His partial Mayo score was 4. (A and B)
Maximum-intensity projection (A) and axial 18F-FSPG (B) PET show
increased 18F-FSPG uptake along distal descending colon (arrowheads),
sigmoid colon (arrows), and rectum (dashed arrows), with endoscopically
active inflammation. (C) Endoscopic image of descending colon. Segmen-
tal UCEIS of ascending and transverse colon was 0, and that of descend-
ing colon, sigmoid colon, and rectum was 5. St 5 stomach; Pa 5

pancreas; Ki5 kidneys; Ur5 ureter; Bl5 bladder.
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intensity, including diarrhea, upper respiratory infection, arthritis,
and dizziness. No adverse events were related to the study drug,
and none of the patients experienced any serious adverse events or
any clinically relevant changes in safety parameters.

Association Between xCT Expression and Disease Activity
Immunohistochemical staining showed that CD681, CD31, or

CD66b1 cells were present in the lamina propria of intestinal mucosa
affected byUC (Supplemental Fig. 9) or CD (Supplemental Fig. 10). In
addition, xCT was found to be expressed in the inflammatory and epi-
thelial cells of all bowel segments. In patients with UC, the numbers
of CD681xCT1, CD31xCT1, and CD66b1xCT-negative cells in 22
bowel segments showed positive associationswithUCEIS andSUVmax

(Supplemental Table 4). By contrast, cytokeratin1xCT1 was nega-
tively associated with UCEIS and SUV. In patients with CD, only
the number of CD681xCT1 cells in 7 bowel segments showed a
significant association with CDEIS (Supplemental Table 5). Other
cell populations showed no association with CDEIS or SUV.

DISCUSSION

Using mice with experimental IBD, we found that 18F-FSPG
accumulation in the colon was associated with disease activity

indices and xCT expression in immune cells. Expansion of this
study to patients, most of whom were clinically in remission or
had mildly active IBD, showed that 18F-FSPG PET/CT was accurate
in diagnosing endoscopically active IBD and remission in patients
and bowel segments. All patients with superficial or deep ulcers
were correctly identified. Quantitative 18F-FSPG uptake and xCT
expression in immune cells were associated with endoscopic disease
activity indices. 18F-FSPG PET/CT was well tolerated, with no study
drug–related adverse events. Our results suggest that 18F-FSPG
PET/CT can assess disease activity and distinguish between active
IBD and mucosal healing, as determined endoscopically.

Although this study did not include participants across the entire
range of disease activity, the subjects of this study may constitute a
representative sample of those who would likely be the intended-use
population for 18F-FSPG PET/CT. All patients were evaluated by
endoscopy after 18F-FSPG PET/CT, with masked readers interpreting
18F-FSPG PET/CT. Thus, there are no potential risks of bias or appli-
cability regarding the accuracy of data. False-positives and false-neg-
atives were likely due to an indeterminate zone for decision making.
Greater experience with refined classification criteria may reduce the
likelihood of patient misclassification. The positive association
between quantitative 18F-FSPG uptake and endoscopic assessment
further supports the validity of 18F-FSPG PET/CT. In patients with
UC, the absence of a significant association between 18F-FSPG
uptake and conventional markers may be due to the inclusion of
patients with mildly active disease and the small study sample.
We found that endoscopic assessment was positively associated

with xCT expression by CD681 and CD31 immune cells in patients
with UC and with xCT expression by CD681 cells in CD but
not with xCT1CD66b1 cells. Although the small number of assessed
bowel segments with CD may have precluded a consistent associa-
tion, these results confirm the role of CD681xCT1 macrophages in
the antioxidative microenvironment of IBD (10). Our results also
demonstrate that xCT expression is upregulated in human CD31

T cells, further strengthening the evidence for xCT expression and
cystine uptake as regulators of T-cell function. These findings are
consistent with results showing high initial rates of cystine and
18F-FSPG uptake followed by decreases during a later phase of
inflammation (6,11,12). xCT expression and cystine uptake in immune
cells might mirror cellular concentrations of reactive oxygen species
as well as metabolic activity (20). Taken together, these findings
suggest that in vivo 18F-FSPG PET/CT results may indicate broad
changes in immune metabolism. Understanding of xCT in immune
cells may also provide a pathologic tool to assess IBD activity.
Interestingly, the endoscopic assessment was negatively associated

with xCT expression by cytokeratin1 cells in patients with UC. xCT
was expressed on the apical surfaces of the epithelial cells (Supple-
mental Figs. 9 and 10), where absorption occurs (10,21). This locali-
zation to absorptive sites suggests that system xC

2 plays a role in
intestinal cystine transport (21) but does not involve 18F-FSPG trans-
port into the epithelial cells. The reason for the lack of association
between GLUT11 immune cells and endoscopic assessment is not
apparent but may be related to the persistent glucose hypermetabo-
lism in healing tissue after inflammation (22,23).

Radiation exposure is an important limitation in using 18F-FSPG
PET/CT to assess disease activity, mainly because most of these
patients are relatively young. Current guidelines recommend using
cross-sectional imaging modalities that do not entail exposure to
ionizing radiation when it is likely that serial examinations are
required (1). A per-patient dose of 200 MBq of 18F-FSPG would
result in a mean effective dose of 4.0 6 0.2 mSv, including the
dose from CT (24). These doses can be significantly reduced using

FIGURE 4. 18F-FSPG PET/CT and endoscopic images of 26-y-old
woman with CD who presented with abdominal pain and elevated C-reac-
tive protein. Her CDAI was 102.47. (A and B) Maximum-intensity projec-
tion (A) and axial 18F-FSPG (B) PET show increased 18F-FSPG uptake in
ileum (arrows), sigmoid and descending colon (arrowheads), and rectum
(dashed arrows), which correlated well with endoscopic findings. Segmen-
tal CDEIS scores were 12 for ascending colon, 0 for transverse colon, 24
for descending and sigmoid colon, and 23 for rectum. Ileum was not
assessed by colonoscopy. (C) Endoscopic image of rectum shows geo-
graphic and superficial ulcers, exudates, and streaks of coagulated blood.
St5 stomach; Pa5 pancreas; Ki5 kidneys; Ur5 ureter; Bl5 bladder.
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highly sensitive PET/CT systems (25). Study protocols that allow a
low dose of 18F-FSPG can reduce the radiation dose by as much as
75% without clinical detriment (26).
This study had several limitations. First, the diagnostic validity

should be interpreted with caution because of the small number of
included patients and the exploratory nature of the study. Additional
studies on larger numbers of patients are required to validate our ini-
tial results. Second, the assessment of IBD activity was based on
endoscopic findings. Thus, comparisons between endoscopy and
18F-FSPG PET/CT may be limited because the actual sites of endo-
scopic evaluation may not precisely match those of 18F-FSPG
uptake, thereby underestimating the accuracy of 18F-FSPG PET/CT
for evaluating bowel segments.

CONCLUSION

18F-FSPG PET/CT imaging of system xC
2 in immune cells can

noninvasively assess IBD activity and remission of the entire bowel
without the need for bowel preparation and safety issues related to
invasive endoscopic procedures. Assessment of system xC

2 expression
by immune cells may provide diagnostic information on the dysregu-
lated immune responses responsible for chronic active inflammation.
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KEY POINTS

QUESTION: Does in vivo assessment of system xC
2 in immune

cells provide information on the dysregulated immune responses
responsible for chronic active inflammation in IBD, thereby
assessing the disease activity?

PERTINENT FINDINGS: System xC
2 expression in immune cells

was associated with endoscopic disease activity indices. PET
imaging of system xC

2 was accurate in diagnosing endoscopically
active disease and remission in patients and bowel segments.

IMPLICATIONS FOR PATIENT CARE: PET imaging of system
xC

2 may noninvasively assess disease activity and remission
without the need for bowel preparation or the safety issues
related to endoscopic procedures.
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18F-FDG Fetal Dosimetry Calculated with PET/MRI
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The fetal absorbed dose from 18F-FDG administration to the mother is
an essential piece of information when considering the use of PET to
stage cancers during pregnancy. However, the few existing human
case reports were obtained using either PET-only or PET/CT ma-
chines, which may not accurately identify the soft tissues of the fetus
for dosimetric calculations. This study presents data from 11 women
injected with 18F-FDG for cancer staging during the first 2 trimesters
of pregnancy and is, to our knowledge, the first to be entirely acquired
with PET/MRI.Methods: Eleven pregnant women (12 scans) with cer-
vical cancer were imaged with 18F-FDG PET/MRI, and their images
were retrospectively analyzed for this study. The fraction of injected
activity concentrated by the fetus was derived from manually drawing
regions of interest on the MRI slices. From the activity fraction, the
fetal time-integrated coefficients were derived and combined with the
standard coefficients of the mothers’ organs from the ICRP publica-
tion 106. The fetal absorbed doses were calculated with OLINDA/
EXM 1.1 and a dynamic bladder model. Results: All fetuses after early
pregnancy could be accurately delineated because of the coregis-
tered MRI scans. 18F-FDG activity was unevenly distributed in the fetal
body: the hearts and urinary bladders were generally visible, whereas
the brain showed lower uptake. The estimated fetal doses were
2.21E202 mGy/MBq for 1 woman imaged in early pregnancy, 7.386

0.25 E203 mGy/MBq for 3 women imaged at the end of the first tri-
mester, and 4.926 1.53 E203 mGy/MBq for 8 women imaged during
the second trimester. Conclusion: PET/MR images of pregnant
women injected with 18F-FDG confirm that the fetal 18F-FDG dose is
very low. Therefore, clinically appropriate 18F-FDG scans in women
with cancer should not be withheld because of pregnancy.

KeyWords: 18F-FDG; pregnancy; fetal dosimetry; PET/MRI
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Given the critical role of 18F-FDG in staging most types of
cancer and the worldwide diffusion of PET machines, the number
of pregnant women injected with 18F-FDG—either by mistake or
by clinical necessity—is bound to increase. In this context, the dose
to the fetus is essential to reach an informed clinical decision. Until
relatively recently, fetal biokinetic data for 18F-FDG were un-
known. When Russell et al. compiled the first extensive database of
fetal doses from different radiopharmaceuticals in 1997, no biologic
data were available; thus, the 18F-FDG dose was calculated by con-
sidering only irradiation from maternal organs (1). Stabin revised

these doses in 2004 on the basis of newly acquired monkey data
(2), but the first case report of 18F-FDG use in a pregnant woman
was only published in 2008 (3). Since then, at least 20 different
case reports have become available (4), and new dosimetric esti-
mates based on human data have been proposed (5).
Although these advances allow a clearer picture of 18F-FDG

fetal uptake and dosimetry at different stages of pregnancy,
more cases are needed to refine these values and to fill gaps dur-
ing those periods of pregnancy where case data are not yet available.
In addition, almost all previous dose estimates were derived from
PET-only or PET/CT images, where the soft tissues can sometimes
be difficult to delineate. This study presents data from 11 pregnant
women (12 scans) who were injected with 18F-FDG for cancer
staging during the first 2 trimesters of pregnancy and imaged with
PET/MRI.

MATERIALS AND METHODS

Patients
Eleven pregnant women with cervical cancer were imaged with

18F-FDG PET/MRI, and their images were retrospectively analyzed
for this study. The gestational age ranged from 9 to 24 wk and was deter-
mined by measuring the crown-rump length by ultrasound examination
at 9–10 gestational wk, calculated from the last menstrual period. One
woman was imaged twice at 18 and 24 wk. Data for 7 of these 11
women were previously published in a study that sought to assess the
clinical utility of 18F-FDG PET in cervical cancer (6). The patients were
treated at the Niigata University Medical and Dental Hospital, Niigata,
Japan, and the imaging was performed at the Fukushima Medical Uni-
versity Hospital using a Biograph mMR PET/MRI device equipped with
a 3-T MRI (Siemens Healthcare). Acquisition details were previously
published (6). The women were injected with approximately 4 MBq of
18F-FDG per kg (average injected activity, 2136 52 MBq). The institu-
tional ethics board of the National Institute of Mental Health approved
this retrospective study, and the requirement to obtain informed consent
was waived.

Dosimetry Calculations
The dosimetric calculations in this study closely followed the meth-

odology proposed by Zanotti-Fregonara et al. (4), according to which
pregnancy was divided into periods: early pregnancy (0–10 wk) where,
given the small size of the fetus, the fetal dose was approximated to that
of the uterus of a nonpregnant woman; the rest of the first trimester
(11–13 wk); and the second trimester (14–26 wk). For these last 2 peri-
ods, the digital phantoms representing pregnant women at the first and
second trimester were used (7). None of the women was in the third
trimester.

