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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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JNM Editors’ Choice Awards for 2021

J
ohannes Czernin, MD, editor-in-chief of The Journal
of Nuclear Medicine (JNM), and his associate editors
and editorial board announced in April the articles

chosen as the most outstanding contributions to the journal
appearing in 2021. The JNM Editors’ Choice Awards are
presented in June as part of the SNMMI Annual Meeting.
Awarded articles are selected by the associate editors by
anonymous vote. “Along with my colleagues on the editorial
board, I am pleased to recognize these contributions as out-
standing clinical and preclinical research,” said Czernin.
“Submissions to JNM remained strong and of extraordinarily
high quality in 2021. Our awardees represent the cutting-
edge clinical research activities that are advancing nuclear
medicine, molecular imaging, and theranostics to the benefit
of patients.”

In the category of Best Clinical Article, the award went to
Manuel R€ohrich, from University Hospital Heidelberg (Ger-
many), and coauthors Patrick Naumann, Frederik L. Giesel,
Peter L. Choyke, Fabian Staudinger, Annika Wefers, Dawn P.
Liew, Clemens Kratochwil, Hendrik Rathke, Jakob Liermann,
Klaus Herfarth, Dirk J€ager, J€urgen Debus, Uwe Haberkorn,
Matthias Lang, and Stefan A. Koerber for “Impact of 68Ga-
FAPI PET/CT imaging on the therapeutic management of

primary and recurrent pancreatic ductal adenocarcinomas”
(J Nucl Med. 2021;62:779–786). This contribution was also
named the best overall article in JNM for 2021.

Mark G. MacAskill, from the University/BHF Centre for
Cardiovascular Science at the University of Edinburgh (UK),
and coauthors Agne Stadulyte, Lewis Williams, Timaeus E.F.
Morgan, Nikki L. Sloan, Carlos J. Alcaide-Corral, Tashfeen
Walton, Catriona Wimberley, Chis-Anne McKenzie, Nick
Spath, William Mungall, Ralph BouHaidar, Marc R. Dweck,
Gillian A. Gray, David E. Newby, Christophe Lucatelli,
Andrew Sutherland, Sally L. Pimlott, and Adriana A.S. Tavares
were the recipients of the award for Best Basic Science Arti-
cle for “Quantification of macrophage-driven inflammation
during myocardial infarction with 18F-LW223, a novel TSPO
radiotracer with binding independent of the rs6971 human
polymorphism” (J Nucl Med. 2021;62:536–544).

“The associate editors and I are grateful for these
remarkable contributions,” said Czernin. “These and similar
efforts ensure that JNM remains the journal of choice for
publishing clinical, basic, and translational research in
nuclear medicine, molecular imaging, radiopharmaceutical
therapy, and theranostics.”

Outstanding JNMT Articles for 2021

K
athy S. Thomas, MHA, CNMT, PET, editor-in-chief
of the Journal of Nuclear Medicine Technology
(JNMT ), and members of the journal’s board of edi-

tors announced in April the winners of annual awards for
outstanding articles. These awards are presented each year
to the authors of articles that have contributed significantly
to practice, education, and scientific understanding in the
field. The first-place Editors’ Choice Award for 2021 went
to Shannon N. Youngblood from the University of Arkansas
for Medical Sciences (Little Rock) and Ochsner Medical
Center (Baton Rouge, LA) for “Bullying in the nuclear
medicine department and during clinical nuclear medicine
education” (J Nucl Med Technol 2021;49:156–163). The
second-place award was presented to Kyohei Okuda from
Tottori University Hospital (Yonago, Japan) and coauthors
Daisuke Hasegawa, Takashi Kamiya, Hajime Ichikawa,
Takuro Umeda, Takushi Ohkubo, and Kenta Miwa for
“Multicenter study of quantitative SPECT: Reproducibil-
ity of 99mTc quantitation using a conjugated-gradient min-
imization reconstruction algorithm” (J Nucl Med Technol.
2021;49:138–142).

Pietro Paolo de Barros, from the Federal Institute of Edu-
cation, Science, and Technology of Santa Catarina–IFSC
(Florian$opolis, Brazil), and coauthors Tatiane Sabriela Cagol

Camozzato, Tiago Jahn, Fl$avio Augusto Penna Soares, Let$ıcia
Machado da Silva, Jacqueline de Aguiar Soares, and Marco
Antonio Neiva Koslosky received the third-place award for
“Analysis of radiometry on patients undergoing radioactive
iodine therapy” (J Nucl Med Technol. 2021;49:75–81).

Julie Bolin from the Nuclear Medicine Technology Pro-
gram at GateWay Community College (Phoenix, AZ) was the
recipient of the award for best continuing education article
for “Thyroid follicular epithelial cell–derived cancer: New
approaches and treatment strategies” (J Nucl Med Techol.
2021;49:199–208). The award for best educators’ forum arti-
cle went George Patchoros and Grace Wenzler from Bronx
Community College (NY) for “Satisfying program-level out-
comes by integrating primary literature into the online class-
room” (J Nucl Med Technol. 2021;49:170–174).

“These outstanding articles show not only the diversity
and complexity of research and education in our field, they
represent extraordinary achievements by frontline care spe-
cialists during a very challenging time,” said Thomas. “I am
especially proud that these award-winning authors address
not only technical and practice issues but ethical questions to
which we all should be more sensitive. We congratulate this
year’s awardees and all those whose contributions continue
to make JNMT a vital resource for our community.”
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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

Putting Patients First: A Year in Review
Richard L. Wahl, MD, SNMMI President

O
ver the past year, SNMMI has implemented many
new initiatives focused on putting the patient first. As
SNMMI president, I have worked with our dedicated

leadership, volunteers, and staff to develop programs to
improve access to care, advocate for appropriate reimburse-
ment, encourage scientific advances, and ensure quality and
safety. The resulting achievements will help propel the growth
of the field, ultimately benefiting our patients.

Among the goals most important to me in this past year has
been to ensure that historically underserved populations, rural
and urban, receive equitable imaging and treatment. Appropri-
ate reimbursement is critical to ensuring that patients have
access to cutting-edge nuclear medicine and molecular imaging
innovations. If a radiopharmaceutical is not adequately reim-
bursed, providers may not offer procedures that utilize it—
which in turn limits patient access.

SNMMI has partnered with the Council on Radionuclides
and Radiopharmaceuticals and the Medical Imaging and Tech-
nology Alliance to develop and advance major bipartisan legis-
lation, the Facilitating Innovative Nuclear Diagnostics (FIND)
Act, which would require Medicare to appropriately reimburse
for radiopharmaceuticals. Widespread efforts have been made
to promote the legislation, including briefings with key congres-
sional staff and continuing conversations with government agen-
cies, insurance providers, and patient groups to advocate for
proper reimbursement. More than 80 groups now support the
legislation. To find out more, visit www.snmmi.org/FindAct.

In addition to the FIND Act, long-term efforts by the society
with the Centers for Medicare and Medicaid Services (CMS)
resulted this year in 2 critical wins: coverage of 18F-FDG PET
for infection and inflammation and expansion of CMS coverage
for nononcologic PET. Both advances will expand access to crit-
ical care for patients.

To further promote access to care, in March SNMMI hosted
a successful summit on “Patient Access to and Health Dispar-
ities in Nuclear Medicine Procedures.” The meeting gathered
representatives from major stakeholders in the nuclear medicine
and health equity spaces who identified and addressed barriers
that prevent patients from accessing high-quality nuclear medi-
cine scans and therapies.

In the past year, we have seen notable scientific advances in
nuclear medicine and molecular imaging that will significantly
accelerate growth in the field. The society is raising awareness
about new radiopharmaceutical therapies (177Lu-PSMA-617 and
177Lu-DOTATATE, for example) with medical professionals,
providing education materials, developing appropriate use crite-
ria, and hosting an annual Therapeutics Conference. The society
launched a newRadiopharmaceutical Therapy portal that contains
detailed information for nuclear medicine professionals, referring
physicians, and patients. SNMMI also launched a consumer
media campaign in the fall of 2021 to raise public awareness of

what nuclear medicine is and what it
can accomplish, reaching nearly a bil-
lion consumers in its first 6 months.

To encourage further advances in
research,SNMMIapproved thecreation
of 6 Cancer Cooperative Group Junior
Faculty Mentorship Awards last year.
These fellows will join the National
Cancer Institute’s National Clinical
Trials Network cooperative groups in
helping to influence, design, and lead
trials. In addition, a 177Lu Dosimetry
Challenge was launched in early 2021, followed by a special
JNM supplement published in December, with the ultimate goal
of advancing the practice of personalized dosimetry.

SNMMI recognizes that quality and safety are major con-
cerns of patients and is constantly striving to ensure that patients
receive the best care. Earlier in 2022 SNMMI created the Radio-
pharmaceutical Therapy Center of Excellence program to certify
sites that meet strict regulatory, training, qualification, experi-
ence, and performance criteria for radiopharmaceutical therapy.
The response from clinical sites throughout the country has
been strong, with more than 30 applicants and 9 designated sites
as of this writing. With this prestigious designation, institutions
can assure patients, their families, referring physicians, and
payers that rigorous procedures are in place and followed, sup-
porting appropriate patient selection and optimal outcomes from
radiopharmaceutical therapy. To gather research on targeted
radiopharmaceutical therapies, the SNMMI Board of Directors
approved development of the Radiopharmaceutical Therapy
Registry in 2021. This registry monitors anonymized data from
patients who received radiopharmaceutical therapies.

Growing and sustaining the nuclear medicine and molecular
imaging workforce are essential for nuclear medicine and
molecular imaging. As part of its Value Initiative, SNMMI cre-
ated a Workforce Pipeline task force this year to bring young
talent into the field. SNMMI is also taking an active role in
refining multidisciplinary care pathways and is leading the way
in defining the new role of the nuclear oncologist.

Looking toward the future, SNMMI initiated its Mars Shot
fund this year to radically transform the nature of disease treat-
ment, prevention, diagnosis, and prognosis using visionary
nuclear medicine procedures, radiopharmaceutical therapies,
and research projects. By supporting training pathways and fel-
lowships, our hope is to allow nuclear medicine physicians to
integrate into patient management teams as key members, rather
than remaining as outlying suppliers of imaging and treatment.