The fraction of injected activity concentrated by the fetus (or by the
uterus for the only participant who was imaged during early pregnancy)
was derived from manually drawing regions of interest on all MRI sli-
ces in which the fetus was visible (or around the whole uterus). All fetal
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regions of interest were drawn by an experienced imaging specialist,
who also analyzed most of the cases reported in the literature. The
results of this study are therefore directly comparable to those previ-
ously published. From the activity fraction, the time-integrated coeffi-
cients were derived by considering the physical half-life of 18F (1.83 h)
as the effective half-life of 18F-FDG. The time-integrated activities
were combined with those of the mothers’ organs reported in publica-
tion 106 of the International Commission on Radiological Protection
(ICRP) (Table 1 (8). Maternal bladder voiding was simulated with the
following parameters: first fraction of 0.075 with a half-life of 0.2 h,
and second fraction of 0.225 with a half-life of 1.5 h. The bladder-
voiding interval was set at 1 h. The absorbed doses were calculated by
entering the time-integrated coefficients of both the mothers and the
fetuses into OLINDA/EXM 1.1 (9).

The dose calculated with individual image-derived time-integrated
coefficients was also compared with those extrapolated with the
mathematic function proposed Zanotti-Fregonara and Stabin (10).
This function was obtained by fitting a sigmoid curve through the
time-integrated coefficients of the cases available at the time of publi-
cation (4).

RESULTS

All fetuses were visible in detail on the MRI scans, which al-
lowed the delineation of their body contours (Fig. 1). 18F-FDG
activity was unevenly distributed in the fetal body. The hearts were
generally visible, whereas the brain showed low uptake (Figs. 2 and 3).
The estimated fetal doses were 2.21E202 mGy/MBq for the woman
imaged during early pregnancy, 7.38 6 0.25 E203 mGy/MBq for
the 3 women imaged at the end of the first trimester, and 4.92 6

1.53 E203 mGy/MBq for the 8 women imaged during the second
trimester (Table 2).

TABLE 1
Time-Integrated Activities for Mothers’ Organs, Taken from

ICRP 106 (8)

Organ Time-integrated activity (Bq h/Bq)

Brain 0.21

Heart wall 0.11

Lungs 0.079

Liver 0.13

Rest of the body 1.7

FIGURE 1. Transaxial images of MRI (top) and PET (bottom) in a woman
at 13 wk of pregnancy. Fetus is visible in minute detail on MRI, including
body parts, such as limbs, that are cold on PET images. Figure demon-
strates how region of interest drawn around fetal body, shown superim-
posed to PET scan, would not have been drawn with this shape if only
PET images had been available. It is thus reasonable to hypothesize that
fetal dosimetry obtained with PET/MRI is more accurate than that ob-
tained with PET-only or PET/CT scans.

FIGURE 2. Coronal slices of MRI (left), PET (center), and fused PET/MRI
(right) of a woman in 18th week of pregnancy. Of particular interest is level
of uptake in fetal organs. Although heart showed high 18F-FDG uptake,
brain had only a low level of glucose consumption, especially compared
with brain uptake of mother. This pattern of low glucose consumption has
previously been noted even in mature fetuses (4).

FIGURE 3. Coronal slices of MRI (left), PET (center), and fused PET/MRI
(right) of same woman as in Figure 2 but at 24 wk of pregnancy. Fetus has
visibly increased in mass, but pattern of 18F-FDG uptake in organs has not
changed, with heart showing high glucose consumption but brain still
largely silent. Red arrow points to uterine fibroid.
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The doses extrapolated with the sigmoid function predicted the
measured doses in the first 15 wk of pregnancy well (within 10%).
Starting from the 15th week, however, the extrapolated time-
integrated coefficients were lower than the measured coefficients
(Fig. 4; the measured doses were thus underestimated by up to 25%
(Table 3).

DISCUSSION

This study, which contains the largest population ever published
of pregnant patients imaged with 18F-FDG, significantly expands

the pool of available human dosimetric data. The available cases
now cover the duration of pregnancy until the 34th week, with an
approximate frequency of at least 1 case every 2 wk (Table 2).
Notably, previously available case reports left a gap between the
12th and the 18th weeks. Because the present study includes 8 scans
acquired between the 13th and the 18th weeks, a more complete
picture of 18F-FDG uptake during pregnancy is now available. It is
also important to note that, after the 34th week, dosimetry is not
likely to change significantly because 18F-FDG uptake by the fetus
tends to plateau (Fig. 4). In addition, late-pregnancy dosimetry
might be clinically less valuable, because scans can more easily be

TABLE 2
Dosimetry Results for Fetuses in Present Study Compared with Cases Previously Reported in the Literature

Fetus
Stage of
gestation

Mother’s
weight (kg)

Injected
activity (MBq) Machine

Phantom
(trimester) Fraction

Time-integrated
activity (Bq h/Bq)

Dose
(mGy/MBq) Reference

1 5 wk 86 296 PET/CT Nonpregnant 0.0012 0.0030 1.73E–02 (21)

2 6 wk 68 583 PET Nonpregnant 0.0036 0.0095 3.14E–02 (22)

3 8 wk 60 320 PET/CT Nonpregnant 0.0020 0.0053 2.23E–02 (3)

4 9 wk 50 144 PET/MRI Nonpregnant 0.0019 0.0052 2.21E–02 This study

5 10 wk 71 296 PET/CT Nonpregnant 0.0018 0.0046 2.08E–02 (23)

6 12 wk 58 385 PET/CT 1 0.0006 0.0016 7.25E–03 (21)

7 $12 wk 77 350 PET 1 0.0010 0.0026 7.70E–03 (21)

8 13 wk 64 178 PET/MRI 1 0.0005 0.0013 7.11E–03 This study

9 13 wk 53 209 PET/MRI 1 0.0007 0.0020 7.43E–03 This study

10 13 wk 52 205 PET/MRI 1 0.0009 0.0024 7.61E–03 This study

11 14 wk 86 333 PET/MRI 2 0.0013 0.0035 3.69E–03 This study

12 14 wk 48 187 PET/MRI 2 0.0018 0.0047 3.87E–03 This study

13 14 wk 49 199 PET/MRI 2 0.0018 0.0048 3.88E–03 This study

14 15 wk 59 235 PET/MRI 2 0.0028 0.0063 4.10E–03 This study

15 18 wk* 67 189 PET/MRI 2 0.0040 0.0106 4.72E–03 This study

16 18 wk† 88 200 PET 2 0.0009 0.0023 3.52E–03 (22)

17 19 wk 51 348 PET/MRI 2 0.0024 0.0063 4.10E–03 (21)

18 19 wk 70 296 PET/MRI 2 0.0037 0.0097 4.59E–03 (21)

19 19 wk 50 197 PET/MRI 2 0.0059 0.0157 5.46E–03 This study

20 19 wk 48 187 PET/MRI 2 0.0055 0.0145 5.28E–03 This study

21 21 wk 53 181 PET/CT 2 0.0049 0.0129 5.05E–03 (24)

22 23 wk 59 181 PET 2 0.0078 0.0206 6.17E–03 (22)

23 24 wk* 70 291 PET/MRI 2 0.0135 0.0356 8.33E–03 This study

24 25 wk 67 337 PET 2 0.0084 0.0222 6.40E–03 (22)

25 25 wk‡ 76 188 PET/CT 2 0.0156 0.0412 9.14E–03 (4)

26 25 wk‡ 76 188 PET/CT 2 0.0164 0.0434 9.46E–03 (4)

27 26 wk 81 242 PET/CT 2 0.0129 0.0340 8.10E–03 (25)

28 28 wk 82 174 PET 3 0.0071 0.0187 3.38E–03 (22)

29 $28 wk 66 296 PET 3 0.0195 0.0515 6.22E–03 (21)

30 30 wk† 89 229 PET 3 0.0196 0.0518 6.24E–03 (22)

31 34 wk 95 555 PET/CT 3 0.0192 0.0507 6.15E–03 (26)

*, † 5 Women imaged twice during pregnancy.
‡Twin pregnancy.
Dosimetry results for fetuses in present study are italicized; cases previously reported in the literature are not italicized. References

show publication in which the cases were originally described. Doses may differ from those reported in original publication, when they
were reanalyzed in a standardized way (4).
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postponed until delivery or labor can be induced, since the fetus is
already viable.
Importantly, all women in this study were scanned with PET/

MRI, which allowed a detailed delineation of the fetal body con-
tours and hence dose estimations were arguably more accurate.
Such accuracy cannot be achieved by coregistering the PET to an
MRI acquired separately because the fetus would have moved in
the meantime. In the present study, fetal movements were likely to
be minimal because excellent coregistration of MRI and PET was

observed in all cases; an example of this is visible in the superposi-
tion of the fetal heart on MRI and myocardial 18F-FDG activity in
Figures 2 and 3. In addition to providing an excellent visualization
of the fetal body, PET/MRI machines do not deliver to the fetus the
additional dose of a CT scan or of a transmission source and there-
fore, if available, should preferentially be used to image pregnant
women.
The MR images allowed drawing of the fetal regions of interest

with a high level of confidence, so that inaccuracies due to manual
segmentation could be minimized. Of course, because there is no
gold standard against which the segmentations can be compared,
residual segmentation errors cannot be quantified. However, it is
reasonable to assume that fetal regions of interest drawn on an MRI
are more accurate than those drawn directly from PET, where fetal
contours are not visible (Fig. 1), or CT, where fetal soft tissues are
difficult to delineate. The present dose estimates confirmed the low
level of radiation absorbed by the fetus when the mother is injected
with 18F-FDG. The highest estimate was observed in early preg-
nancy (3.2 mGy), but the average of the remaining cases was 1.16
0.5 mGy. The fetus of the woman who had 2 examinations received
a cumulative dose of 3.3 mGy. These values would not significantly
change if different anthropomorphic phantoms were used (4,11,12)
and are more than 1 order of magnitude lower than the threshold for
deterministic effects. Although stochastic effects cannot technically
be ruled out, no effects have ever been observed for doses this
low (13). Taken together, these data suggest that the benefits for
both mother and fetus of a clinically appropriate 18F-FDG PET scan
outweigh the hypothetical risks to the fetus theorized by the linear
no-threshold model (14,15). Notably, in the case of cervical cancers,
the primary tumor size may be evaluated with MRI, but to assess
lymph-node involvement the alternative to PET/MRI may be an
invasive histologic verification.
To compensate for the incomplete data coming from sparse

published case reports, we previously used mathematic modeling
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FIGURE 4. Sigmoid function fitted through the measured time-inte-
grated activity data points (black dots), as reported in Zanotti-Fregonara
and Stabin (10). During fitting of original curve, automatic detection of out-
liers (ROUT [robust regression and outlier removal] Q coefficient, 1.0%)
removed 1 point (in red). This outlying red point came from a PET-only
study, which raises the possibility of inaccurate segmentation of fetal
body on PET images. Data points of the patients in the present study (in
green) tended to be higher than extrapolated values. Although difference
was modest, this points to possibility of systematic group difference (see
text for discussion).

TABLE 3
Comparison Between Doses Extrapolated from Mathematic Function Described in Zanotti-Fregonara and Stabin (10) and

Doses Measured in This Study, Starting After Early Pregnancy

Stage of
gestation

Phantom
(trimester)

Measured time-
integrated
activity

(Bq h/Bq)

Extrapolated
time-integrated

activity
(Bq h/Bq)

Measured dose
(mGy/MBq)

Extrapolated
dose (mGy/MBq)

% Difference
between the
measured and
extrapolated

doses

13 wk 1 0.0013 0.00241 7.11E203 7.61E203 7.0

13 wk 1 0.0020 0.00241 7.43E203 7.61E203 2.4

13 wk 1 0.0024 0.00241 7.61E203 7.61E203 0.0

14 wk 2 0.0035 0.00256 3.69E203 3.56E203 23.5

14 wk 2 0.0047 0.00256 3.87E203 3.56E203 28.0

14 wk 2 0.0048 0.00256 3.88E203 3.56E203 28.2

15 wk 2 0.0063 0.00281 4.10E203 3.59E203 212.4

18 wk* 2 0.0106 0.00485 4.72E203 3.89E203 217.6

19 wk 2 0.0157 0.00641 5.46E203 4.11E203 224.7

19 wk 2 0.0145 0.00641 5.28E203 4.11E203 222.2

24 wk* 2 0.0356 0.02836 8.33E203 7.29E203 212.5

*Woman imaged twice during pregnancy.
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to extrapolate the time-integrated coefficients for the whole dura-
tion of pregnancy from available human cases (10). We found that
the variation of the fetal time-integrated coefficients follows a sig-
moid function: after a rapid increase in the second trimester and
the beginning of the third, when the fetal mass rapidly increases,
the function eventually tends to plateau when the fetus reaches
maturity (Fig. 4). Building on that work, the present study pro-
spectively tested whether the doses extrapolated by the function
could predict the calculated doses. Our findings demonstrated that
the extrapolated doses closely match the calculated doses until the
15th week of pregnancy but underestimate the doses by up to 25%
between the 14th and 25th weeks (Table 3). An error of up to 25%
could be considered minor compared with the uncertainties in
internal dose estimations (16,17) and, indeed, larger differences
are observed between the measured values in different fetuses at
the same week of pregnancy (Table 2). On the other hand, the
actual dose was underestimated in 8 of 11 fetuses, including all
the fetuses starting at the 14th week (Table 3), which suggests the
possibility of a systematic group difference. One possible source
of this difference is ethnicity; specifically, this study comprised
Japanese women (average weight, 59 6 12 kg), whereas the popu-
lations used to build the mathematic function comprised American
and European women (average weight, 73 6 13 kg). Another pos-
sible reason for a systematic group difference is that previously
published cases were acquired mostly with PET, where fetal con-
tours were not visible, or PET/CT, where fetal soft tissues were
sometimes difficult to delineate or to differentiate from placental
uptake (18); in contrast, all the fetuses in this study were visible in
detail thanks to the simultaneous MRI. For example, when creat-
ing the original sigmoid curve, 1 data point was automatically
eliminated as an outlier during the fitting process (Fig. 4). Because
this point was from a PET-only study, it is possible that the seg-
mentation of that fetal body was inaccurate.
Finally, it should be noted that the cases in the present paper, as

well as all the other cases published in the literature to date, consist
of static images. In consequence, some (conservative) assumptions
must be made to calculate the dose, such as considering the physical
half-life of 18F equal to the effective half-life of 18F-FDG. It is
likely that the fetal dose calculated with measured time-integrated
coefficients will be slightly lower. If the PET scan of a pregnant
woman is planned, we encourage nuclear medicine departments to
acquire dynamic images. These would not increase the radiation
dose but would allow an even more accurate assessment of fetal
dosimetry as well as enable, for the first time, calculation in vivo of
the metabolic rate of glucose in the various fetal tissues with full
kinetic modeling. Given the absence of radiometabolites, 18F-FDG
activity in the mother’s aorta would provide an excellent image-
derived input function. Recent scanners—which allow fast dynamic
images of excellent quality to be obtained over the whole body
even with lower injected activities (19)—may yield input functions
of such quality that they could reliably be used in conjunction with
the gold standard of compartmental modeling rather than only with
graphical analyses (20). This would enable a deeper understanding
of the physiology of glucose utilization in the fetus and its evolution
over the duration of pregnancy.

CONCLUSION

PET/MR images of pregnant women injected with 18F-FDG con-
firm that the fetal 18F-FDG dose is very low. Therefore, clinically

appropriate 18F-FDG scans in women with cancer should not be
withheld because of pregnancy.
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KEY POINTS

QUESTION: What is the 18F-FDG fetal dosimetry in pregnant
women with cancer imaged with PET/MRI?

PERTINENT FINDINGS: Dosimetric values estimated
with PET/MRI confirm that the 18F-FDG fetal dose is
very low.

IMPLICATIONS FOR PATIENT CARE: Clinically appropriate
18F-FDG scans in women with cancer should not be withheld
because of pregnancy.
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Erratum

In the article “Choice Is Good at Times: The Emergence of [64Cu]Cu-DOTATATE–Based Somatostatin Receptor Imaging in the
Era of [68Ga]Ga-DOTATATE,” by Jha et al. (J Nucl Med. 2022;63:1300–1301), gallium-68 was incorrectly cited at editing as
having a lower positron energy and lower positron range than copper-64. The corrected sentence should read: “Copper-64 has a
lower positron energy than Gallium-68 (0.65 vs. 1.90 MeV), resulting in a lower positron range (0.56 vs. 3.5 mm) that provides
superior spatial resolution, improved imaging quality, and enhanced detection of small lesions (7).” We regret the error.
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68Ga-citrate has one of the simplest chemical structures of all 68Ga-
radiopharmaceuticals, and its clinical use is justified by the proven
medical applications using its isotope-labeled compound 67Ga-
citrate. To support broader application of 68Ga-citrate in medical diag-
nosis, further research is needed to gain clinical data from healthy
volunteers. In this work, we studied the biodistribution of 68Ga-citrate
and subsequent radiation exposure from it in healthy men. Methods:
68Ga-citrate was prepared with an acetone-based radiolabeling pro-
cedure compliant with goodmanufacturing practices. Six healthy men
(age 41 6 12 y, mean 6 SD) underwent sequential whole-body PET/
CT scans after an injection of 2046 8MBq of 68Ga-citrate. Serial arte-
rialized venous blood samples were collected during PET imaging,
and the radioactivity concentration was measured with a g-counter.
Urinary voids were collected and measured. The MIRD bladder-void-
ing model with a 3.5-h voiding interval was used. A model using a
70-kg adult man and the MIRD schema was used to estimate ab-
sorbed doses in target organs and effective doses. Calculations were
performed using OLINDA/EXM software, version 2.0. Results: Radio-
activity clearance from the bloodwas slow, and relatively high radioac-
tivity concentrations were observed over the whole of the 3-h
measuring period. Although radioactivity excretion via urine was rather
slow (biologic half-time, 696 24 h), the highest decay-corrected con-
centrations in urinary bladder contents were measured at the 90- and
180-min time points. Moderate concentrations were also seen in kid-
neys, liver, and spleen. The source organs showing the largest resi-
dence times were muscle, liver, lung, and heart contents. The heart
wall received the highest absorbed dose, 0.077 6 0.008 mSv/MBq.
The mean effective dose (International Commission on Radiologi-
cal Protection publication 103) was 0.021 6 0.001 mSv/MBq.
Conclusion: PET imaging with 68Ga-citrate is associated with
modest radiation exposure. A 200-MBq injection of 68Ga-citrate
results in an effective radiation dose of 4.2 mSv, which is in the same
range as other 68Ga-labeled tracers. This suggests the feasibility of
clinical studies using 68Ga-citrate imaging in humans and the possi-
bility of performing multiple scans in the same subjects across the
course of a year.

Key Words: biodistribution; 68Ga-citrate; PET; pharmacokinetics;
radiation dose

J Nucl Med 2022; 63:1598–1603
DOI: 10.2967/jnumed.122.263884

For PET imaging, 68Ga is a transition metal that can be used
as 68Ga-citrate or 68Ga-chloride and also in its chelated forms with
biomolecules (e.g., chelator-conjugated peptides). 68Ga-labeled
pharmaceuticals are frequently used in nuclear medicine and can
conveniently be manufactured with kits and fully automated
commercially available devices (1). 68Ga-citrate is one such 68Ga-
radiopharmaceutical that has entered the clinical trial stage, and its
use in PET is based on Ga31 uptake and transportation mecha-
nisms. Ga31 is considered an analog of Fe31 and binds to transfer-
rin and other biomolecules in vivo. Although only a few human
studies using 68Ga-citrate PET have been performed (2–13), 68Ga-
citrate has already been shown to be a sensitive and specific PET
tracer for the imaging of infection and inflammation, including
inflammatory bowel disease (3), bone infection (4), intraabdominal
infection (5), and prosthetic joint infection (12). In addition, we
recently observed unexpectedly high 68Ga-citrate accumulation in
atherosclerotic lesions in patients with Staphylococcus aureus bac-
teremia (8). Furthermore, patients with high-grade glioma, hepato-
cellular carcinoma, and prostate cancer have been imaged with
68Ga-citrate according to the hypothesis that Ga31 uptake should
increase in these tumors because of upregulated activity of transfer-
rin receptor (7,9–11). Evidence from clinical and preclinical inves-
tigations (7,14,15) suggests that 68Ga-citrate has potential in several
clinical applications and that further research is warranted.
The purpose of this clinical study was to determine the bio-

distribution of intravenously administered 68Ga-citrate in healthy
male volunteers. This information will help to determine the opti-
mal PET protocol for 68Ga-citrate imaging of inflammatory and in-
fectious diseases and cancer. The whole-body imaging should
allow identification of those organs that are most exposed to ioniz-
ing radiation and allow calculation of the dose absorbed by each
organ.
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MATERIALS AND METHODS

Chemicals and Reagents
All chemicals were purchased from commercial sources and were

of reagent, analytic, ultrapure, or European Pharmacopeia grade.

Preparation of 68Ga-Citrate
68Ga-citrate (Fig. 1A) was produced according to an established pro-

tocol (3). Aqueous hydrochloric acid (0.1 M, 6 mL) was used to elute
68Ga radioactivity from a 68Ge/68Ga generator (IGG-100, 1,850 MBq;
Eckert and Ziegler Isotope Products), and the 68Ga-eluate was passed
through a cation-exchange cartridge (Strata X-C; Phenomenex Inc.).
The retained 68Ga was eluted into a reaction vial with acidified acetone
(800 mL, containing 0.02 M HCl and 3.25% water). The acetone was
removed by evaporation for 4 min at 110"C, and sodium citrate buffer
(4 mL) was added. After 4 min, the reaction mixture was sterile-fil-
trated into an end-product vial and diluted with saline (9 mg/mL,
6mL). Radiochemical purity was measured by instant thin-layer chro-
matography with methanol/acetic acid (9:1, v/v) as a mobile phase.

Subjects
Six healthy male volunteers (age, 41 6 13 y; weight, 75 6 4 kg;

height, 177 6 4 cm) participated in this trial. 68Ga-citrate was injected
via a catheter inserted into an antecubital vein, and blood samples were
drawn through another catheter inserted into the contralateral arm.

Before the start of this clinical trial, approvals were obtained from
the joint Ethics Committee of the University of Turku and Turku Uni-
versity Hospital, as well as from the Finnish Medicines Agency. Full
informed consent was obtained in writing from all subjects before-
hand. This study is registered at ClinicalTrials.gov (NCT01951300).

Questionnaires were used to assess the absence of significant medi-
cal, neurologic, and psychiatric history and of any history of alcohol
or drug abuse. In addition, routine blood tests, electrocardiography, a
physical examination, and a review of medical history were performed
for each subject.

PET/CT Imaging
The biodistribution of 68Ga-citrate was imaged using a Discovery

690 PET/CT scanner (GE Healthcare). This scanner combines 64-slice
CT with PET acquired using 24 rings of lutetium-yttrium-orthosilicate
detectors, which provide 47 imaging planes with an axial field of view
of 15.7 cm. A low-dose CT scan for attenuation correction and ana-
tomic reference was acquired before the PET scan, using a voltage of

120 kV and current of 10 mA. Whole-body PET acquisitions were
made 1, 5, 10, 20, 30, 90, and 180 min after an intravenous injection
of 204 6 8 MBq of 68Ga-citrate. The acquisition times per bed posi-
tion were 20, 30, 65, 65, 120, 240, and 240 s, respectively. The scan-
ning at 90 min after injection included 14 bed positions covering the
range from the head to the toes, whereas all other scans used only
8 bed positions covering the range from the head to mid thighs.

PET images were reconstructed using a time-of-flight 3D VUE
Point algorithm (GE Healthcare) with 2 iterations, 24 subsets, and a
postprocessing filter of 6.4 mm in full width at half maximum. Scatter
correction, random counts, and dead-time corrections were all incorpo-
rated into the reconstruction algorithm. The final matrix size was
192 3 192 3 47 voxels. The plane thickness of the PET scanner
was 3.27 mm, and the axial spatial resolution for 3-dimensional mode
was 4.74 mm in full width at half maximum at a 1-cm offset from the
center of the field of view (16).

Blood and Urine Measurements
Serial arterialized (the arm was heated with a wrapped heating pad)

venous blood samples were collected into heparinized tubes at 1, 5,
10, 20, 30, 60, 90, 180, and 240 min after the injection of 68Ga-citrate.
The radioactivity of the whole blood was measured with an automatic
g-counter (1480 Wizard 399; EG&G Wallac). Plasma was separated
by centrifugation (2,100g for 5 min at 4"C), and the plasma radioactivity
was measured. The plasma concentration at baseline (C0) was estimated
by fitting a monoexponential function to the plasma concentrations col-
lected between 5 and 30 min.