We must always remember to put patients first. I remain
committed to advancing the field of nuclear medicine and
molecular imaging and look forward to the continued growth
and fruition of the society’s efforts under the leadership of our
incoming SNMMI president, Munir Ghesani, MD.

Richard L. Wahl, MD
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Editor’s note: SNMMI and the European Association of
Nuclear Medicine periodically define new standards/guide-
lines for nuclear medicine practice to help advance the sci-
ence of nuclear medicine and to improve the quality of
service to patients. Newsline is pleased to publish this some-
what abbreviated version of this most recent guideline with
wide relevance to many practitioners and patients. The com-
plete version is available at: https://www.snmmi.org/
ClinicalPractice/content.aspx?ItemNumber=6414 and includes
relevant background and important liability statements and
acknowledgments.

I. INTRODUCTION

Differentiated thyroid cancers (DTC) are slow-growing
tumors with very low disease-specific mortality rates for
local2regional disease (5-y survival: 99.9% for localized
disease, 98.3% for regional metastatic disease). However,
distant metastatic disease is associated with significantly
worse prognosis (5-y survival: 54.9%) (1). Standard-of-care
management for DTC includes risk-adapted surgery, postoper-
ative 131I therapy, and thyroid hormone therapy. In uncom-
mon cases of radioiodine-refractory tumors, additional therapy
may include reoperative surgical intervention, external radio-
therapy, and interventional radiology for treatment of locore-
gional metastases and multikinase or tyrosine kinase inhibitors
for treatment of distant metastatic disease.

II. EPIDEMIOLOGY AND CLASSIFICATION

Thyroid neoplasms are the most common endocrine
tumors, with an annual incidence of 829 cases/100,000 peo-
ple, with substantial variability between and within popula-
tions. DTC accounts for .90% of cases, is more frequent in
women, and has excellent specific mortality and prognosis

in most cases. The rising incidence of thyroid cancer observed
in the last 30 y is mainly due to detection of small (# 2 cm)
tumors as a result of increased and improved imaging (2).
However, larger tumors (.2 and.5 cm) have also increased
in incidence; therefore, a concomitant true rise in thyroid
cancer incidence is possible (3). DTC is biologically and
functionally heterogeneous, with different molecular path-
ways impacting cancer cell biology. The BRAF V600E muta-
tion is particularly associated with reduced expression of all
thyroid-specific genes involved in iodine metabolism, result-
ing in variably decreased responsiveness to 131I therapy (4).
For the main clinical and pathologic characteristics of DTC,
see Table 1 (5).

III. DIAGNOSIS

Neck ultrasound (US), serum thyroid-stimulating hor-
mone (TSH), and thyroid scintigraphy are used to select
high-risk nodules for fine-needle aspiration (FNA) and filter
out low-risk nodules from inappropriate additional proce-
dures. Findings on US that are suspicious for thyroid cancer
include hypoechogenicity, solid consistency, microcalcifica-
tions, irregular margins, extrathyroidal extension (ETE), and
a taller-than-wide shape (6). Sonomorphologic nodule fea-
tures have been used by several groups to produce a stan-
dardized risk assessment for thyroid malignancy, named the
Thyroid Imaging Reporting and Data System (TIRADS)
(7,8). In the absence of suspicious cervical lymph nodes,
FNA is discouraged for nodules ,1 cm, and the decision to
aspirate larger nodules is guided by the TIRADS score in
the context of nodule size. Cytologic findings are classified
according to risk of malignancy using the Bethesda System
for Reporting Thyroid Cytopathology (9). Certain cytologies
are indeterminate, such as follicular neoplasm (or suspicious
for follicular neoplasm), and the newly defined noninvasive
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follicular thyroid neoplasm with papillary-like nuclear features.
In such cases, FNA can be complemented by assessment of
specific molecular alterations (e.g., BRAF or TERT mutations,
RET fusions), as well as molecular imaging with 99mTc-MIBI
or 18F-FDG (10).

IV. THERAPY STRATEGIES

The current strategy for DTC management is a risk-
stratified approach based on information from surgical his-
topathology, molecular markers, postoperative thyroglobulin
(Tg) levels, and anatomic/functional imaging studies (6).

A. Surgical Treatment for DTC
(Near-) total thyroidectomy was traditionally performed

in most DTC patients, with lobectomy reserved for cytolo-
gically indeterminate nodules or patients with unifocal micro-
papillary thyroid cancer (PTC) ,1 cm. Current American
Thyroid Association (ATA) guidelines recommend lobectomy
for patients with unifocal intrathyroidal low-risk DTC in the
absence of additional risk factors (i.e., no clinical evidence
of nodal metastases, cN0), although high-level evidence is
lacking (6). Management of low-risk DTC between 2 and
4 cm is a topic of debate; although a lobectomy may be pro-
posed, total thyroidectomy is still largely advised, especially
in Europe (11). Active surveillance has been recommended

as an alternative to lobectomy for unifocal micro-PTC with no
extracapsular extension or lymph node metastases (12). The
decision for active surveillance is based primarily on age-
related risk of progression, individual surgical risk factors, and
patient preference (13). In all other cases, total thyroidectomy
remains the preferred surgical approach.

Cervical lymph nodal metastases occur in 20%–60% of
patients with DTC, and this nodal involvement varies from
clinically relevant macrometastasis to seemingly clinically
irrelevant micrometastases (14,15). When lymph nodal metas-
tases are diagnosed preoperatively, central and/or lateral neck
compartment dissection reduces the risk of locoregional recur-
rence. Prophylactic central neck dissection may improve
regional control for invasive tumors (T3–T4), but it is dis-
couraged for low-risk DTC, because potentially associated
morbidities (i.e., hypoparathyroidism and recurrent laryngeal
nerve damage) are not justified by a significant clinical benefit
(16). Preoperative neck US generally suffices to plan surgery;
however, additional cross-sectional imaging (e.g, contrast-
enhanced CT, MRI) is used in locally advanced disease to
inform the surgical approach. When iodinated contrast media
are administered for preoperative CT, sufficient time (i.e.,
4–6wk) for elimination of iodine load is required before per-
forming radioiodine imaging and therapy.

PET/CT with 18F-FDG could be perfomed preoperatively
in more aggressive DTC histotypes (i.e., poorly differentiated

TABLE 1
Differentiated Thyroid Cancer: Clinical and Pathologic Characteristics (5)

Histological subtypes Morphology Molecular markers
Pattern

of spread RAI avidity

Papillary thyroid
cancer (PTC)

Classical papillae
Clear nuclei

BRAF V600E, RET/PTC fus Lymph nodes 1111

PTC–follicular variant Follicular structures
Clear nuclei

BRAF K601E, RAS, PAX8/
PPARg

Lymph nodes 11111

PTC–aggressive
variants*

Specific cell features and
structural changes

BRAF V600E, 1q amp, TERT
promoter

Lymph nodes
Lung

111

Follicular thyroid
cancer

Capsular invasion (MI)
Vascular invasion (WI)
Extrathyroidal invasion (WI)

RAS, PAX8/PPARg, PTEN,
TSHR, TERT promoter

Lung
Bone

11111

H€urthle cell thyroid
carcinoma

H€urthle cells RAS, PAX8/PPARg, PTEN,
TSHR, chromosomal loss,
mitochondrial DNA mutations,
TERT promoter

Lung
Bone

11

Poorly differentiated
thyroid cancer

Invasion
Mitoses .3
Necrosis
Convoluted nuclei

RAS, TERT promoter, TP53,
PIK3CA, PTEN, CTNNB1,
AKT1, EIF1AX, ALK fus

Lymph nodes
Lung
Bone

1/–

Anaplastic thyroid
cancer

Undifferentiated cells with
immunohistochemical or
ultrastructural features of
epithelial origin but of
morphological and
immunophenotypic markers
of thyroid origin

TP53, TERT promoter, PI3K/
AKT/mTOR, SWI/SNF
subunts, RAS, EIF1AX, BRAF

Local invasion
Lung
Bone
Lymph nodes

–

*Tall, columnar, solid, and hobnail variants.
RAI 5 radioiodine; MI 5 minimally invasive; WI 5 widely invasive; fus 5 fusion.
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thyroid cancer or H€urthle cell carcinoma) and anaplastic thy-
roid cancer (17). After surgery, the risk of structural disease
recurrence and/or persistence is assessed using the 3-tier
(low, intermediate, high) stratification recommended by the
ATA in 2009 and modified in 2015 (6), whereas the risk of
mortality from thyroid cancer is estimated using the American
Joint Commission on Cancer/TNM staging system (18).

B. Postoperative 131I Therapy
The goal of therapeutic 131I administration after total

thyroidectomy is outlined based on standardized definitions
as follows: remnant ablation, adjuvant treatment, or treat-
ment of known disease (19,20). Upon integration of various
parameters, including clinical/pathologic data and laboratory
and imaging information, 131I therapy is administered for
the following reasons: (1) to eliminate normal thyroid tissue
remnant in low-risk patients, thereby ensuring undetectable
or minimal serum Tg levels (in the absence of neoplastic tis-
sue), which facilitates follow-up (remnant ablation); (2) to
irradiate suspected but unproven sites of neoplastic cells in
low-intermediate– and intermediate-risk patients as deter-
mined by histopathologic features, thereby reducing the risk
of disease recurrence (adjuvant treatment); and (3) to treat
persistent or recurrent disease in patients with demonstrated
metastatic disease (treatment of known disease).