The subjects were asked to urinate during 2 breaks in the PET
imaging session and again after the session. The mean times for urina-
tion were 61 min after injection, 163 min after injection, and 218 min
after injection. Urinary voids were collected, the total volume was
measured, and a 2.5-mL sample was taken for radioactivity measure-
ment with a VDC 405 dose calibrator (Veenstra Instruments).

Distribution Kinetics and Radiation Dose Estimates
Eclipse software (version 13.6; Varian Medical Systems) was used

to define the radioactivity concentrations of the source organs at differ-
ent time points. The source organ volumes either were defined on CT
images or were the volumes of the organs of the reference man (17).

Residence times in source organs were calculated from area under
the time–activity curves. The curves were defined by fitting a sum of 2
exponential functions. The MIRD bladder-voiding model (18) with a
3.5-h voiding interval was used. A model with a 70-kg adult man and
MIRD schema (19) was used to estimate the absorbed doses in the
target organs and the effective doses. Calculations were performed
using OLINDA/EXM software, version 2.0. In addition, OLINDA 1.0
results were calculated.

RESULTS

Radiochemistry
The manufactured 68Ga-citrate fulfilled all the product quality

specifications (Supplemental Table 1; supplemental materials are
available at http://jnm.snmjournals.org) for clinical use. The radio-
chemical purity was at least 95%, pH was in the range of
3.02 7.0, and the acetone content was no more than 0.5%. An
example instant thin-layer chromatography plot used to determine
radiochemical purity is shown in Figure 1B.

Biodistribution and Biokinetics
Whole-body dynamic PET/CT imaging data were obtained

from 6 subjects over a period of 180 min after 68Ga-citrate admin-
istration. Figure 2 shows representative images from a subject.
The radioactivity concentrations in 20 organs or tissues of interest

FIGURE 1. (A) Chemical structure of 68Ga-citrate. (B) Quality control of
68Ga-citrate with instant thin-layer chromatography developed using
methanol/acetic acid (9:1, v/v) as mobile phase and visualized and quanti-
fied by autoradiography.
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were quantified at time points of 1, 5, 10, 20,
30, 90, and 180 min, and the results are pre-
sented in Supplemental Table 2. At 30 min
after injection, SUVs in the brain, heart con-
tents, kidneys, liver, trabecular bone, and red
marrow were 0.26 6 0.04 (mean 6 SD),
5.166 0.48, 3.156 0.46, 2.786 0.25, 0.706
0.15, and 1.80 6 0.12, respectively. Figure 3
shows time–activity curves for the 20 organs
or tissues, revealing the whole-body distribu-
tion kinetics of radioactivity over the 180 min
after 68Ga-citrate administration.
The mean voided radioactivity at a mean

void time of 61 min after injection (during
a break between PET imaging session)
was 1.76 6 0.47 percentage injected dose
(Fig. 4). All 6 subjects were able to urinate
during the first PET imaging session break,
3 were able to urinate between imaging
session 2 and 3, and 2 after the complete
imaging session.
Radioactivity clearance from the blood

was slow (Fig. 5). The C0 in SUV units was
17.3 6 1.8 g/mL (Supplemental Table 3).
The inverse of C0, which is related to
the total plasma volume, was 0.059 6
0.006L/kg. The plasma concentration at 4 h
(n5 5) was 5.86 0.6 g/mL, and its inverse,
which may be related to the extracellular
volumeof the body,was 0.1760.02L/kg.

Residence Times and Radiation
Dose Estimates
The residence times (normalized num-

bers of disintegrations) were determined for
the source organs and the remainder of the
body of each subject, and their mean6 SD,
range, and coefficient of variation are listed
in Table 1. The coefficients of variation
were in the range of 4%249%. The largest
residence times were in muscle (0.365 6
0.043 h), liver (0.091 6 0.017 h), lungs
(0.0796 0.008 h), and heart contents (0.048
6 0.006 h).

The organ dose estimates (Table 2) were calculated for a 70-kg
adult man. The organs with the highest doses were the heart
wall (0.077 6 0.008 mSv/MBq), urinary bladder wall (0.039 6

0.010 mSv/MBq), kidneys (0.036 6 0.004 mSv/MBq), and lungs
(0.036 6 0.003 mSv/MBq). The lowest dose was in the brain
(0.004 6 0.001 mSv/MBq). The mean effective dose (Interna-
tional Commission on Radiological Protection publication 103)
(20) was 0.021 6 0.001 mSv/MBq. Thus, the effective dose from
200 MBq of injected radioactivity of 68Ga-citrate was 4.2 mSv.
Organ dose estimates according to OLINDA 1.0 are presented

in Supplemental Table 4.

DISCUSSION

We previously studied 68Ga-citrate in experimental disease
models, as well as in patients with infections (8,15,21). The

FIGURE 2. Whole-body distribution of 195 MBq of 68Ga-citrate in
healthy 22-y-old man (73 kg).

FIGURE 3. Time–activity curves of main organs. Circles represent each individual, and line is
average.
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current study was a basic investigation in healthy humans to col-
lect data on whole-body distribution kinetics and radiation dose
estimates, which will be useful in planning future clinical trials
with 68Ga-citrate.

Preparation of 68Ga-Citrate
The radiopharmaceutical 68Ga-citrate was produced using a

straightforward protocol (3). The acetone-based cation-exchange
cartridge elution method is an effective option for concentrating
68Ga radioactivity eluted from a generator (1). In our hospital, this
method is used to manufacture 3 radiopharmaceuticals, including
68Ga-citrate, in a fully automated manner. Citrate is a natural ligand
that can coordinate some metal ions, including gallium. Because of
the nature of the nuclear physics of 68Ga, the molarity of 68Ga in a
batch of eluate from a 68Ge/68Ga generator is tiny. By contrast, the
molarity of citrate (0.14 mmol) is in great excess to ensure efficient
coordination, which is neither feasible nor typical in the production
of many other 68Ga-radiopharmaceuticals. In this sense, citrate acts
also as a vehicle, in addition to its role as a chelator. On instant
thin-layer chromatography, the chromatography behaviors of 68Ga-
citrate and free 68Ga show a clear difference (Fig. 1B); free 68Ga
remains at the baseline whereas 68Ga-citrate migrates up on the
instant thin-layer chromatography, with a retention factor of 0.93.
As there is not a citrate dose limit set in the European Pharmaco-
peia; quantification of the citrate in the end-product formulation is
not relevant in the quality control procedure.

PET Imaging and Biodistribution
In a typical 68Ga-radiopharmaceutical, the 68Ga-radionuclide is

attached to a targeting molecule, such as a peptide, and the targeting
molecule takes the radioactivity to the specific organs and tissues to
be imaged. In the case of 68Ga-citrate, the imaging and biodistribu-
tion are most probably based on the biologic mechanisms of
68Ga31, which can be chelated in vivo with biomolecules, including
ferritins (13). This implies that in vivo transmetalation takes place,
even though citrate has sufficient strength to coordinate 68Ga31 in
the manufacturing procedures. However, comparison studies have
indicated that the imaging performance of 68Ga-citrate is better than
that of intravenously injected 68Ga-chloride, at least as far as the
limited available evidence shows (15), which might be an indica-
tion that citrate plays a role as a vehicle in the in vivo biodistribu-
tion. In this study, particular care was taken to ensure that the
68Ga-citrate injection did not involve any gallium colloids, which
usually accompany the 68Ge/68Ga generator eluate or are formed if
injected as 68Ga-chloride.
For the PET imaging, each subject was intravenously adminis-

tered 204 6 8 MBq of 68Ga-citrate. In a routine PET procedure
performed in our hospital, such as one using the standard tracer
18F-FDG, the typical radioactivity dose is 4 MBq/kg of body
weight. In this study, we used 204 6 8 MBq (2.7 6 0.2 MBq/kg)

FIGURE 4. Percentage of injected 68Ga-citrate radioactivity dose (%ID)
in urine as function of time.

FIGURE 5. Concentration of radioactivity in arterialized venous plasma
as function of time after 68Ga-citrate injection. Dots represent each individ-
ual, and line is average.

TABLE 1
Residence Times (Hours) in Source Organs After Injection

of 68Ga-Citrate

Organ Mean 6 SD
COV
(%) Range

Brain 0.008 6 0.001 19 0.006–0.009

Gallbladder contents 0.000 6 0.000 48 0.000–0.001

Left colon 0.002 6 0.001 23 0.001–0.003

Small intestine 0.012 6 0.003 27 0.007–0.016

Stomach contents 0.009 6 0.004 38 0.004–0.013

Right colon 0.002 6 0.001 23 0.001–0.003

Rectum 0.002 6 0.001 25 0.001–0.003

Heart contents 0.048 6 0.006 12 0.041–0.055

Heart wall 0.027 6 0.004 13 0.024–0.033

Kidneys 0.020 6 0.003 14 0.017–0.023

Liver 0.091 6 0.017 19 0.077–0.121

Lungs 0.079 6 0.008 10 0.066–0.088

Muscle 0.365 6 0.043 12 0.299–0.420

Pancreas 0.005 6 0.002 49 0.003–0.008

Red marrow 0.046 6 0.004 10 0.038–0.052

Cortical bone 0.032 6 0.005 15 0.026–0.040

Trabecular bone 0.009 6 0.002 22 0.007–0.012

Spleen 0.009 6 0.002 28 0.006–0.012

Testes 0.002 6 0.000 15 0.001–0.002

Thyroid 0.001 6 0.000 19 0.000–0.001

Urinary bladder
contents

0.021 6 0.008 37 0.013–0.035

Remainder of body 0.810 6 0.033 4 0.767–0.858

COV 5 coefficient of variation (SD/mean 3 100).
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of 68Ga-citrate per subject, which is in the typical dose range of
our 68Ga-radiopharmaceutical PET studies. The mass of gallium
injected was negligible. It is noteworthy that when gallium is
administered as a drug in high doses, the biodistribution is known
to change (22,23).
The sequential whole-body imaging was performed for 180 min

to monitor the tracer kinetics in vivo. For visualization purposes,
we prepared representative PET/CT images from a 22-y-old man
and scaled the SUVs from 1 to 3 (Fig. 2). These images clearly
show that the radioactivity concentration was much higher in heart,
liver, lungs, and kidneys than in other organs. At 180 min after
injection, the whole-body radioactivity concentration became very
low, an indication of a sufficient data collection time range. To fur-
ther quantify the radioactivity concentration in the 20 organs of

interest, time–activity curves were drawn from 0 to 180 min after
administration (Fig. 3). Among the organs and tissues, the time–
activity curves from gallbladder, lower large intestine (left colon
and rectum), testes, and upper large intestine (right colon) were still
increasing slightly at 180 min. It was not clear what factors might
have caused the slight accumulations in these organs. In cortical
bone, red marrow, small intestine, and trabecular bone, the time–
activity curves showed a steady radioactivity residence along with
time. In the urinary bladder, the general trend of radioactivity devel-
opment was an initial increase and then a decrease. In the rest of the
organs, the time–activity curves decreased to varying extents over
the period.
The radioactivity concentration in plasma stayed at a high level

(Fig. 5), similar to that reported previously for the 68Ge/68Ga gener-
ator eluate 68Ga-chloride in a study on rats (24); the slow decrease
at 3–4 h prevents reliable estimation of the total area under the
curve (from time zero to infinity) and total clearance. In previous
animal studies, we found that the in vivo kinetics of 68Ga-citrate
and 68Ga-chloride differed, possibly because the chelating proper-
ties of citrate prevent the precipitation of 68Ga(OH)3 (15).

Radiation Dose Estimates
To determine the radiation burden, we analyzed the kinetics of

radioactivity concentration in the main organs of healthy men up to
3 h after an intravenous bolus injection of 68Ga-citrate. In addition
to the SD and range, the coefficient of variation was used to indicate
the precision and repeatability of the measurements among the 6
subjects. Our results revealed that the heart wall received the high-
est radiation dose, followed by the urinary bladder wall. This may
be partially due to the relatively slow blood clearance and urinary
excretion as the main clearance route. However, the relatively
slow blood clearance was not a problem for target visualization in
previous studies. The organ with the lowest radiation exposure
was the brain (0.004 6 0.001 mSv/MBq). Overall, the effective
dose of 68Ga-citrate (0.021 6 0.001 mSv/MBq) was comparable
to that of widely used PET tracers, including 68Ga-DOTANOC
(0.025 mSv/MBq) (25) and 18F-FDG (0.019 mSv/MBq) (26). For
example, a 200-MBq dose of 68Ga-citrate may result in an effective
dose of 4.26 0.2 mSv.

CONCLUSION

The radiation burden from administration of 68Ga-citrate for
PET imaging is comparable to that of other commonly used 68Ga-
radiopharmaceuticals. The low radiation exposure of 68Ga-citrate
would allow for studies with multiple scans in the same individu-
als over the course of a year.
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TABLE 2
Organ Doses and Effective Doses (mSv/MBq) After

Injection of 68Ga-Citrate

Organ Mean 6 SD
COV
(%) Range

Adrenals 0.019 6 0.001 4 0.018–0.020

Brain 0.004 6 0.001 12 0.004–0.005

Breasts 0.013 6 0.000 2 0.012–0.013

Colon, left 0.021 6 0.002 7 0.019–0.023

Colon, right 0.017 6 0.001 4 0.016–0.018

Esophagus 0.015 6 0.000 2 0.015–0.016

Eyes 0.011 6 0.000 3 0.010–0.011

Gallbladder wall 0.017 6 0.001 6 0.016–0.019

Heart wall 0.077 6 0.008 11 0.067–0.087

Kidneys 0.036 6 0.004 12 0.031–0.041

Liver 0.033 6 0.005 16 0.029–0.043

Lungs 0.036 6 0.003 8 0.031–0.040

Osteogenic cells 0.017 6 0.001 6 0.015–0.018

Pancreas 0.020 6 0.007 36 0.015–0.034

Prostate 0.013 6 0.000 2 0.012–0.013

Rectum 0.020 6 0.001 7 0.018–0.022

Red marrow 0.020 6 0.001 5 0.019–0.022

Salivary glands 0.012 6 0.000 3 0.011–0.012

Small intestine 0.022 6 0.002 11 0.019–0.025

Spleen 0.032 6 0.007 23 0.025–0.044

Stomach wall 0.024 6 0.004 15 0.018–0.027

Testes 0.022 6 0.003 13 0.019–0.026

Thymus 0.016 6 0.000 2 0.016–0.017

Thyroid 0.017 6 0.002 14 0.014–0.021

Urinary bladder wall 0.039 6 0.010 26 0.029–0.057

Total body 0.015 6 0.000 1 0.014–0.015

Effective dose,
ICRP 60 (27)

0.023 6 0.001 3 0.021–0.023

Effective dose,
ICRP 103 (20)

0.021 6 0.001 3 0.020–0.022

COV 5 coefficient of variation (SD/mean 3 100); ICRP 5

International Commission on Radiological Protection.
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KEY POINTS

QUESTION: What are the distribution kinetics of 68Ga-citrate in
healthy humans, and what is the radiation burden resulting from
its administration?

PERTINENT FINDINGS: Six healthy men underwent dynamic
whole-body PET/CT imaging with blood and urine measurements.
68Ga-citrate showed slow clearance from the blood circulation
through renal excretion. The highest radiation exposure was to the
heart wall. The effective dose of 0.021 mSv/MBq is similar to that
of other commonly used 68Ga tracers.

IMPLICATIONS FOR PATIENT CARE: The characteristics of
68Ga-citrate are favorable for human studies involving multiple
scans in the same subject over the course of a year.
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Evaluation of Data-Driven Rigid Motion Correction in
Clinical Brain PET Imaging
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Head motion during brain PET imaging can significantly degrade the
quality of the reconstructed image, leading to reduced diagnostic
value and inaccurate quantitation. A fully data-driven motion correc-
tion approach was recently demonstrated to produce highly accurate
motion estimates (,1 mm) with high temporal resolution ($1 Hz),
which can then be used for a motion-corrected reconstruction. This
can be applied retrospectively with no impact on the clinical image
acquisition protocol. We present a reader-based evaluation and an
atlas-based quantitative analysis of this motion correction approach
within a clinical cohort. Methods: Clinical patient data were collected
over 2019–2020 and processed retrospectively. Motionwas estimated
using image-based registration on reconstructions of ultrashort frames
(0.6–1.8 s), after which list-mode reconstructions that were fully
motion-corrected were performed. Two readers graded the motion-
corrected and uncorrected reconstructions. An atlas-based quantita-
tive analysis was performed. Paired Wilcoxon tests were used to test
for significant differences in reader scores and SUVs between recon-
structions. The Levene test was used to determine whether motion
correction had a greater impact on quantitation in the presence of
motion than when motion was low. Results: Fifty standard clinical
18F-FDG brain PET datasets (age range, 13–83 y; mean6SD, 59620 y;
27 women) from 3 scanners were collected. The reader study showed
a significantly different, diagnostically relevant improvement by motion
correction when motion was present (P50.02) and no impact in
low-motion cases. Eight percent of all datasets improved fromdiagnos-
tically unacceptable to acceptable. The atlas-based analysis demon-
strated a significant difference between the motion-corrected and
uncorrected reconstructions in cases of high motion for 7 of 8 regions
of interest (P , 0.05). Conclusion: The proposed approach to data-
driven motion estimation and correction demonstrated a clinically sig-
nificant impact on brain PET image reconstruction.

Key Words: PET; image reconstruction; data-driven motion correc-
tion; brain imaging

J Nucl Med 2022; 63:1604–1610
DOI: 10.2967/jnumed.121.263309

As the spatial resolution of modern whole-body PET scanners
reaches 2–4 mm in full width at half maximum, together with
improved sensitivity and time-of-flight resolution, it is becoming
increasingly likely that even slight head motion may substantially
degrade the reconstructed image. Although patient motion with
translations of up to 15 mm and rotations of up to 4 degrees have
been reported (1,2), less motion is quite common. Various motion-
tracking and correction techniques have been presented for head
motion (2–7). These usually use an external tracking device (such
as a camera) to track a marker attached to the head (5), or they
directly track the head (6). The motion estimates can then be used
to perform frame-based reconstructions (8) or a full event-by-event
motion-corrected (MoCo) reconstruction (9,10). However, none of
these motion correction approaches have been implemented into
widespread standard clinical routine, for several reasons. Some
patient motion can be partially managed through head restraints
and by discarding motion-corrupted portions of the data. To date,
most motion-tracking methods rely on external hardware around
the scanner (such as cameras) or attached to the patient (such as
head markers), which complicate routine clinical protocols. Until
recently, there has not been a substantial effort from vendors to
incorporate motion correction into their products; efforts have thus
remained predominantly within the research setting.
Fully data-driven approaches to motion correction that do not

require external hardware have been presented. These usually esti-
mate when motion occurred so that the data can be suitably framed
(11), or they may estimate the motion itself to be used in a MoCo
reconstruction (12–15). Because of the typically low count rates in
PET imaging and long reconstruction times, the temporal resolu-
tion used for such motion estimation is usually on the order of
tens of seconds or longer. Such low temporal resolutions may lead
to residual intraframe motion blurring and inaccurate motion
estimates. Alternatively, when higher temporal resolutions are
used (on the order of $1 s), as described previously (12,13), the
motion is estimated using centroid-of-distribution or inertial tensor
calculations.
In this work, we evaluated a recently proposed approach to

data-driven motion estimation and correction (16,17). The motion
was estimated using rigid image registration on reconstructed
images of very short frames. The estimated motion was then used
in a full event-by-event MoCo list-mode reconstruction of the
data, including all PET corrections. The approach is completely
data-driven and can be applied retrospectively. An evaluation on
50 standard clinical 18F-FDG brain PET datasets is presented,
showing the results of a reader study and an atlas-based quantita-
tion analysis.
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MATERIALS AND METHODS

Data
Patient data were acquired at the Wisconsin

Institutes for Medical Research at the Univer-
sity of Wisconsin over 2019 and 2020, from a
4-ring Discovery MI PET/CT device (n5 11;
20-cm axial field of view), a Discovery 710
PET/CT device (n5 18), and a SIGNA PET/
MRI device (n5 21) (all fromGEHealthcare).
Fifty consecutive 18F-FDG brain PET datasets
were collected retrospectively, and none were
rejected. All datasets were routine clinical imag-
ing studies, and the need to obtain consent was
waived by the institutional review board. Prelim-
inary results using these datasets were presented
at the 2021 annual meeting of the Society of
Nuclear Medicine and Molecular Imaging (18);
the current work presents a more thorough ana-
lytic and statistical evaluation.

Motion Estimation and Image
Reconstruction

The data were processed in 2 steps before
being analyzed. Figure 1 shows a flowchart of
the study. First, ultrafast reconstructions of
very short frames (16) (0.6–1.8 s, set automat-
ically and adjusted at each frame to ensure a constant 5003 103 true
and scattered events per frame (17)) were performed for the entire scan
duration, and image-based registration was then performed on these
frames to estimate the motion. Rigid registration was performed using
a least-squares metric and a gradient descent optimizer; further details
were given in a previous publication (17). The 6 degrees of freedom of
the motion were thus estimated directly at about 1 Hz, with an accuracy
of less than 1mm (measured as the mean error in absolute displacement
of a mesh of points moved by the estimated motion) (17). The refer-
ence frame for the image registrations was chosen to ensure that the
PET reconstruction aligned with the attenuation map. For PET/MRI,
the MRI acquisitions for the attenuation map occur concurrently with
the PET acquisitions; thus, the PET frames corresponding to data
acquired during the MRI attenuation correction pulse sequence were
averaged to create the reference frame. For PET/CT, however, the CT
acquisitions occur before the PET acquisitions; thus, after estimating
motion using the first PET frame as the reference, a single automatic
cross-modality registration is performed using a mutual-information
metric to set this reference frame to align with the CT image. The
mean of all the short PET frames, after being aligned according to the
estimated motion, was used for this registration. For 12 of the 29 PET/
CT datasets, the automated cross-modality registration between the
PET and the CT scans was suboptimal and manual intervention was
required to ensure good registration. We will make this registration step
more robust in the future to ensure fully automated processing.

The data were categorized into 4 motion groups using a metric based
on the magnitude of the motion for each dataset. Similarly to previous
investigators (19,20), we categorized the motion by moving points in
image space and measuring their displacement. Although others have
used an average displacement, we were interested in the maximum extent
of the motion, and thus 2 points at the extreme extent of the brain were
sufficient. Two points located in image space at 70 mm anterior and
70mm posterior to the brain center were chosen and moved according to
the estimated motion parameters. The brain center relative to the scanner
center was set at a typically observed value for each scanner: for the PET/
MRI device at 0, 40, and 20 mm for left–right, anterior–posterior, and
superior–inferior, respectively (the anterior–posterior offset was due to

the head coil used), and for both PET/CT devices at 0, 0, and 20 mm,
respectively. The median absolute displacement from the reference was
calculated for each point. The larger of these 2 medians was used as a
metric to classify the datasets into 4 motion groups: low (median dis-
placement , 1 mm), offset (median displacement , 1 mm but initial
displacement. 2 mm), medium (median displacement5 1–2 mm), and
high (median displacement. 2 mm).

The offset-motion group captures those datasets with little motion
during the PET acquisition but with a large offset between the attenua-
tion map acquisition and the PET acquisition (this usually applies only
to PET/CT scans). This group classification was chosen empirically on
the basis of our experience with many clinical datasets.

After estimation of head motion, a full reconstruction was performed,
with each event being corrected according to the estimated motion, as
shown in Figure 1. List-mode time-of-flight–based block sequential reg-
ularization expectation maximization (21,22) was performed with a
b-parameter of 50. Spatially variant point-spread function modeling
was performed using a hybrid image-space/projection-space approach
(23). For clarity, the list-mode maximum likelihood expectation maxi-
mization with motion correction (9,10) is given here; subsets and a reg-
ularization term are added for the block sequential regularization
expectation maximization:
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where lnj is the image value at pixel j and iteration n, im is the line
of response (LOR, the line joining a detecting crystal pair) i asso-
ciated with list-mode event m, M is the total number of list-mode
events, i9m is the MoCo LOR i for event m, cij is the system matrix,
S9i is the motion-aware scatter contribution along LOR i, Ri is the
randoms contribution, ai is the attenuation correction factor
through the patient attenuation map along LOR i, ei is the attenua-
tion correction factor through the attenuating material exterior to

FIGURE 1. Flowchart of reconstruction process and analysis. 4D 5 4-dimensional; MNI 5 Mon-
treal Neurological Institute; recons5 reconstructions.
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the patient along LOR i, and si is the scanner sensitivity factor
(crystal efficiency and dead time) for LOR i. The time-averaged sen-
sitivity image !s is calculated by moving the endpoints of each LOR
(l, of which there are L in the scanner) by a particular set of motion
parameters p, backprojecting the appropriate attenuation and sensitiv-
ity factors, and calculating the time-weighted (wp) average across all
the motion data, P. The attenuation factors ai and ei are handled sepa-
rately since the patient is moving whereas the rest of the attenuating
material is not; therefore, the MoCo LORs (i9m) are used for the patient
attenuation correction factors.