The impact of 131I therapy on clinical outcomes of thy-
roid cancer has been demonstrated in several large data
series. An analysis of 2,936 DTC patients in the National
Thyroid Cancer Therapy Cooperative Study Group (NTCTCS)
reported improved overall survival (OS) and disease-specific
survival in patients with advanced tumors and regional and/
or distant metastatic disease who received postoperative 131I
therapy (21). An updated analysis of 4,941 patients in the
NTCTCS study with a median follow-up of 6 y (longest
follow-up, 25 y) confirmed improved OS in stage III and IV
patients and also demonstrated improved disease-free sur-
vival for stage II patients receiving 131I therapy (22). A meta-
analysis of 31 patient-cohort studies regarding the
effectiveness of 131I therapeutic administration demonstrated
a statistically significant effect on improving clinical out-
comes at 10 y, with decreased risk for locoregional recur-
rence (RR, 0.31; CI, 0.2–0.49) and an absolute risk reduction
of 3% for distant metastatic disease (23). An analysis of the
National Cancer Database comprising 21,870 intermediate-
risk patients (mean follow-up, 6 y; longest follow-up, 14 y)
demonstrated that adjuvant 131I treatment improved OS, both
for younger (,45 y) and older ($65 y) subsets of patients.
Adjuvant 131I therapy was associated with a 29% reduction
in risk of death for all patients (24). The beneficial effects of
postoperative 131I therapy are most evident in patients with
locoregionally advanced and distant metastatic disease (stages
IVA, IVB, and IVC). An analysis of the National Cancer
Database comprising 11,832 patients demonstrated that
administration of 131I therapy was associated with signifi-
cantly improved 5- and 10-y survival for both PTC and
follicular thyroid cancer (FTC) patients, regardless of

pathologic substage (stages IVA, IVB, or IVC), as follows:
mortality rates in the PTC cohort (n 5 10,796) at 5 and 10 y
were 11% and 14%, respectively, in patients who received
131I therapy, compared to 22.7% and 25.5%, respectively, in
patients who received none; mortality rates in the FTC
cohort (n 5 1,036) at 5 and 10 y were 29.2% and 36.8%,
respectively, in patients who received 131I therapy, compared
to 45.5% and 51%, respectively, in patients who received
none (25). For patients with distant metastases, a delay of
.6 mo in administration of 131I therapy is associated with
decreased survival, demonstrated after a follow-up period of
only 5–6 y (26).

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

scheduled at a minimum of 4 wk after surgery, which allows
time for patient preparation and for reaching postoperative
Tg plateau levels, used as a marker for residual thyroid tis-
sue and/or metastatic thyroid cancer after total thyroidec-
tomy. Tg is synthesized exclusively in the thyroid follicular
cells as a precursor of thyroid hormones, and manipulation
of the thyroid gland during surgical resection releases signif-
icant Tg amounts in the systemic circulation. Tg is subse-
quently metabolized in the liver with a mean elimination
half-life (Tg t1/2) of 65.2 h (27). Correct timing of serum
sampling for Tg measurement in regard to surgery is impor-
tant, and measurements should not be performed sooner
than 25 d after total thyroidectomy to allow for clearance of
the postsurgical Tg peak (10 3 Tg t1/2) (27). Tg levels must
always be interpreted in the context of concomitant TSH
level (unstimulated vs. stimulated Tg) and type of TSH stim-
ulation (endogenous vs. exogenous) (28). Tg antithyroglobu-
lin antibodies (TgAb) need to be measured in conjunction
with Tg in each serum sample provided for Tg testing. Every
specimen needs TgAb testing to authenticate that the Tg
measurement is not compromised by TgAb interference.
When present, TgAb concentrations can be monitored as a
surrogate tumor marker (29).

Patient preparation for optimal 131I uptake by residual
thyroid tissue and metastatic disease includes 1–2wk of
low-iodine diet (LID) and adequate TSH stimulation (TSH
$30 mIU/L measured 1–3 d prior to 131I administration) by
either thyroid hormone withdrawal (THW) or recombinant
human TSH (rhTSH) stimulation (30,31). However, a recent
article showed that lower TSH levels may be sufficient for
remnant ablation without influencing remnant ablation success
rates (32). For childbearing females (12–50 y old) a negative
pregnancy test is required within 72 h of 131I administration or
prior to the first rhTSH injection (if used), unless the patient is
status posthysterectomy or postmenopausal.

Dietary deprivation of stable iodine (127I) restricts con-
sumption of iodine to ,50 mg/d and is important for mini-
mizing interference with 131I uptake. In a study of 120
patients (LID group, n 5 59; control group, n 5 61) LID
preparation decreased 24-h urinary iodine excretion by 83%
and increased radioiodine uptake in thyroid remnants by
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65% (P, 0.001) as compared with controls. The efficacy of
131I treatment (assessed at 6 mo and defined by absent neck
activity and Tg , 2 ng/mL) was also improved by LID:
successful ablation was achieved in 65% of LID patients
compared with 48% of patients in the control group (P ,
0.001) (33).

Dietary iodine consumption varies widely, depending on
ethnic culinary behavior, with reported average iodine intake
of 195mg/d for U.S., 469mg/d for Korean, and 544mg/d for
Japanese individuals (34–36).

Patient compliance with LID can be confirmed by mea-
surement of spot urinary iodine (U.S. reference range,
26–705mg/L) or urinary iodine/creatinine ratio (I/Cr) (U.S.
reference range, ,584mg/g); The World Health Organiza-
tion defines iodine status based on urinary iodine concentra-
tions as insufficient iodine intake,,99mg/L; adequate iodine
intake, 100–199mg/L; iodine intake above requirements,
200–299mg/L; and excessive iodine intake,$300mg/L (37).

In preparation for 131I therapy the state of iodine depri-
vation induced by LID is considered adequate when spot uri-
nary iodine is ,100mg/L and optimal when urinary iodine
is ,50mg/L (or I/Cr is ,50mg/g) (38,39). A study of 101
patients comparing 2- and 4-wk LIDs showed no significant
difference in urinary iodine levels, both periods resulting
in optimal I/Cr for 131I therapeutic administration (i.e.,
,50mg/g) (40). Moreover, depending on patients’ perceived
difficulty with dietary iodine deprivation, compliance with

LID may decrease as the duration of the diet is extended.
Patients should be informed to avoid dietary supplements
with high iodine content (e.g., iodine tablets [Iodoral], spiru-
lina tablets, red dye food colorants). In addition, radiologic
contrast agents and iodine-based antiseptics should be
avoided for at least 4–6 wk prior to 131I therapy administra-
tion. A medication review should always be performed, and
amiodarone usage should be replaced with a different antiar-
rhythmic drug followed by serial serum/urinary iodine mea-
surements over 3–6 mo after amiodarone discontinuation to
ascertain clearance of excessive iodine load before 131I treat-
ment. Even when urinary iodine levels do not reach optimal
values, the use of 131I therapy should be discussed in cases
of advanced thyroid cancer. Table 2 contains dietary infor-
mation regarding LID preparation (41).

TSH is used for increasing sodium-iodide symporter
(NIS) expression and function in metastatic lesions (and resid-
ual thyroid tissue), with the goal of increasing the diagnostic
(Dx) sensitivity of 131I scintigraphy and radiation absorbed
dose to target lesions. The 2 major approaches for TSH stimu-
lation are:

(1) Endogenous TSH stimulation, obtained through thy-
roid hormone deprivation following total thyroidectomy,
thus inducing a hypothyroid state that must be carefully
explained to patients in order to avoid major adverse conse-
quences. For example, patients must be informed about pre-
cautions regarding driving and/or restrictions on operating

TABLE 2
Specific Dietary Instructions for Preparatory Low-Iodine Diet (Recommended Low-Iodine Diet Prior to Radioiodine

Scintigraphy and Therapy [41])*

Dietary items Allowed Restricted

Baked goods, pasta Flour, oatmeal, wheat, macaroni, noodles,
pancakes, spaghetti, homemade bread
prepared with noniodized salt

Cereals, rice, granola, popcorn; industrialized
biscuits, breads, crackers

Meat, poultry, eggs Beef, lamb, chicken, turkey, pork, veal; eggs-
(max 2 eggs/wk)

All seafood (fish, shrimp, oysters, clams, etc.);
processed, cured, smoked, or breaded meats

Condiments Salt-free margarine, vegetable oil, mayonnaise,
sugar, jelly, honey

Iodized salt, pickles, white sauce, meat sauces,
creamy sauces, soy sauces, agar-agar,
unsalted nuts, vinegar or alginate additives,
red colorants

Fruits, juices All raw fruits and homemade natural juices Fruit cocktails, canned fruits, dried fruits

Beverages Water, tea, coffee, wine, alcoholic drinks Milk and all derivatives (yogurt, ice cream,
cheese), soy beverages

Desserts Homemade cookies, homemade fruit pies,
homemade cakes (prepared with noniodized
salt)

Chocolate, pudding, gelatin, ice cream, candies,
industrialized desserts, foods with red
colorants, molasses

Vegetables Asparagus, beets, broccoli, cabbage, celery,
carrots, cauliflower, corn, cucumber, lettuce,
mushrooms, onions, peas, potatoes without
peel, spinach, sweet potatoes (baked),
tomatoes (fresh), zucchini

All canned vegetables, potatoes with peel,
french fries, candied sweet potatoes, onion
rings, beans

Combination dishes Homemade dishes prepared with allowed
ingredients

Pizza, lasagna, macaroni and cheese,
industrialized foods, and foods with
conservants

*All dishes must be prepared with noniodized salt. Avoid eating in restaurants.
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heavy machinery, because severe but reversible impairments
in attention and reaction time have been observed (42).

The hypothyroid stimulation protocol (THW) has 2 var-
iants employed worldwide in practice (although insufficient
evidence is available to prefer one over the other): Levothy-
roxine (T4) withdrawal for 4 wk. This interval is determined
by the T4 elimination half-life (T4 t1/2) of 7 d and the physio-
logic pituitary response to declining T4 concentrations. An
acceptable variation involves repeated measurements of TSH
during the second, third, and/or fourth wk of THW to expe-
dite Dx radioiodine whole-body scanning (DxWBS) and/or
131I therapy whenever possible, timing it to TSH measure-
ment of .30mU/L in cases of metastatic disease (43). A
level of unpredictability for scheduling imaging and/or thera-
peutic 131I administration is associated with this latter
approach. Lower TSH levels may be sufficient for thyroid
remnant ablation in low-risk patients, according to a single
study that found no influence of TSH levels on postoperative
131I remnant ablation success (defined as stimulated Tg
,1 ng/mL). The study involved 1,873 patients without dis-
tant metastases and a majority (#80%) with stage I–II disease
(of whom 15% had TSH,30mU/L and demonstrated higher
median Tg levels, suggestive of larger volumes of thyroid
remnant tissue). Because NIS activity and, consequently, 131I
uptake are TSHmediated in a dose- and time-dependent man-
ner, the area under the curve obtained by the TSH level plot-
ted against time may achieve sufficient stimulation to result
in uptake of therapeutically effective 131I activities for abla-
tion of thyroid tissue remnants that have high-constitutive
NIS expression and function (32). However, the Guide-
lines Committee advises that this study’s findings cannot be
extrapolated to high-risk patients and/or patients undergoing
further 131I therapy for recurrent, persistent, or metastasized
disease.