Additionally, a non-MoCo list-mode reconstruction was performed
for comparison.

Reader Study
The MoCo and non-MoCo reconstructions were randomized and read

by a masked nuclear medicine physician with 36 y of experience and a
dual–board-certified nuclear medicine physician and radiologist with fel-
lowship training in nuclear medicine and body MRI with 2 y of experience.
Images were evaluated on a 5-point Likert scale for sharpness and di-
agnostic quality, as specified in Table 1. The readers were not aware of the
motion groups of the datasets; these were used only during the analysis.

Quantitative Analysis
An atlas-based analysis of the quantitative accuracy of the recon-

structions was performed. The reconstructions were individually and
nonrigidly registered to an aggregated 18F-FDG atlas in Montreal Neu-
rosciences Institute–152 image space (24,25) using the Advanced Normali-
zation Tools toolbox (26). Eight regions of interest (ROIs) were extracted
and analyzed: frontal lobe, occipital lobe, temporal lobe, parietal lobe, cere-
bellum, left/right cerebral cortex, and whole cerebral cortex.

Statistical Analysis
For the reader study, interreader variability was tested using 2 metrics:

the modified interrater agreement index (r#wg) was used to evaluate the
5-point Likert scores (27), and the Cohen k (28) was used to evaluate
agreement on whether an image was diagnostically acceptable (i.e., having
a Likert score of $3). These tests were conducted for both reader ques-
tions and for the non-MoCo and MoCo reconstructions.

Using the average Likert scores for the 2 readers, paired Wilcoxon
tests were conducted to test for significant differences between the
median scores of the MoCo and non-MoCo reconstructions at a 2-sided
significance level of P, 0.05, using the statistical toolbox in MATLAB
(MathWorks). Correction was made for the false-discovery rate using
the Benjamini–Hochberg procedure with a rate (Q-value) of 10%.

For the atlas-based quantitative analysis, paired Wilcoxon tests for
significant differences between the medians of ROI SUVmax in the
MoCo and non-MoCo reconstructions within each motion group
were conducted at a 2-sided significance level of P , 0.05, with false-
discovery-rate correction. Additionally, the relative differences bet-
ween the SUVmax of the MoCo and non-MoCo reconstructions were
calculated, and Levene tests (29) were conducted to determine whether

the variance in these differences for each motion group was signifi-
cantly different from the low-motion group, indicating that motion
correction had made a quantitative difference in reconstructions when
motion was present. A 2-sided significance level of P , 0.05 was
used, and false-discovery-rate correction was applied.

RESULTS

Patient Characteristics and Injected Activity
Patient age ranged from 13–83 y (mean6 SD, 596 20 y). There

were 27 women. The injected activity was 3906 24 MBq for the
Discovery 710 (556 4 min uptake time, 15-min duration, 4.66
1.13 108 counts), 4006 26 MBq for the Discovery MI (566
5min uptake time, 15-min duration, 8.96 2.33 108 counts), and
4506 85 MBq for the SIGNA (636 13 min uptake time, 25-min
duration [except for 3 datasets with a 11- to 15-min duration],
17.26 5.33 108 counts).

Motion Estimation
The number of datasets in each motion group is shown in Table 2,

and the distribution of the displacement metric is shown in Figure 2.

Motion Correction Case Studies
Figure 3 shows examples of reconstructions from the low-, off-

set-, and high-motion groups. The relative-difference images were
calculated as (MoCo 2 non-MoCo)/MoCo3 100%.

Reader Study
The results of the interreader variability analysis are shown in

Table 3. Agreement between the readers was high according to all
tests. Notably, agreement on
whether an image was diag-
nostically acceptable (k) was
higher (no disagreement) for
the MoCo reconstructions than
for the non-MoCo reconstruc-
tions (for which therewas 1 dis-
agreement). The Likert scores
for the 2 readers are shown in
Figure 4 for the 2 questions. In
5 (10%) of the 50 datasets, the
diagnostic quality of the recon-
struction with motion correc-
tion improved by at least 1 on
the Likert scale. The non-
MoCo reconstructions for 4
(8%) datasets were rated as
not diagnostically acceptable,
and for all of these the MoCo
reconstructions were rated as
diagnostically acceptable. The

TABLE 2
Distribution of Datasets Among Defined Motion Groups

Group All scanners Discovery 710 Discovery Signa

Low 15 (30%) 4 1 10

Offset 9 (18%) 4 5 0

Medium 14 (28%) 6 4 4

High 12 (24%) 4 1 7

TABLE 1
Likert-Scale Scoring for Image Evaluation

Score Criteria Diagnostic acceptability

1 Very poor Nondiagnostic

2 Poor Nondiagnostic

3 Acceptable Diagnostic

4 Good Diagnostic

5 Excellent Diagnostic

FIGURE 2. Violin plots (30) showing
distribution of estimated motion for
all datasets within 4 motion groups.
Width of violins indicates density of
data points, and length indicates range
of data. Actual data points are scat-
tered within violins, with white dot
being median.
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results of the paired Wilcoxon tests on the reader scores are shown
in Table 4.

Quantitative Analysis
The relative differences in ROI SUVmax between the MoCo and

non-MoCo reconstructions are shown in Figure 5, calculated as
(MoCo SUVmax 2 non-MoCo SUVmax)/MoCo SUVmax3 100%.
Table 5 presents the results of the statistical analysis.
Figure 5 shows that the relative differences in SUVmax between

the MoCo and non-MoCo reconstructions were larger in the
higher-motion groups than in the low-motion group. In the high-
motion group, the SUVmax of the parietal lobe in the MoCo recon-
structions differed from that in the non-MoCo reconstructions by
1.5%6 2.7%, with a maximum of 6.6%, and in the temporal lobe
the SUVmax differed by 1.8%6 2.6%, with a maximum of 8.2%. In

all cases, the SUVmax in the MoCo recon-
struction is assumed to be more accurate,
whether it was higher or lower than the non-
MoCo reconstruction, since the former en-
sures better alignment with the attenuation
map and has reduced motion blurring. Table 5
demonstrates that in the high-motion group
the SUVmax significantly differed between
the MoCo and non-MoCo reconstructions in
7 of 8 ROIs. Even in the offset-motion group,
in which there was minimal motion during
the PET acquisition, motion correction made
a significant difference in 5 of 8 ROI
SUVmax results because of the improved
alignment with the attenuation map. The
Levene tests indicated that the variance in
relative differences between the MoCo and
non-MoCo reconstructions was higher
for 7 of the 8 ROIs in the medium- and
high-motion groups than in the low-
motion group (Table 5). These varian-
ces can be seen in the extent of the plots
in Figure 5, comparing the higher-motion
groups with the low-motion group. Table 5
indicates that when there was high motion,
the motion correction significantly changed
the reconstruction. The results of the reader
study then confirm that the MoCo recon-
structions were preferred.

DISCUSSION

An evaluation of a fully data-driven
motion estimation and correction technique

for reconstruction of brain PET datasets has been presented. Fifty
standard clinical 18F-FDG brain PET datasets were processed retro-
spectively, acquired on 1 PET/MRI and 2 PET/CT scanners. No
additional motion-tracking hardware was used during the scan, and
there was no impact on the standard clinical routine. The motion
estimation used a temporal resolution of about 1 s and detected
motion of more than 1 mm in 70% (35/50) of cases and more than 2
mm in 24% (12/50) of cases, the latter of which usually resulted in
visually obvious differences between the MoCo and non-MoCo
reconstructions. The masked reader study showed that the MoCo

TABLE 3
Results of Interreader Variability Analysis

(High Agreement in All Cases)

Non-MoCo MoCo

Parameter r#wg k r#wg k

Image sharpness 0.98 0.85 0.98 1

Diagnostic quality 0.98 0.85 0.98 1

TABLE 4
P Values of Paired Wilcoxon Tests Between MoCo

and Non-MoCo Reconstructions, According to Reader
Likert Scores

Motion group Low Offset Medium High All*

Image sharpness .0.99 .0.99 0.06 0.02† 0.003†

Diagnostic quality .0.99 .0.99 0.13 0.02† 0.003†

*All motion groups considered together.
†Significant difference (P , 0.05, false-discovery-

rate–corrected).

FIGURE 3. Example reconstructions for 3 case studies from low-motion (A), offset-motion (B), and
high-motion (C) groups. All 3 are PET/CT data. Six degrees of freedom of motion data are plotted at
top. Smoothed relative differences between images are shown at bottom overlayed on MoCo image.
Low-motion case demonstrates that when there is little motion, motion correction has very small
effect on reconstruction. Offset case shows that although no obvious differences are visible between
images, relative-difference image shows gradient due to misalignment of Non-MoCo image with
attenuation map. In high-motion case, much of blurring due to motion visible in Non-MoCo image
has been removed in MoCo image. Rot.5 rotation; Trans.5 translation.
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reconstructions improved the diagnostic quality in 10% (5/50) of the
datasets, and the improvement was significant in the high-motion
group (P5 0.02) and when considering all the data (P5 0.003). In
8% (4/50) of the datasets, which is a substantial portion of the

cohort, the image was improved from diagnostically unacceptable to
acceptable. The atlas-based quantitative analysis found significant
differences (P , 0.05) in the SUVmax in 7 of the 8 ROIs in the
medium- and high-motion groups and no significant differences in 5

FIGURE 5. Relative differences between SUVmax of ROIs extracted from MoCo and non-MoCo reconstructions. Differences are larger in higher-motion
groups, as expected. Since MoCo reconstruction ensures better alignment with attenuation map, SUVmax is expected to be more accurate in MoCo
reconstructions than in non-MoCo reconstructions, regardless of which is greater or lesser.

FIGURE 4. Likert scores for MoCo and non-MoCo reconstructions for 2 questions: image sharpness (A) and diagnostic quality (B). In non-MoCo cases,
reader scores had more variation among datasets in higher-motion groups, with some images not being diagnostically acceptable. In MoCo cases,
scores were consistent across all motion groups.
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of 8 ROIs in the low-motion group. The reader study confirmed that
the image quality of the MoCo reconstructions was preferred over
the non-MoCo reconstructions when motion was present and did not
affect the scores when no motion was present, while the atlas-based
analysis confirmed that motion correction does affect the quantita-
tion of the reconstructions in the presence of motion.
Our study incorporated data from 3 scanners with very different

geometries, with the axial field of view ranging from 157 to 250 mm,
and all scanners benefitted from motion correction. The higher sensi-
tivity and time-of-flight resolution of modern scanners allows for use
of shorter frame durations for motion estimation and, hence, improved
temporal sampling. To optimize temporal sampling, scanner-specific
optimization may be necessary (17). Motion estimation and recon-
struction were performed in a research setting and took approximately
2 h, which was about 30% longer than the non-MoCo reconstruction
of the same dataset. Significantly faster reconstruction is expected
with software optimization and dedicated hardware (e.g., graphics
processing units) to ensure that the approach can be clinically feasible
in future work.
This study had some limitations. We focused on 18F-FDG because it

is the most common clinically used radiotracer. However, assuming
that accurate motion estimates can be obtained with other radiotracers,
we expect that motion correction would have a similar effect on recon-
structions of such datasets. Accurate motion estimation has been dem-
onstrated previously with 18F-florbetaben using this approach (17).
Optical motion tracking was not available for comparison, as the data
were processed retrospectively, and such a comparison was not the
intention of this work. This work did not include examinations for
which the activity distribution of the radiotracer inside the brain may
change substantially during the scan, such as an 15O-H2O brain perfu-
sion study, since the reference frame used for registration would not be
representative of the entire dataset. Although an approach for motion
estimation in such cases would be more challenging and was outside of
the scope of the current work, we believe that a data-driven solution is
possible; such a solution is the topic of ongoing research. Lastly,
whereas image quality before and after motion correction was evalu-
ated, the diagnostic implications of the MoCo images were not fully
investigated. Considering the promising nature of our current results,
we plan to further investigate the clinical impact of the application.

CONCLUSION

We have presented an evaluation of a data-driven technique for
correction of head motion in brain PET imaging. We demonstrated
that motion is prevalent among standard clinical datasets and that
motion correction has a significant impact on reconstructions, both
qualitatively and quantitatively. The application of motion correction
was not detrimental to image quality or quantification when no
motion was present. Because motion is a known confounder of clini-
cal brain PET, using data-driven motion correction will likely have
important implications for diagnostic and research studies in which
motion may occur. Given that the proposed solution relies entirely
on retrospective reconstruction, it can readily be adopted into routine
PET imaging procedures.
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KEY POINTS

QUESTION: How effective is the proposed data-driven head
motion correction technique?

PERTINENT FINDINGS: Motion was observed in 70% of the
study cohort, consisting of 50 consecutively acquired datasets.
A reader study showed that all datasets that were deemed
diagnostically unacceptable without motion correction (8%, 4/50)
were then diagnostically acceptable with motion correction, with
a significant improvement in cases of high motion. An 8-ROI
atlas-based quantitative analysis concluded that motion correction
had a significant impact on SUVmax (#9%) in 65% of the ROIs.

IMPLICATIONS FOR PATIENT CARE: Patient motion would no
longer be a concern for 18F-FDG PET brain imaging when using
this technology; patients could be scanned regardless of motion
risk, and any motion would be corrected.

TABLE 5
Results from Paired Wilcoxon Tests on ROI SUVmax of MoCo and Non-MoCo Images and from Levene Tests on

Variance of ROI SUVmax Relative-Difference Values

Wilcoxon test on SUVmax Levene test on relative difference in SUVmax

Site Low Offset Medium High Offset Medium High

Frontal lobe 0.03* 0.25 0.009* 0.007* 0.10 0.002* 0.02*

Occipital lobe 0.03* 0.004* 0.009* 0.001* 0.73 0.001* 0.005*

Temporal lobe 0.007* 0.16 0.10 0.007* 0.001* 0.04* 0.01*

Parietal lobe 0.11 0.004* ,0.001* 0.08 0.89 0.01* 0.009*

Cerebellum 0.39 .0.99 0.71 0.03* 0.05 0.04* 0.04*

Left cerebral cortex 0.09 0.008* 0.02* 0.03* 0.20 0.0499* 0.01*

Right cerebral cortex 0.21 0.004* 0.01* 0.009* 0.24 0.07 0.24

Whole cerebral cortex 0.21 0.004* 0.03* 0.02* 0.13 0.04* 0.03*

*Significant difference (P , 0.05, false-discovery-rate–corrected).
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Impact of ComBat Harmonization on PET Radiomics-Based
Tissue Classification: A Dual-Center PET/MRI and
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Our purpose was to determine whether ComBat harmonization
improves 18F-FDG PET radiomics-based tissue classification in pooled
PET/MRI and PET/CT datasets. Methods: Two hundred patients who
had undergone 18F-FDG PET/MRI (2 scanners and vendors; 50
patients each) or PET/CT (2 scanners and vendors; 50 patients each)
were retrospectively included. Gray-level histogram, gray-level cooc-
currence matrix, gray-level run-length matrix, gray-level size-zone
matrix, and neighborhood gray-tone difference matrix radiomic fea-
tures were calculated for volumes of interest in the disease-free liver,
spleen, and bone marrow. For individual feature classes and a multi-
class radiomic signature, tissue was classified on ComBat-harmonized
and unharmonized pooled data, using a multilayer perceptron neural
network. Results: Median accuracies in training and validation data-
sets were 69.5% and 68.3% (harmonized), respectively, versus 59.5%
and 58.9% (unharmonized), respectively, for gray-level histogram;
92.1% and 86.1% (harmonized), respectively, versus 53.6% and
50.0% (unharmonized), respectively, for gray-level cooccurrence
matrix; 84.8% and 82.8% (harmonized), respectively, versus 62.4%
and 58.3% (unharmonized), respectively, for gray-level run-length
matrix; 87.6% and 85.6% (harmonized), respectively, versus 56.2%
and 52.8% (unharmonized), respectively, for gray-level size-zone
matrix; 79.5% and 77.2% (harmonized), respectively, versus 54.8%
and 53.9% (unharmonized), respectively, for neighborhood gray-tone
difference matrix; and 86.9% and 84.4% (harmonized), respectively,
versus 62.9% and 58.3% (unharmonized), respectively, for radiomic
signature. Conclusion: ComBat harmonization may be useful for mul-
ticenter 18F-FDG PET radiomics studies using pooled PET/MRI and
PET/CT data.

KeyWords: PET/MRI; radiomics; harmonization
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Radiomics, a computer-assisted technique for extraction of
quantitative features from diagnostic images (1,2), is increasingly
being applied to PET (3). However, PET radiomic features are

known to be sensitive to image acquisition and reconstruction param-
eter variations, instrumentation bias (4), and probably injected dose
and are therefore of limited use in multicenter studies without further
preprocessing.
ComBat harmonization was proposed and has been successfully

used by Orlhac et al. to correct PET radiomic data for differences in
imaging device and acquisition protocols while preserving biologic
and pathophysiologic associations (5). Notably, previous studies
applying ComBat to PET radiomics used data almost exclusively
from different PET/CT scanners (5–11) but did not include PET/
MRI data. Since PET/MRI relies on a fundamentally different, MRI-
based method for PET attenuation correction (AC) (12), differences
in PET radiomics may be more pronounced between PET/MRI and
PET/CT. To our knowledge, only 2 studies compared 18F-FDG PET
radiomic feature values obtained with PET/CT and PET/MRI.
Vuong et al. compared 18F-FDG PET radiomic feature values of 9
patients with lung lesions who underwent PET/MRI and subsequent
PET/CT after a single 18F-FDG injection, that is, with PET per-
formed at different time points, which, because of the differences in
counts, is likely to affect radiomic feature values (13). Correlation
coefficients suggested that 50% of texture features were not robust
or stable between the 2 scans, but the effects of this feature instabil-
ity on radiomics-based classification were not investigated, and no
harmonization was applied. Tsujikawa et al. compared the 18F-FDG
PET radiomics of 15 patients with gynecologic or oral cavity/oro-
pharyngeal cancers who underwent PET/CT and subsequent PET/
MRI after a single 18F-FDG injection, that is, also at different time
points (14). Contrary to Vuong et al., these authors reported a gener-
ally high correlation between PET/CT- and PET/MRI-based radio-
mic features; in particular, textural features were less affected by
differences in scanners and scan protocols than were conventional
and histogram features, possibly because of the use of resampling
with 64 bins (i.e., a bin width of 0.4). The impact of ComBat harmo-
nization was not evaluated in either study.
Therefore, our dual-center study aimed to determine the impact

of ComBat harmonization in a larger, pooled 18F-FDG PET/MRI
and PET/CT radiomic dataset with real-world—in part, marked—
intrinsic heterogeneity between institutions and vendors in terms
of acquisition parameters according to standard clinical practice.
We focused on discrimination between visually similar but biolog-
ically different tissues, as a surrogate for lesions with similar tracer
uptake. Rather than investigating statistical differences between
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numeric radiomic feature values, we used tissue classification
accuracy as the main outcome measure, to simulate conditions
comparable to those of current clinical radiomics trials.

MATERIALS AND METHODS

Patients and Design
Two hundred consecutive patients (92 women, 108 men; mean age,

46.2 6 17.3 y) who had undergone whole-body 18F-FDG PET/MRI or
PET/CT for clinical purposes from January 2010 to December 2020 were
retrospectively included. This Health Insurance Portability and Account-
ability Act–compliant study was approved by the Institutional Review
Boards of Memorial Sloan Kettering Cancer Center and the Medical Uni-
versity of Vienna; the need to obtain informed consent was waived. Inclu-
sion criteria were no evidence of disease in the liver, spleen, or bone
marrow according to imaging, pathology, and clinical reports, as well as
imaging performed on 1 of 4 specified scanners (50 patients per scanner).
Exclusion criteria were glucose levels above 180 mg/dL before PET, sub-
stantial 18F-FDG extravasation, or imaging artifacts obscuring analyzed
tissues.
Imaging Protocols. At the first center (Memorial Sloan Kettering

Cancer Center), PET/MRI was performed on a Signa PET/MRI scan-
ner and PET/CT on a Discovery 690 scanner (both GE Healthcare)
(Supplemental Table 1; supplemental materials are available at http://
jnm.snmjournals.org). PET was performed 1 h after intravenous injec-
tion of 444 MBq 6 10% of 18F-FDG. For AC, a 2-point Dixon LAVA
(liver acquisition with volume acceleration) T1-weighted sequence was
used for PET/MRI and an unenhanced, low-dose spiral CT series for
PET/CT. Signa PET/MRI used a standard z-axis filter with a cutoff of
5 mm, and Discovery 690 PET/CT used a heavy z-axis filter and gauss-
ian transaxial filter with a 6.4-mm cutoff.

At the second center (Medical University of Vienna), PET/MRI was
performed on a Biograph mMR scanner and PET/CT on a Biograph
TruePoint 64 scanner (both Siemens). PET was performed 1 h after
intravenous injection of a 3 MBq/kg dose of 18F-FDG. For AC, an
axial 2-point Dixon VIBE (volumetric interpolated breath-hold exami-
nation) T1-weighted sequence was used for PET/MRI and a contrast-
enhanced, full-dose spiral CT venous-phase series for PET/CT. For the
Biograph TruePoint64 PET/CT, no postreconstruction filter was used,
and for the Biograph mMR PET/MRI, a gaussian filter of 2 mm in full
width at half maximum was used.

Image Analysis and Harmonization
Using the Beth-Israel PET/CT viewer and the International Bio-

marker Standardization Initiative–compliant PyRadiomics plugins for
FIJI (15–17), 3-dimensional radiomic features were extracted from the
liver, spleen, and bone marrow (vertebral body L4) using manually
defined 2.5-cm3 spheric volumes of interest (Fig. 1). The 3 tissues
were chosen because they are relatively homogeneous, meaning that
variations in volume-of-interest placement should not have a relevant
impact on feature values; they are large enough to allow placement of
a sufficiently large volume of interest of identical size and shape; and
they have a visually similar 18F-FDG PET pattern in terms of degree
of tracer uptake and image texture. In addition, a fourth volume of
interest of the same size was placed in the aorta to measure blood pool
radiomic features. Before feature extraction, intensity discretization
using a fixed bin width of 0.5 and spatial resampling to 1.5 3 1.5 3

1.5 mm voxels using B-spline interpolation were applied; discretiza-
tion and resampling values were chosen because they are in the range
of optimal settings for histogram and texture features reported by Yip
et al. (18). Nineteen features were calculated for gray-level histogram,
24 for gray-level cooccurrence matrix, 16 for gray-level run-length
matrix, 16 for gray-level size-zone matrix, and 5 for neighborhood
gray-tone difference matrix (a feature list is provided in Supplemental

Table 2; equations can be found
at https://pyradiomics.readthe
docs.io/en/latest/features.html).
ComBat harmonization (with-
out empiric Bayes assumption,
with parametric adjustments and
4 batches) was applied to all
features, separately for the indi-
vidual analyzed tissues, as pre-
viously described (5).

Statistical Analysis
Cases were randomly assigned

to a training dataset (70%; 140
patients) and a validation data-
set (30%; 60 patients); assign-
ment to training and validation
datasets was repeated 5 times
(i.e., 5-fold cross-validation) and
was identical for unharmonized
and harmonized datasets to en-
sure comparability. Separately
for unharmonized and harmo-
nized datasets, and indepen-
dently for the different feature
classes (gray-level histogram,
gray-level cooccurrence matrix, gray-level run-length matrix, gray-level
size-zone matrix, and neighborhood gray-tone difference matrix), a mul-
tilayer perceptron neural network (MLP-NN (19); 1 hidden layer with at
least 3 neurons) was used to discriminate between liver, spleen, and
bone marrow to generate a 3-tissue model and then by also adding blood
pool data to generate a 4-tissue model, using all features of a class as
input. Median accuracies were calculated for training and validation
datasets in the 3-tissue and the 4-tissue models, and Wilcoxon signed-
rank tests were used to compare differences in accuracies between paired
unharmonized and harmonized datasets. In addition, for the 3-tissue
model, areas under the receiver-operating characteristic curves (AUCs)
were calculated for validation data using a pairwise (i.e., 1 vs. 2 tissues)
approach. Three-dimensional scatterplots were used to visualize scanner-
specific and organ-specific clustering in both unharmonized and harmo-
nized datasets.

To generate radiomic signatures for tissue discrimination, principal-
component analysis (based on Eigenvalues . 1, maximum of 25 itera-
tions for convergence) based on all features of all classes was performed
separately for 3-tissue and 4-tissue models. Principal radiomic compo-
nents were used as input for the MLP-NN, and accuracies and areas
under the curve were calculated.

To investigate the impact of the number of hidden layers for MLP-
NN classification—that is, to test whether the MLP-NN would, by
itself, be able to correct for technical differences between PET/CT and
PET/MRI scanners with an additional hidden layer—MLP-NN classifi-
cation was again performed on the unharmonized dataset of the 3-tissue
model, this time using the scanner type as an additional nominal input
variable (factor) and using a network architecture with 1 hidden layer
first and then an architecture with 2 hidden layers.