The second THW variant is levothyroxine/liothyronine
(T4/T3) substitution for the first 2 wk, followed by discontin-
uation of T3 for 2wk. This interval is based on T3 t1/2 of
0.75 d. In practice, T4 is stopped and replaced by T3 in a typi-
cal dose of 25mg once or twice daily (depending on age and
body weight). This regimen is well tolerated and has the
advantage of minimizing hypothyroid symptoms (44).

TSH levels occasionally remain suboptimal for 131I ther-
apy in patients with large thyroid remnants after surgery, in
patients with limited pituitary functional reserve (e.g., his-
tory of head trauma, brain external-beam radiation, pituitary
surgery, obesity, other comorbidities), or in patients with func-
tional metastatic disease. Correlation of laboratory results with
findings on postoperative Dx radioiodine scintigraphy is help-
ful for determining the etiology of suboptimal TSH elevation.
This helps guide further steps in management, such as sur-
gical resection for large thyroid remnants or bulky residual
cervical metastatic disease, or dosimetry-guided 131I ther-
apy for secretory distant metastases. For patients with limited
pituitary functional reserve, it is advisable to proceed with
administration of exogenous TSH stimulation (rhTSH injec-
tions) to avoid further delay in 131I therapy administration

and limit hypothyroid symptoms (rhTSH augmentation
protocol).

(2) For exogenous TSH stimulation: The patient contin-
ues T4 treatment and undergoes preparation with an LID.
TSH elevation is obtained through administration of rhTSH
(ThyrogenVR stimulation protocol): a 0.9-mg rhTSH injection
is administered intramuscularly on 2 consecutive d, followed
by 131I therapy administration at 48–72 h (45). When Dx
131I scanning is performed as an integral part of 131I thera-
peutic protocols (theranostics), the tracer 131I activity is
administered after the second rhTSH injection and the WBS
scan is obtained 24 h later, followed by subsequent 131I ther-
apy administration.

The choice of preparation method (THW vs. rhTSH)
must be individualized for each patient. The balance of pub-
lished data show that for normal thyroid tissue (i.e., thyroid
remnant ablation), rhTSH and THW stimulation are equiva-
lent, because normal thyroid tissue has constitutive high
expression of highly functional NIS and does not require
prolonged TSH stimulation for adequate 131I uptake and
retention. However, metastatic thyroid cancer has lower den-
sity and poorer functionality of NIS; therefore, TSH eleva-
tion over time (area under the curve of TSH stimulation)
is important to promote increased 131I uptake and retention
in tumors (46,47). In the setting of metastatic disease, it is
possible to use rhTSH stimulation on an off-label basis.
However, the combination of THW preparation and dosime-
try-guided 131I therapy is favored when clinically safe and
the necessary expertise for dosimetry is available (45,48,49).
Tumor vs. critical organ (e.g., bone marrow, lung) radiation
absorbed dose (Gy) after rhTSH vs. THW-stimulation pro-
tocols needs further evaluation. Furthermore, no studies
have yet reported relevant outcome measures (i.e., sur-
vival) with rhTSH and THW in patients with distant
metastases.

The use of rhTSH is a more complex issue in the setting
of adjuvant treatment, because this concept has been intro-
duced only after studies employing rhTSH for remnant abla-
tion were completed. As a result, there are no clear data in
the literature allowing us to assess which of the 2 alterna-
tives is better in the setting of adjuvant therapy separately
from the setting of remnant ablation, especially with modern
criteria for excellent response. However, rhTSH is registered
for use for initial postoperative 131I therapy in patients up to
and including N1 M0 disease. Therefore, in the case of adju-
vant treatment, rhTSH and THW should both be considered
in accordance with the individual medical characteristics of
the case, economic feasibility, quality of life, and expected
efficacy (20).

D. Postoperative Thyroglobulin Measurement
Although postoperative serum Tg measurement can pro-

vide valuable information with regard to the likelihood of
achieving remission or having persistent or recurrent disease
in response to an initial therapy, its predictive value regard-
ing residual disease is significantly influenced by a wide
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variety of factors, as follows: the amount of residual thyroid
cancer and/or thyroid remnants, TSH level at the time of Tg
measurement, functional sensitivity of the Tg assay, time
elapsed since total thyroidectomy, Tg cutoff used for analy-
sis, and individual risk of having radioiodine-avid locore-
gional or distant metastasis (50). The fundamental role of Tg
measurement in monitoring of DTC implies the need for
high-quality Tg assays. A major problem that hampers accu-
rate Tg measurement is the interference in the Tg assay by
Tg antibodies (TgAb) and heterophile antibodies (HAb),
resulting in under- or overestimation of the serum Tg con-
centration (51). Immunometric Tg assays are subject to a
high-dose hook effect, leading to inappropriately normal or
low Tg values in sera with very high Tg concentrations,
which require dilution for accurate measurement (52). Abso-
lute threshold values for Tg, whether the patient is prepared
with THW or rhTSH, remain controversial. Several authors
proposed that postoperative Tg values of about 10 ng/mL
after THW and of 1 ng/mL after rhTSH stimulation achieve
the best balance of sensitivity and specificity for predicting
recurrent or persistent disease over time and poorer survival
(45,53). Notably, because such results were obtained in
patients treated with 131I following thyroidectomy, they can-
not be translated to those patients treated by surgery alone
and used to decide for/against postsurgical 131I administra-
tion. Indeed, some studies not only excluded patients with
TgAb from analysis but also excluded patients showing evi-
dence of extracervical metastases, introducing additional
selection bias. Iodine-avid tissue with a corresponding unde-
tectable stimulated serum Tg is detected in up to 20% of
DTC patients by posttreatment WBS (PT-WBS). Moreover,
up to 6% of such patients had confirmed locoregional or
distant metastases in addition to thyroid tissue remnants
(54,55). In a retrospective study, Matrone et al. (56) reported
on a group of 505 low- to intermediate-risk DTC patients who
had undergone total thyroidectomy and rhTSH-aided ablation
with 1.1 GBq 131I. Just before ablation, a neck US was per-
formed and Tg levels on thyroxine were measured using a
high sensitive assay (i.e., functional sensitivity of 0.1 ng/mL).
A planar PT-WBS was performed and compared with pre-
ablation basal Tg and US assessments. Among the main find-
ings, 150 patients had Tg levels ,0.1 ng/mL and 1 of 150
showed cervical persistence of disease; 287 patients had Tg
levels between 0.1 and 1.0 ng/mL, 15 of whom had nodal or
distant metastases; and 68 patients had Tg levels exceeding
1.0 ng/mL, 11 of whom had neck metastases. Notably, in the
3 patients with lung metastases, basal Tg levels were 0.11,
0.12, and 0.94 ng/mL. A basal Tg level of 0.75 ng/mL was
measured in 1 additional case of bone metastasis. This article
submitted further evidence that basal Tg, 1ng/mL cannot be
used to rule out the presence of distant metastases; 2 of the 4
patients with distant metastases had Tg levels of 0.11 and
0.12 ng/mL (56).

Recently, Schlumberger et al. (57) reported 5-y out-
comes of ESTIMABL1, a randomized trial comparing 4
strategies of 131I administration following thyroidectomy in

low-risk thyroid cancer. In this study, the rate of patients with
persistent structural disease after 131I ablation was similar in 3
subgroups of stimulated Tg ranges (i.e., #1, .1–#5,
and. 5–,10ng/mL) (58). In summary, with regard to deci-
sion-making on the need for postoperative 131I administration,
it appears that the serum Tg value is more helpful in identify-
ing patients for whom the administered 131I activity should be
higher, rather than in identifying patients who do not require
131I therapy.

E. Radioiodine Therapy Planning
An important goal of 131I therapy is individualized treat-

ment that maximizes benefit and reduces risk for each patient
who belongs to a risk category associated with improved out-
comes after 131I therapy. There are 2 approaches to 131I ther-
apy delivery: the approach integrating functional imaging
information obtained with postoperative preablation Dx
radioiodine (123I, 131I, or 124I) scans in the management algo-
rithm (i.e., functional imaging-guided approach; theranos-
tics) and the approach based on clinical–pathologic factors
and institutional protocols (i.e., risk-adapted approach). The
approach chosen depends on local factors, including quality
of surgery, availability of and expertise with various imaging
modalities, and physician as well as patient preferences.

F. Management and Integration of Functional
Diagnostic Radioiodine Imaging

This theranostic approach to 131I administration involves
acquisition of a postoperative Dx radioiodine (123I, 131I, or
124I) scan for planning 131I therapy. DxWBS is performed
with the intent of identifying and localizing regional and dis-
tant metastatic disease and for evaluating the capacity of
metastatic deposits to concentrate 131I. Depending on institu-
tional protocols, findings on DxWBS may alter manage-
ment, such as providing guidance for additional surgery or
altering the prescribed 131I therapy, either by adjusting
empiric 131I activity or by performing dosimetry calculations
for determining the maximum tolerated therapeutic 131I
activity (MTA) for treatment of distant metastatic disease.
Also, unnecessary 131I therapy may be avoided if DxWBS
finds no evidence of residual thyroid tissue or metastatic dis-
ease and the stimulated Tg is ,1 ng/mL in the absence of
interfering TgAb (59). Information acquired from DxWBS
may also lead to additional functional metabolic imaging
with 18F-FDG PET/CT when non-iodine–avid metastatic
disease is suspected (based on Tg elevation out of proportion
to findings on DxWBS). Wherever available, it is preferable
for postoperative DxWBS to be performed using integrated
multimodality imaging (i.e., SPECT/CT).

DxWBS with or without SPECT/CT may detect metasta-
ses in normal-size cervical lymph nodes (not appreciated on
postoperative neck US), may identify pulmonary microme-
tastases (which are too small to be detected on routine chest
x-ray and may remain undetected on CT), and may diagnose
bone metastases at an early stage before cortical disruption
is visible on bone x-rays or CT. Because 131I therapy is most
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effective for smaller metastatic deposits, early identification
of regional and distant metastases is most important for suc-
cessful therapy (60,61).