Generalized estimating equation–based casewise classifications from
all 5 MLP-NN iterations performed using radiomic signatures were
applied to model the impact of scanner type, organ, method (unharmon-
ized and harmonized), and all 2- and 3-way interactions on the percent-
age of correctly classified volumes of interest, taking into account
multiple measurements per patient. All tests, including MLP-NN, were
performed using SPSS, version 24.0 (IBM). The specified level of signif-
icance was a P value of less than 0.05.

FIGURE 1. Representative 18F-FDG
PET image showing volume-of-inter-
est placement in 3-tissue model: liver
(blue), spleen (green), and bone mar-
row (red).
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RESULTS

3-Tissue Model
Using unharmonized datasets consisting of pooled data from the

4 scanners, 18F-FDG PET radiomics-based tissue discrimination
yielded median accuracies ranging from 50.0% to 62.4% for indi-
vidual feature classes (Table 1). The multiclass radiomic signature
(10 principal components) provided 62.9% median accuracy in the
training dataset and 58.3% in the validation dataset. Depending on
the feature class, areas under the curve for 1-tissue versus 2-tissue
discrimination suggested poorer separability of the spleen from the
other tissues; separation of liver and bone marrow from the other
2 tissues was similar for most feature classes (Fig. 2).
ComBat harmonization significantly improved 18F-FDG PET

radiomics-based tissue discrimination for all feature classes, but most
prominently for gray-level cooccurrence matrix features (median
accuracy, 138.5 percentage points [p.p.] in the training cohort and
136.1 p.p. in the validation cohort) and gray-level size-zone matrix
features (median accuracy, 131.4 p.p. in the training cohort and
132.8 p.p. in the validation cohort) (Table 1; Fig. 3). Tissue classifi-
cation was also improved for the radiomic signature (10 principal
components), with a median accuracy of 86.9% in the training dataset
(124.0 p.p. compared with unharmonized data) and 84.4% in the
validation dataset (126.1 p.p. compared with unharmonized data).
Similarly, areas under the curve for 1-tissue versus 2-tissue dis-
crimination were markedly improved in all cases (Fig. 2). Nota-
bly, generalized estimating equation analyses revealed lower
classification accuracies (i.e., higher misclassification rates) in
the PET/MRI cohort than in the PET/CT cohort (Supplemental
Table 3).

4-Tissue Model
Using unharmonized datasets, 18F-FDG PET radiomics-based tis-

sue discrimination yielded median accuracies ranging from 39.6% to
46.3% for individual feature classes (Table 2). The multiclass radio-
mic signature (11 principal components) provided slightly better
results, with 51.6% median accuracy in the training dataset and
48.8% in the validation dataset. Again, ComBat harmonization sig-
nificantly improved 18F-FDG PET radiomics-based tissue discrimi-
nation for all feature classes except gray-level histogram, but most
prominently for gray-level size-zone matrix (median accuracy,
141.6 p.p. in the training cohort and 142.9 p.p. in the validation
cohort) and neighborhood gray-tone difference matrix (median accu-
racy, 120.6 p.p. in the training cohort and 118.8 p.p. in the valida-
tion cohort) (Table 2). Tissue classification was also improved for
the radiomic signature (10 principal components), with a median
accuracy of 82.1% in the training dataset (130.5 p.p. compared with
unharmonized data) and 81.3% in the validation dataset (132.5 p.p.
compared with unharmonized data).
Similar to the 3-tissue model, accuracies were lower (i.e., the

percentage of misclassified cases was higher) in the PET/MRI
cohort than in the PET/CT cohort (Supplemental Table 3).

Impact of Number of Hidden Layers for MLP-NN
Using radiomic signatures (principal components) extracted

from unharmonized data in the 3-tissue model, MLP-NN classifi-
cation with 1 hidden layer yielded median accuracies of 71.0%
(range, 66.0%–71.1%) in the training set and 62.8% (range,
59.4%–71.1%) in the validation set. With 2 hidden layers, median
accuracies were 71.0% (range, 64.5%–74.0%) in the training set

TABLE 1
Tissue Classification Based on Radiomic Feature Classes and Signatures in 3-Tissue Model

Classification accuracy

Unharmonized Harmonized

PMedian Range Median Range

Gray-level histogram

Training 59.5 57.4–62.1 69.5 66.0–77.1 0.043

Validation 58.9 53.3–61.1 68.3 58.3–73.9 0.043

Gray-level cooccurrence matrix

Training 53.6 47.9–56.7 92.1 88.1–95.2 0.043

Validation 50.0 48.9–55 86.1 80.6–90.6 0.043

Gray-level run-length matrix

Training 62.4 58.8–64.5 84.8 82.4–89.5 0.043

Validation 58.3 57.2–62.8 82.8 73.9–87.8 0.043

Gray-level size-zone matrix

Training 56.2 52.9–57.9 87.6 84.0–89.0 0.042

Validation 52.8 51.7–58.3 85.6 74.4–90.6 0.043

Neighborhood gray-tone difference matrix

Training 54.8 53.3–55.7 79.5 75.5–82.9 0.043

Validation 53.9 50–59.4 77.2 73.9–85.0 0.042

Radiomic signature

Training 62.9 61–63.6 86.9 86.0–90.0 0.043

Validation 58.3 55.6–63.9 84.4 76.7–86.7 0.043

Data are percentages.
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and 67.2% (range, 61.1%–70.0%) in the validation set. Differences
between MLP-NN with 1 hidden layer and MLP-NN with 2 hid-
den layers were significant neither in the training set (P 5 0.89)
nor in the validation set (P 5 0.27).

DISCUSSION

Our results suggest that ComBat harmonization enables success-
ful 18F-FDG PET radiomics-based tissue classification in pooled
PET/MRI and PET/CT datasets. ComBat led to substantial and
statistically significant gains in classification accuracies for both
individual radiomic feature classes and multiclass radiomic signa-
tures (Table 1; Fig. 2), as typically applied in radiomics research,
and in both the 3-tissue and the 4-tissue models, though at differ-
ent accuracies probably because of introduction of a tissue (i.e.,
blood pool) without actual intrinsic structure.
ComBat harmonization is a postreconstruction algorithm based

on empiric Bayes estimation (20). Originally developed to reduce
the batch effect in genomic data, ComBat has recently been
applied to multicenter PET, CT, and MRI data (5,21,22). Several
PET radiomics studies with heterogeneous datasets used ComBat
to improve classification (6–11), but very few investigated the
actual effects of ComBat on PET radiomics-based classification.
In patients with cervical cancer, and using data from 3 centers,

Lucia et al. reported a combined 18F-FDG PET/CT and MRI radio-
mics-based locoregional control prediction accuracy of 98% for har-
monized data and 86% for unharmonized data (6). Da-Ano et al.
observed similar trends when testing different ComBat modifications
in a slightly extended cervical cancer cohort and for several classifiers
(23). However, ComBat did not improve cervical cancer survival pre-
diction when 18F-FDG PET features were combined with clinical
parameters (8).
Although for PET/CT, the CT component provides attenuation

coefficients and correction factors for PET AC, the standard approach
in PET/MRI is a T1-weighted gradient-echo Dixon sequence to gen-
erate an AC map for separation of soft tissue, fat, lung, and air (12).
This approach, although robust (24), leads to systematic underestima-
tion of attenuation coefficients in the presence of cortical bone (25).
Further, uniform attenuation coefficients are assigned to the separated
tissue types in MRI-based AC, meaning that, contrary to CT AC
maps (26), no noise is present in the MRI AC maps. Noise, therefore,
does not translate into PET images using MRI-based AC. These dif-
ferences may affect not only SUVs but also PET radiomic features
and, thus, comparability between PET/MRI- and PET/CT-based
metrics. Figure 3 clearly illustrates the clustering of radiomic fea-
tures (represented by the top 3 principal components) to the different
scanners in the unharmonized datasets. ComBat decreased or
resolved this scanner-specific clustering and improved organ-specific

FIGURE 2. Receiver-operating-characteristic curves (validation set) for pairwise (1 vs. 2) MLP-NN–based tissue discrimination (median of 5 iterations
shown). After ComBat harmonization, areas under curve are clearly improved for individual radiomic feature classes and radiomic signatures. GLCM5 gray-
level cooccurrence matrix; GLH5 gray-level histogram; GLRLM5 gray-level run-length matrix; GLSZM5 gray-level size-zone matrix; NGTDM5 neighbor-
ing gray-tone difference matrix.
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clustering, leading to higher classification ac-
curacies in both the 3-tissue and the 4-tissue
models (Tables 1 and 2). Notably, there was
an imbalance between PET/MRI and PET/
CT in terms of accuracies, with PET/MRI
data showing slightly lower accuracies than
PET/CT in the unharmonized datasets and
clearly lower accuracies after harmonization
(Supplemental Table 3)—that is, the benefit
of ComBat application was greater for PET/
CT than for PET/MRI.
We used an MLP-NN for tissue classifi-

cation, which—though a long-established
machine learning algorithm—is not as
commonly used in radiomics research as
are other algorithms. However, MLP-NN
has often yielded better results than other,
more popular techniques, such as random
forests (27–31). The use of MLP-NN also
enabled us to explore the impact of an addi-
tional hidden layer on classification results,
which led to slight but statistically nonsignif-
icant improvement of results. Although we
cannot rule out that other algorithms might
have achieved even better classification
accuracy, it seems unlikely that the choice
of a different algorithm would have af-
fected our main result, that is, that ComBat

FIGURE 3. Three-dimensional scatterplots showing obvious scanner-specific clustering within
unharmonized dataset, which is decreased or resolved in harmonized dataset. Conversely, cluster-
ing according to tissue type (liver, spleen, and bone marrow) is improved in harmonized dataset; in
particular, liver cluster (blue) is now clearly visible.

TABLE 2
Tissue Classification Based on Radiomic Feature Classes and Signatures in 4-Tissue Model

Classification accuracy

Unharmonized Harmonized

PMedian Range Median Range

Gray-level histogram

Training 46.3 44.8–48.9 56.1 53.6–60.4 0.043

Validation 45.8 42.5–49.2 53.8 46.3–56.3 0.043

Gray-level cooccurrence matrix

Training 43.4 37.5–46.1 62.7 60.5–64.3 0.043

Validation 39.2 36.7–41.7 57.5 50.8–65.0 0.042

Gray-level run-length matrix

Training 46.3 43.4–47.1 63.0 57.3–64.5 0.042

Validation 41.7 40.4–47.9 59.2 52.5–61.7 0.043

Gray-level size-zone matrix

Training 43.4 41.4–43.8 86.0 83.0–87.5 0.043

Validation 39.6 36.3–42.9 82.5 68.8–85.0 0.043

Neighborhood gray-tone difference matrix

Training 42.1 39.6–45.0 62.7 60.0–64.3 0.043

Validation 42.5 36.7–46.7 61.3 57.1–65.8 0.043

Radiomic signature

Training 51.6 48.2–56.6 82.1 80.0–86.3 0.042

Validation 48.8 42.9–50.8 81.3 67.5–82.9 0.043

Data are percentages.
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improves tissue classification in technically heterogeneous datasets.
The retrospective design of our study together with our use of clini-
cal PET scans (for which raw data were not stored in our institu-
tions) precluded us from using more uniform image acquisition and
reconstruction settings. Although this technical heterogeneity within
pooled PET data from different institutions reflects clinical reality,
use of predefined, more uniform imaging protocols, such as in pro-
spective multicenter studies, is likely to decrease the impact of Com-
Bat harmonization or even make its use unnecessary.

CONCLUSION

Our data suggest that radiomics studies using pooled 18F-FDG
PET data from PET/MRI and PET/CT devices are feasible and
should apply ComBat harmonization as a preprocessing step, at
least in retrospective technically heterogeneous datasets, as well as
prospectively if no uniform imaging protocol is implemented. We
expect this strategy to improve the generalizability of results and
facilitate the development of radiomics-based applications for use
in clinical practice.
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KEY POINTS

QUESTION: Is ComBat harmonization useful in pooled PET/MRI
and PET/CT radiomic data?

PERTINENT FINDINGS: ComBat improves PET radiomics-based
tissue classification for both individual radiomic feature classes
and multiclass radiomic signatures.

IMPLICATIONS FOR PATIENT CARE: ComBat harmonization
should be applied in multicenter radiomics studies using pooled
PET/MRI and PET/CT data.
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