Clinical experience with Dx 123I scans demonstrated
their usefulness in thyroid cancer management: preablation
123I WBS provided additional critical information in 25% of
122 patients, by revealing unsuspected regional or distant
metastases and thus guiding administration of higher 131I
therapeutic activities or revealing unexpected large thyroid
remnants (62). In a cohort of 152 consecutive patients
referred for postoperative 131I ablative therapy, the informa-
tion provided by Dx 123I WBS led to a change in prescribed
therapeutic 131I activity in 49% of cases compared to the
recommended 131I activities based on surgical pathology
alone (63). In a study based on review of 355 Dx radioiodine
scans (after administration of 37–148 MBq [1–4mCi] of
either 123I or 131I) the imaging findings altered management
in 29% of cases (64). Similar conclusions have been reached
by other investigators who demonstrated that the informa-
tion obtained from Dx 131I WBS changed the prescribed
therapeutic 131I activity in 58% of cases (65).

A study comparing sensitivity for disease detection for Dx
74–185MBq (2–5mCi) 123I WBS versus 111–185MBq
(3–5mCi) 131I WBS (both performed after THW protocol)
demonstrated that, although 123I is adequate for imaging
residual thyroid tissue, it appears to be less sensitive than
131I for imaging thyroid cancer metastases: 123I missed
metastases shown by 131I in the neck, mediastinum, lungs,
and bone. No lesion was better seen with 123I than with 131I
(66). Other authors also found Dx 123I WBS to be insensitive
for metastatic disease detection and attributed this finding to
the short half-life of 123I (13 h), limiting imaging to no later
than 24h postinjection, which is too short for optimizing
tracer tumor uptake (67). In addition to the radioiodine iso-
tope used, the preparation protocol (THW vs. rhTSH stimu-
lation) also has an impact on the Dx sensitivity of DxWBS
for disease detection: across 2 phase 3 clinical trials enrolling
358 patients, rhTSH-stimulated DxWBS failed to detect rem-
nant and/or cancer localized to the thyroid bed in 16% of
patients in whom it was detected by a DxWBS obtained after
THW. In addition, the rhTSH-stimulated DxWBS failed to
detect metastatic disease in 24% of patients in whom it was
detected by a THW DxWBS (68–70).

In a group of 320 thyroid cancer patients referred for
postoperative 131I therapy, Dx 131I WBS with SPECT/CT
imaging obtained after THW protocol detected regional
metastases in 35% of patients and distant metastases in
8% of patients. This information changed staging in 4% of
younger and 25% of older patients (71). Both imaging data
and stimulated Tg levels acquired at the time of Dx 131I
WBS were consequential for 131I therapy planning, provid-
ing information that changed clinical management in 29% of
patients compared to a management strategy based on clini-
cal and surgical pathology information alone (72).

The benefits of integrating Dx 131I WBS in the manage-
ment algorithm of intermediate- and high-risk thyroid cancer

for guiding 131I therapeutic administration have been dem-
onstrated in a group of 350 patients evaluated to assess ther-
apy response with a median follow-up of 3 y after primary
treatment strategy (surgery and postoperative 131I therapy):
complete response (CR) to therapy was achieved in 88%
patients with locoregional disease and in 42% patients with
distant metastases after a single 131I therapeutic administra-
tion (73). Further studies for evaluating long-term outcomes
need to be performed.

Depending on the type of patient preparation, Dx radio-
iodine (123I or 131I) activities such as 37–74 MBq (1–2 mCi)
for THW protocols and 110–148 MBq (3–4 mCi) for
rhTSH-stimulation protocols are frequently used (39). The
higher tracer activity (3–4 mCi) employed for rhTSH-
stimulation protocols is to compensate for the competitive
inhibition exerted by the iodine content of T4 (levothyrox-
ine) on the uptake of radioiodine (131I or 123I) in thyroid tis-
sue or metastatic lesions (74). T4 contains 63.5% iodine by
molecular weight. The interference of T4 stable iodine con-
tent on radioiodine uptake is not surprising if we consider
that the amount of iodine in 1.1 GBq (30 mCi) is only 5 mg,
as compared to 50 mg stable iodine content in a daily dose
of T4 (75). The dilution of radioiodine with nonradioactive
iodine from any source may degrade WBS image quality
and reduce the effectiveness of 131I therapy. Replacement of
levothyroxine with liothyronine (T3) during the preparation
period for rhTSH-stimulation protocols has been proposed
for decreasing the dilution effect of nonradioactive iodine on
the uptake of radioiodine (74). T3 has lower iodine content
per molecule (only 56.6% of T4 iodine content) and exerts
an equivalent biologic effect by administration of 1=4 of the
necessary T4 dose (76). In addition to an LID, this therapeu-
tic interchange from T4 to T3 during the preparatory period
for rhTSH-stimulation protocol resulted in a further decrease
in 24-h urinary iodine excretion by 56% as compared to T4
treatment (74).

Optimization of imaging acquisition parameters and cur-
rent SPECT/CT gamma camera technology permit good
quality visualization of distant metastatic disease using
37MBq (1 mCi) 131I Dx activity (71,72,77,78).

In all cases, 131I therapy should be followed by acquisi-
tion of PT-WBS to determine therapeutic 131I localization,
which is routinely used to complete postoperative staging.
However, the day to perform the PT-WBS after therapeutic
131I administration remains controversial, ranging from
2–10 d (79). PT-WBS acquisition on 2 separate days may be
valuable, as demonstrated by Salvatori et al. (80) in a group
of 134 patients who underwent both early (at 3 d) and
delayed (at 7 d) scans: 80.5% of detected lesions were con-
cordant on both early and delayed scans; however, 7.5% of
lesions were detected only on the early scans, whereas 12%
of lesions were detected only on the delayed scans.
By performing both early (at 3–6 d) and delayed (at 10–11d)
PT-WBS, Hung et al. (81) reported that 28% of nodal metas-
tases, 17% of lung metastases, and 16% of bone metastases
were visible only on the early scans. This is consistent with
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the observation that 131I therapeutic activities produce
destructive cellular effects with resultant increased rates
of 131I loss from the tissue; this accelerated tissue 131I loss
after treatment may account for discrepancies reported
between DxWBS and delayed PT-WBS in earlier studies,
which has been interpreted as “stunning,” as well as dif-
ferences observed between early and delayed PT-WBS
(82). However, delayed PT-WBS acquisition provides the
advantage of increased contrast resolution due to time-
dependent 131I clearance from normal tissues. Chong et al.
(83) reported in a group of 52 patients that 22% of lung
metastases and 33% of bone metastases were visible only on
the delayed PT-WBS (obtained at 7 d). Similarly, Kodani
et al. (84) reported in a group of 24 patients that 29% of lung
metastases and 20% of bone metastases were visible only on
the delayed PT-WBS (obtained at 7–9 d).

Hybrid imaging with SPECT/CT improves the accuracy
of PT-WBS and should be done whenever possible. A sys-
tematic review of 14 original research articles describing the
incremental value of 131I SPECT/CT demonstrated signifi-
cant clinical benefit in terms of staging, risk stratification,
alteration of management, and/or follow-up of DTC (85).
This is especially important when DxWBS is not performed
or when PT-WBS shows additional foci of activity as com-
pared to DxWBS (86). A high level of concordance between
DxWBS and PT-WBS findings has been demonstrated in 2
large single-institution data series from Stanford University
(98% concordance in a group of 280
patients) and the University of Michi-
gan (92% concordance in a group of
303 patients) (71,87). In summary,
DxWBS is valuable for 131I therapy
planning in the paradigm of thyroid
cancer theranostics (88).

DxWBS scintigraphy performed in
follow-up evaluation after initial post-
operative 131I administration is impor-
tant to (1) establish a new baseline after
postoperative 131I therapy (89); (2)
determine interval response to 131I treat-
ment; and (3) assess the patient’s thy-
roid cancer status. Along with basal
and stimulated-Tg testing and cross-
sectional anatomic imaging, the results
of follow-up DxWBS contribute to
dynamic risk restratification, which is
usually performed at 6–12 mo after ini-
tial treatment strategy (surgery and post-
operative 131I therapy). For patients
with rising Tg levels, DxWBS and
PET/CT evaluation can be scheduled
sequentially to assess for recurrent
and/or metastatic disease and evaluate
tumor biologic behavior for determin-
ing whether the patient would benefit
from additional 131I therapy (73). Of

importance, a recent report examining the results of a large
Surveillance, Epidemiology, and End Results Program data-
base (28,220 patients diagnosed with DTC between 1998
and 2011) showed that follow-up DxWBS performed after
primary treatment of DTC are the only imaging studies asso-
ciated with improved disease-specific survival, demonstrating
the clinical benefit of 131I theranostics for DTC management
(90). Figures 1 and 2 provide sample protocols for integration
of DxWBS evaluation, 131I therapy delivery, and PT-WBS
imaging after THW and after rhTSH stimulation, respectively.
Figures 3 and 4 present sample protocols for dosimetry-guided
radioiodine theranostics after THW and after rhTSH stimu-
lation, respectively.

G. Risk-Based Management Followed by
Posttherapy 131I Scans with Diagnostic Intent

The risk-based approach is generally used for thyroid
remnant ablation and for adjuvant 131I treatment. Empiric
activity selection is the most commonly used approach in
advanced DTC, in which the nuclear medicine physician
chooses an activity based on convention, availability, experi-
ence with various imaging modalities, and patient-related
parameters. With this therapeutic approach patients are most
commonly given activities of 1.1GBq (30mCi), 1.85GBq
(50mCi), 3.7GBq (100mCi), 5.6GBq (150mCi), or 7.4GBq
(200mCi) (91). Although there are theoretical disadvantages
of this approach compared to dosimetric strategy in the treat-
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# Start LID for 2 wk
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prognosis
# Discuss indica"ons for

131I Rx
# Discuss logis"cs of 131I
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# Discuss radia"on
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# Discuss management

of post-opera"ve
hypothyroidism
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reversal of
hypothyroidism
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hydra"on and
lemon candies
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protec"on

FIGURE 1. Sample protocol for 131I theranostics after thyroid hormone withdrawal (THW). *Initial
consultation is recommended to discuss preparation protocol with patient and family and explain
logistics and expectations of 131I therapy and radiation precautions. RAI 5 radioiodine; T4 5
levothyroxine; T3 5 liothyronine; Dx RAI adm. 5 diagnostic radioiodine activity administration;
DxWBS 5 diagnostic radioiodine whole-body scan; CMP 5 comprehensive metabolic panel;
CBC 5 complete blood count; RAI Rx 5 131I therapy; PT-WBS 5 posttherapy 131I whole-body
scan; rhTSH5 recombinant human TSH, ThyrogenVR ; LID 5 2 wk of low-iodine diet; TSH 5 thyroid-
stimulating hormone; F-T45 free thyroxine; Tg5 thyroglobulin.
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ment of locoregional and metastatic dis-
ease, no recommendation can be
made for the superiority of 1 method of
131I application over another. However,
it is essential to emphasize that the MTA
can be exceeded in patients undergoing
empiric 131I therapy escalation for treat-
ment of advanced DTC, which may
cause acute dose-related toxicities. Like-
wise, patients may be undertreated with
this conventional therapeutic approach
(92). (The full discussion on the limi-
tations of the empiric approach as com-
pared to the dosimetric strategy for
treatment of metastatic DTC is avail-
able online in the full version of the
guideline.)

Administration of empiric 131I activ-
ities of #3.7GBq (#100mCi) is gener-
ally not recommended for treatment of
locoregionally advanced and/or distant
metastatic DTC, as these patients require
escalation of 131I therapeutic activity and
an individualized treatment approach.
Particularly in the setting of diffuse
iodine-avid distant metastatic disease, the
attending physician or managing medical
team should consider either performing
dosimetry or referring the patient to a
site that performs dosimetry-guided 131I
therapy, for 2 reasons: (1) to identify those
patients who would have a higher likeli-
hood of side effects if $5.6–7.4GBq
(150–200mCi) 131I therapeutic activity
is administered; and/or (2) to administer
the highest safe 131I therapeutic activity
(MTA) for maximizing tumor radiation
absorbed dose. Current evidence suggests
that dosimetry-based high-activity 131I
therapy in patients with advanced DTC
may be more effective in improving out-
comes and survival (93,94).

Each 131I therapy should be fol-
lowed by 131I PT-WBS. Distinct advan-
tages are offered by postsurgery 131I
activity administration for all risk strati-
fication categories and irrespective of
postoperative Tg levels, confirming the
role of PT-WBS for early detection and
treatment of locoregional and distant
metastatic disease. Park et al. (55) dem-
onstrated in a large cohort of 824 DTC
patients who underwent 131I therapy after
T4 withdrawal protocol that 52 (6.3%)
had functioning metastases identified
on PT-WBS scans despite stimulated
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FIGURE 2. Sample protocol for 131I theranostics after rhTSH-stimulation. *Initial consultation is
recommended to discuss preparation protocol with patient and family and explain logistics and
expectations of 131I therapy and radiation precautions. RAI 5 radioiodine; T4 5 levothyroxine;
CMP 5 comprehensive metabolic panel; CBC 5 complete blood count; Dx RAI adm. 5 diagnostic
radioiodine activity administration; Dx WBS 5 diagnostic radioiodine whole-body scan; RAI Rx 5
131I therapy; PT-WBS 5 posttherapy 131I whole-body scan; THW 5 stimulation protocol by thyroid
hormone withdrawal; rhTSH 5 recombinant human TSH; LID 5 2 wk of low-iodine diet; TSH 5
thyroid stimulating hormone; F-T45 free thyroxine; Tg5 thyroglobulin.
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FIGURE 3. Sample protocol for 131I theranostics with dosimetry after thyroid hormone withdrawal
(THW). *Initial consultation is recommended to discuss preparation protocol with patient and family
and explain logistics and expectations of 131I therapy and radiation precautions. RAI 5 radioiodine;
T4 5 levothyroxine; T3 5 liothyronine; CMP 5 comprehensive metabolic panel; CBC 5 complete
blood count; Dx RAI adm.5 diagnostic radioiodine (123I, 131I) activity administration; DxWBS5 diag-
nostic radioiodine whole-body scan; 131I Rx5 131I therapy; PT-WBS5 posttherapy 131I whole-body
scan; THW 5 stimulation protocol by thyroid hormone withdrawal; LID 5 2 wk of low-iodine diet;
TSH5 thyroid stimulating hormone; F-T45 free thyroxine; Tg5 thyroglobulin.
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Tg # 2 ng/mL in the absence of interfering anti-Tg anti-
bodies (TgAbs). A low stimulated Tg # 2 ng/mL did not
exclude the presence of distant metastases, because in this
group 7 patients (13.5%) had pulmonary and osseous
metastases, whereas the remaining 45 (86.5%) had cervical/
mediastinal lymph nodal metastases. In a recent study by
Campenni et al. (95) in 570 low- and low-intermediate–risk
DTC patients (pT1–pT3) PT-WBS scans with SPECT/CT
demonstrated metastases in 82 patients (14.4%), of whom
73 (90.2%) had postsurgical nonstimulated Tg # 1 ng/mL;
furthermore, in 44 patients (54%) stimulated Tg remained
# 1 ng/mL, despite the presence of metastases on PT-WBS
scans. Therefore, postsurgical nonstimulated Tg levels can-
not be used independently in deciding whether to pursue
therapeutic 131I administration, mainly in patients assigned
as low-risk based solely on surgical pathology information.
The body of published evidence regarding the outcome
of postoperative 131I ablation in low-risk patients (which
in current terminology would encompass both remnant

ablation and adjuvant treatment) dem-
onstrates that these patients can be
fully reassured by a complete treat-
ment response and would not require
Tg stimulation testing or periodic
neck US examinations during long-
term follow-up (96). In fact, cohorts in
which all patients, including those at low
risk with nonmetastasized, nonmicrocar-
cinoma disease, received 131I therapy after
surgery demonstrated that life expectancy
is normal for .85% of patients; only
patients with stage IV disease at diagno-
sis have a reduction in life expectancy
(97,98). We are not aware of similar
data available for individualized or more
restrictive 131I prescription strategies.

In conclusion, postoperative Tg
levels are helpful in identifying high-
risk patients who require higher 131I
activity but cannot be used for ruling
out 131I therapy. Omission of the pro-
cedure exposes the patients to the risk
of late diagnosis of residual disease
(99,100). Finally, early reassurance and
more reliable follow-up are only pos-
sible when patients had received total
thyroidectomy followed by postoper-
ative 131I therapy.

H. Determining the Prescribed
Therapeutic 131I Activity

Current practice guidelines recom-
mend routine 131I adjuvant therapy for
patients with intermediate to high risk
of recurrence (although there are some

differences concerning intermediate-risk disease) and avoid-
ing routine 131I therapy for patients with a small (#1 cm)
intrathyroidal DTC and no evidence of locoregional or dis-
tant metastatic spread (6,91). However, 131I therapy for other
low-risk DTC patients (i.e., pT1b–T2) remains controver-
sial. The various iterations of the ATA guidelines advised
against the systematic use of 131I in these patients (6),
whereas in 2008 the European Association of Nuclear Medi-
cine (EANM) suggested that 131I therapy is helpful, citing
the lack of prospective data showing that surveillance
without ablation is noninferior to 131I administration
(101). Indeed, ATA, EANM, SNMMI, and the European
Thyroid Association recently published a joint statement
acknowledging the absence of high-quality evidence either
for or against the postoperative use of 131I in low-risk
patients (20).

The decision for 131I therapy and the prescribed 131I
activity depend on the goal of 131I therapy as determined by
estimated risk for persistent/recurrent disease. Table 3 lists
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# CBC w. Diff

Late a!ernoon:
Dx RAI adm.
(2 mCi)

rhTSH s"m. DxWBS (24 h):
# Review/report scan
# Review pathology
# Review blood test results
Dosimetry:
# 24-h WB counts
# 24-h blood counts

DxWBS (48 h)

Dosimetry:
# 48-h WB counts
# 48-h blood counts

Dosimetry:
# 72- ± 96-h WB

counts
# 72- ± 96-h

blood counts
# Finalize

dosimetry
calcula"ons

Diet
management:
# Start LID for

2 wk

Morning:
# rhTSH injec"on

(0.9 mg IM adm.)

Morning:
# rhTSH injec"on

(0.9 mg IM
adm.)

New pa"ent consult:
# Explain scan findings,

prognosis
# Discuss indica"ons for 131I

Rx
# Discuss logis"cs of 131I Rx
# Discuss radia"on

precau"ons
# Discuss management of

postopera"ve
hypothyroidism

Obtain blood
sample for
s"mulated Tg

At 1 h post-RAI Dx:
# Baseline WB

counts
# Baseline blood

counts
Second week 01–5yaD4yaD3yaD2yaD1yaD

Thyroid
hormone
management:
# Con"nue T4

Morning:
rhTSH injec"on (0.9
mg IM adm.)

Morning:
rhTSH injec"on
(0.9 mg IM adm.)

rhTSH s"m. 131I therapy
(based on dosimetry
calcula"ons performed in
prior week)

Obtain PT-WBS

Diet
management:
# Con"nue LID

Pa"ent visit:
# Discuss dosimetry results

and prescribed 131I ac"vity
# Discuss possible side

effects and management
strategies

# Discuss management of
postopera"ve
hypothyroidism

# Pa"ent educa"on for
radia"on precau"ons

# Pa"ent signs informed
consent and radia"on
precau"ons form
documen"ng
understanding and
adherence to
recommenda"ons

Pa"ent:
# Starts normal diet
# Con"nues

hydra"on and
lemon candies for
salivary protec"on

FIGURE 4. Sample protocol for 131I theranostics with dosimetry after rhTSH-stimulation. *Initial
consultation is recommended to discuss preparation protocol with patient and family and explain
logistics and expectations of 131I therapy and radiation precautions. RAI 5 radioiodine; T4 5 levo-
thyroxine; CMP 5 comprehensive metabolic panel; CBC 5 complete blood count; Dx RAI adm. 5
diagnostic radioiodine activity administration; DxWBS 5 diagnostic radioiodine whole-body scan;
RAI Rx 5 131I therapy; PT-WBS 5 posttherapy 131I whole-body scan; THW 5 stimulation protocol
by thyroid hormone withdrawal; rhTSH 5 recombinant human TSH; LID 5 2 wk of low-iodine diet;
TSH5 thyroid stimulating hormone; F-T45 free thyroxine; Tg5 thyroglobulin.
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suggested 131I treatment activities in the context of therapeu-
tic intent:

Thyroid remnant ablation in low-risk patients is typi-
cally performed with low 131I activity (e.g., 1.1–1.85GBq
[30–50mCi]), based on the preponderance of published evi-
dence demonstrating equal effectiveness as compared with
higher 131I activities, with lower rates of adverse events
(102–138). The Federal Drug Administration (FDA) approved
the used of rhTSH (ThyrogenV

R

; Genzyme Corp., Cambridge,
MA) in combination with 3.7GBq (100mCi) 131I for remnant
ablation in December 2007 (68,139,140).

Adjuvant 131I therapy is performed with 1.85–3.7GBq
(50–100mCi), with some institutions extending this range to
5.6GBq (150mCi); there are no comparison data regarding
the effectiveness of 3.7GBq (100mCi) vs. 5.6GBq (150mCi)
for adjuvant treatment, although current guidelines advise that
the risk for 131I toxicity increases with therapeutic activity
escalation (141).

Treatment of known disease is performed with 3.7–5.6GBq
(100–150mCi) for small-volume locoregional disease and
5.6–7.4GBq (150–200mCi) 131I for treatment of advanced
locoregional disease and/or small-volume distant metastatic
disease. Identification of iodine-avid diffuse metastatic disease
may lead to escalation of prescribed therapeutic 131I activity
to $7.4GBq (200mCi), guided by dosimetry calculations
(73,142,143).

A special circumstance is presented by the use of 131I
therapy (3.7GBq [100mCi]) for ablation of a remaining thy-
roid lobe after lobectomy/hemithyroidectomy as an alternative
to completion thyroidectomy (144–146). Current guidelines
propose lobectomy for patients deemed as at low risk for
recurrence; however, if the pathology demonstrates a higher
risk tumor, then completion thyroidectomy with resection of
the contralateral thyroid lobe is recommended, with the goal
of facilitating postoperative 131I therapy and long-term sur-
veillance. Therapeutic 131I administration as a substitute for
completion thyroidectomy is not recommended routinely (6).

However, it can be used to eliminate the residual thyroid lobe
in highly selected cases, such as patients who had experienced
complications during initial surgery (e.g., recurrent laryngeal
nerve paralysis), for whom completion thyroidectomy is contra-
indicated due to other comorbidities, or for patients who decline
additional surgery. There are limited data regarding the long-
term outcomes of this approach. The data suggest similar clini-
cal outcomes, with a slightly higher proportion of patients with
persistently detectable Tg. In a randomized controlled equiva-
lence trial of 136 low-risk DTC patients treated with lobec-
tomy, which compared low vs. high 131I activities in achieving
successful ablation of the remaining lobe, the remnant ablation
success rate was significantly higher (75% success rate) using
3.7GBq (100mCi) as compared with 1.1GBq (30mCi) (54%
ablation success rate). Mild-to-moderate short-term neck pain
was more frequently reported in the high-activity group (66%)
than in the low-activity group (51%). Prednisone treat-
ment for neck pain was used more frequently in the high-
activity group (36%) than in the low-activity group (147).

I. Dosimetry-Guided 131I Therapy

There are 2 approaches for individualization of 131I therapy
based on dosimetry calculations: (1) blood or bone marrow dos-
imetry–based methods, primarily targeting safety; and (2) lesion
dosimetry–based methods, primarily targeting efficacy. Of
these, the classic blood-based method is more widely used and
permits calculation of the MTA that can be administered to an
individual patient without risk of severe hematopoietic toxicity.
(The complete online version of the guideline contains a
detailed discussion of blood- and lesion-based dosimetry
methods.)

J. Radioiodine Toxicity: Acute and Chronic Side
Effects of Radioiodine Therapy and Possible Risk
of Subsequent Primary Malignancies

Therapeutic 131I administration carries a risk for acute
and chronic side effects and a small risk of possible

TABLE 3
Suggested Framework for 131I Therapy

Strategy Prescribed 131I activity Clinical/pathologic context

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

Risk-adapted 131I therapy 1.85–3.7 GBq (50–100 mCi) 131I** Adjuvant treatment

Risk-adapted 131I therapy 3.7–5.6 GBq (100–150 mCi) 131I Treatment of small volume locoregional
disease

Risk-adapted 131I therapy 5.6–7.4 GBq (150–200 mCi) 131I Treatment of advanced locoregional
disease and/or small volume distant
metastatic disease

Whole-body/-blood dosimetry $7.4 GBq ($200 mCi) 131I, maximum
tolerable safe 131I activity

Treatment of diffuse distant metastatic
disease

*FDA approved the use of rhTSH in combination with 100 mCi 131I for remnant ablation in December 2007 (139,140).
**Some committee members recommend up to 5.6 GBq (150 mCi) without extant data regarding the effectiveness and toxicity profiles

of 1.85 GBq (100 mCi) vs. 5.6 GBq (150 mCi) for adjuvant treatment. Current guidelines advise that frequency and severity of side effects
are activity dependent, specifically, increased xerostomia risk for .3.7GBq (100 mCi) and sialadenitis risk for .5.6 GBq (150 mCi) (141).
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subsequent primary malignancies. (The complete online ver-
sion of the guideline contains a detailed discussion of these
risks.)

V. THYROID HORMONE THERAPY AND
SURVEILLANCE STRATEGY

After 131I therapy patients receive T4 therapy with the
goal of TSH suppression, depending on patients’ risk stratifi-
cation (0.1–0.3mU/L for patients with regional metastases
and ,0.1mU/L for patients with distant metastases) (6). A
recent consensus statement by the American, British, and
European thyroid associations recommends that T4/T3 ther-
apy should be considered under specific circumstances and
for selected patients, especially hypothyroid patients without
residual thyroid function and those with persistent symptoms
of impaired well-being and cognitive dysfunction despite
adequate T4 doses (148).

Serum Tg measurement is employed for monitoring
DTC status after primary therapy. However, the usefulness
of following Tg is limited in patients who have TgAbs
because the serum Tg levels can be underestimated when
using immunometric assays (52). In these patients the trend
of TgAb levels over time can serve as a surrogate tumor
marker (29). Immune memory in patients with a background
of thyroid autoimmune disease accounts for the slow decline
of TgAb levels after initial DTC treatment, and levels should
be interpreted with caution for at least 6 mo after 131I ther-
apy (51). During long-term surveillance the TSH suppres-
sion target is adjusted, taking into consideration the outcome
of primary therapy according to dynamic risk restratification.
In patients with a structural incomplete response serum TSH
is maintained ,0.1mIU/L indefinitely, while target values
of 0.5–2 and 0.1–0.5mIU/L are adopted in low- to intermediate-
risk and in high-risk patients, respectively, with excellent
response. Finally, TSH target values of 0.1–0.5mIU/L are
also suggested when post-therapy Tg remains detectable with
evidence of structural disease (6).

VI. RESPONSE ASSESSMENT AFTER PRIMARY
THERAPY

Dynamic risk restratification consists of reassignment of
recurrence risk based on response to initial treatment, which
is predictive of long-term clinical outcomes (6). This is per-
formed during the first 2 y of follow-up after initial therapy
(total thyroidectomy followed by 131I therapy) and involves
basal and stimulated Tg testing and imaging reevaluation.
US is a reliable method for detection of locoregional persis-
tent or recurrent DTC (i.e., thyroid bed and cervical lymph
nodes). However, the probability of false-positive results
leading to unnecessary and expensive additional procedures
is far from negligible. Accordingly, the use of US should be
limited (particularly in low-risk DTC) and, in the absence of
TgAbs, reserved only for patients with unstimulated serum
Tg levels $1 ng/mL (96). US-guided FNA biopsy with Tg

determination in the fluid aspirate is used for Dx confirma-
tion of residual disease in suspicious-appearing cervical
lymph nodes identified on anatomic imaging.

In combination with Tg measurement, follow-up DxWBS
are helpful for therapy response evaluation and to identify
patients with suspected non-iodine–avid metastatic disease
(based on elevated basal and/or stimulated Tg and negative
WBS), which will prompt further investigation with 18F-FDG
PET/CT and/or Dx CT scan for localizing structural persistent
disease (73,149,150).

The combination of Tg, US, and follow-up DxWBS per-
formed at 1–2 y after primary therapy is used to restratify
the risk of recurrence according to patient response to initial
therapy for more accurately predicting long-term clinical
outcomes. Risk restratification criteria are summarized in
Table 4 (6).

In patients with excellent response to therapy the risk of
disease recurrence is 1%–4%, which for intermediate-risk
patients (whose initial risk for recurrence is estimated at
36%–43%) and for high-risk patients (whose initial risk for
recurrence is estimated at 68%–70%) represents a major
change in risk when CR to therapy is achieved. The clinical
outcomes in patients with biochemical incomplete response
are usually good: #60% have no evidence of disease over
long-term follow-up, 20% continue to have persistently
abnormal Tg values without structural correlates, and only
20% develop structurally identifiable disease over 5–10-y
follow-up. Patients with biochemical indeterminate response
generally do well: in 80%–90% of patients the nonspecific
biochemical findings either remain stable or resolve over
time with T4 suppression therapy alone; however, up to
20% of these patients will eventually develop functional or
structural evidence of disease progression and require addi-
tional therapies. Patients with structural incomplete response
require multidisciplinary management tailored to their dis-
ease status (e.g., regional vs. distant metastases, iodine-avid

TABLE 4
Response to Therapy in DTC Patients: Dynamic Risk

Stratification Criteria (Modified from [6])

Excellent response: No clinical, biochemical, or structural
evidence of disease: negative imaging and either
suppressed Tg ,0.2 ng/mL or stimulated Tg ,1 ng/mL

Biochemical incomplete response: Abnormal Tg (i.e.,
suppressed Tg .1 ng/mL or stimulated Tg .10 ng/mL)
or rising anti-Tg antibody levels in the absence of
localizable disease (i.e., negative imaging)

Structural incomplete response: Persistent or newly
identified locoregional or distant metastases (any Tg value)

Indeterminate response: Nonspecific biochemical (i.e.,
suppressed Tg 0.2–1ng/mL or stimulated Tg 1–10ng/mL
or stable/declining anti-Tg antibody levels) or structural
findings that cannot be confidently classified as either
benign or malignant

Tg 5 thyroglobulin.
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vs. non-iodine–avid disease) (6). Depending on the results
of such additional treatment patients may be restratified
according to the criteria above.

Importantly, dynamic risk restratification has been vali-
dated only in patients treated with complete thyroid ablation
(i.e., [near-] total thyroidectomy and postoperative 131I ther-
apy). Evidence is not available for patients treated with
lobectomy alone or with thyroidectomy without postopera-
tive 131I therapy (151). After thyroidectomy, Tg levels are
influenced by the amount of thyroid tissue remnant and the
TSH level at the time of Tg measurement. Even if decreasing
Tg levels may be reassuring, it is difficult to provide general
interpretation criteria for serum Tg in such cases. Further-
more, measuring Tg is essentially useless after lobectomy,
because Tg levels will not depend on the presence or absence
of tumor but rather on the mass of remaining thyroid tissue,
current iodine status, and TSH concentration (152). Park et al.
(153) followed 208 low-risk PTC patients postlobectomy
over a median of 6.9 y. The levels of Tg and Tg/TSH ratio
and the proportions of patients in whom serum Tg levels
increased by $50% or $100% over baseline measurement
did not differ significantly in patients with or without recur-
rence (153).

VII. THERAPY OF ADVANCED DISEASE

Distant metastases develop in about 10% of DTC patients,
commonly in lungs and less frequently in bone, brain, liver,
and skin, and are the main cause of significant symptoms and
death (i.e., overall mortality of 65% at 5 y and 75% at 10y)
(154). Younger patients and those with single-organ metasta-
ses and low disease burden have the best outcomes (60). The
mainstay of metastatic disease treatment is TSH suppression
and repeated courses of 131I treatment as long as the disease
remains iodine-avid (155). About two-thirds of patients have
radioiodine-avid distant metastases, and .40% of these will
achieve remission after 131I treatments (60). However, a minor-
ity of DTC cases lose the ability to concentrate iodine in suffi-
cient quantities to allow therapeutically effective radiation
absorbed doses to DTC lesions (i.e., radioiodine-refractory
DTC). Determining when a patient will no longer respond to
131I therapy can be challenging, and all factors impacting the
patient’s specific clinical situation
(such as age, tumor histology, initial
stage, radioiodine residual avidity, and
18F-FDG avidity) should be carefully
considered (156). Definitions of radioio-
dine-refractory DTC have been proposed
by several authors (157–160), followed
by updated classifications of radioio-
dine-refractory disease (20,156,161,
162). Classification of a patient as radio-
iodine refractory is very important and
consequential. If one classifies a patient
as radioiodine refractory when, in fact,
the patient may respond to a 131I

therapy, then that patient has lost the potential benefit of an
effective 131I therapy in a situation with limited therapeutic
options. However, if patients receive 131I therapy without
benefit, not only may they experience unnecessary side
effects from an ineffective therapy, but a potentially benefi-
cial alternative therapy is delayed.

The criterion with the best predictive value that a patient
has radioiodine-refractory disease and will not respond to
another 131I treatment is progression after a short time inter-
val after administration of a maximum safe 131I therapeutic
activity. All other criteria have varying degrees of likelihood
that the patient is radioiodine refractory and should be cau-
tiously considered, understanding their limitations (161).
Although exact likelihood ratios cannot be given here for
the various criteria that have been used in the past, Figure 5
presents an example of the spectrum of relatively low-to-
high likelihoods of 3 criteria for predicting that a patient’s
metastatic DTC is radioiodine refractory. Nevertheless, the
time from 131I treatment to progression (i.e., progression-
free survival [PFS]) after optimized 131I treatment is 1 of the
most important criteria for predicting radioiodine-refractory
DTC. Although in the past disease progression was consid-
ered in and of itself indicative of 131I treatment failure (6),
progression must be considered in light of many factors
(Table 5), including length of PFS and amount of 131I activ-
ity administered. Caveats guiding classification of a patient’s
metastatic DTC as radioiodine refractory are also noted in
Table 6. Additional management options to be considered
prior to classifying a patient’s metastatic DTC as radioiodine
refractory are presented in Table 7.

Despite a negative DxWBS, administration of 131I therapy
should still be considered for obtaining a PT-WBS, which is
more sensitive for detectig metastatic disease with reduced
(but not absent) 131I-concentrating capacity. Although absence
of uptake on a PT-WBS is a stronger indicator of radioiodine-
refractory disease, it is not a definitive imaging biomarker
for tumor NIS expression in the setting of progressive metas-
tatic disease. Several authors have shown that the timing of a
PT-WBS scan after therapeutic 131I administration (e.g.,
3–4 d versus 5–7 d) can make the difference in interpretation
between a negative and positive PT-WBS (80,81,83,84,163).
Additional options to be considered before classifying a

FIGURE 5. Likelihood of radioiodine-refractory differentiated thyroid cancer.
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patient’s DTC as radioiodine refractory are: (1) refer the
patient to a site that performs radioiodine dosimetry and/or
frequently manages aggressive and progressive DTC; or (2)
help selected patients explore eligibility for participating in a
research study offering “resensitizing” or “redifferentiating”

agents to determine if radioiodine uptake can be reestab-
lished or increased for a potential 131I therapy (164–167).

Focally targeted treatment (i.e., resection, vertebroplasty,
external-beam radiation therapy, and thermal ablation) can
provide local control, provide symptomatic relief, and delay
initiation of systemic therapy. These therapies can be used
with concurrent 131I or other systemic therapies when target-
ing progression in a single lesion and may enable continued
overall disease control (168). Treatment with bisphosphonates
or denosumab can delay time to skeletal related events (169).
However, caution is necessary if using biphosphonates, as
there is a risk for osteonecrosis of the jaw, especially in
patients treated with intravenous bisphosphonates. Therefore,
it is important to evaluate dental health before initiation of
such therapy and avoid dental procedures during the ther-
apy (170). In cases of confirmed systemic progression of
radioiodine-refractory disease, intravenous chemotherapy
with doxorubicin was traditionally used, but a partial
response was obtained only in a small minority of patients.
More recently “targeted” therapies, including multikinase
inhibitors (MKIs) (e.g., sorafenib and lenvatinib), have been
approved for patients with advanced radioiodine-refractory
DTC. These drugs have been shown to induce periods of PFS
(rarely remission). However, they do not increase cancer-
specific survival and may be associated with significant side
effects, such as hypertension, diarrhea, hand/foot skin reac-
tions, rash, fatigue, mucositis, loss of appetite, and weight
loss (154). It remains unclear which patients will benefit
from MKIs in terms of an increase in quality-adjusted life
years and optimal time to start therapy, especially in asymp-
tomatic patients. As a rule, molecular-targeted therapies
should be started in patients with progression of measurable
lesions (as defined radiologically by the Response Evalua-
tion Criteria in Solid Tumors [RECIST]) over the previous
12mo, taking into consideration tumor burden, disease sites,
symptoms, and risk of local complications (171). In the
setting of clinical trials involving redifferentiation strat-
egy, molecular tumor analysis can direct therapy (e.g.,
BRAFV600E 1 ! dabrafenib [6 trametinib, vemurafe-
nib; BRAF– ! trametinib]). Furthermore, identification
of NTRK RET fusion could also direct therapy toward
selective inhibitors (e.g., selpercatinib).

TABLE 5
Additional Considerations Before Assignment of
Radioiodine-Refractory Disease Status (161)

! Appropriate preparation of patient for diagnostic and/or
posttherapy RAI scan (39,177)

! Results of the diagnostic scan

! Results of the posttherapy scan

! Response to the last 131I therapy

! Criteria for progression

! Time to progression

! Activity of 131I administered for the last 131I therapy

! Total accumulative activity of 131I administered

! Objectives of 131I therapy (e.g., cure, progression-free
survival, overall survival, palliation)

! Location and number of metastases. They may be
radioiodine avid, but perhaps focal direct therapy (e.g.,
surgery, XRT, cryotherapy, etc.) may be more effective,
warranted, or desired.

! Type, frequency, and severity of side effects of 131I therapy

! Patient’s desires (e.g., patient is a “minimalist” or
“maximalist”) (200)

TABLE 6
Caveats Regarding Criteria for Radioiodine-Refractory

Metastatic Differentiated Thyroid Cancer
(Adapted from [161])

! The observation that a patient does not demonstrate
radioiodine uptake on a diagnostic scan or posttherapy
scan does not necessarily mean that the patient’s
metastatic disease is radioiodine refractory.

! The observation that a patient does demonstrate
radioiodine uptake on a diagnostic scan or posttherapy
scan does not necessarily mean that the patient’s
metastatic disease is responsive to a 131I therapy.

! As the total accumulative activity of administered 131I
increases, the likelihood of a response to a subsequent
131I therapy decreases. However, no maximum
accumulated threshold of administered 131I activity
should designate a patient’s metastatic disease as
radioiodine refractory.

! One metastatic lesion that is classified as radioiodine
refractory does not necessarily mean the patient is now
radioiodine refractory. Combination therapy of direct
focal therapy (e.g., surgery, external-beam radiotherapy,
radiofrequency ablation, cryotherapy, embolization,
radioisotope embolization) or/with targeted therapy (e.g.,
tyrosine kinase inhibitors, BRAF inhibitors, etc.) in
combination with 131I therapy may benefit the patient.

! Progression, in and of itself, is not a criterion that a 131I
therapy has “failed” and that a patient’s metastatic
disease is “radioiodine refractory.” Additional factors,
such as duration of progression-free survival and
administered activity of 131I are important.

TABLE 7
Additional Options Prior to Radioiodine

Refractory Classification

! Consider a “blind” 131I therapy (see text).

! Refer the patient to a site that performs dosimetry.

! Refer the patient to a site that routinely manages
metastatic differentiated thyroid cancer.

! Consider exploring the patient’s eligibility for
participating in a study that offers “resensitizing” or
“redifferentiating” agents to see if radioiodine uptake
can be reestablished or increased for a potential 131I
therapy
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The biologic mechanisms implicated in radioiodine
refractoriness involve gain-of-function mutations in the
MAPK-signaling pathway, resulting in reduced NIS and
other iodine-metabolizing gene expression. Experimental
data showed that MAPK-signaling pathway inhibition using
MEK or BRAF inhibitors may restore radioiodine avidity.
Subsequent clinical studies demonstrated that mutation-
guided treatment using selective MEK inhibitors (selumeti-
nib, trametinib), BRAF inhibitors (dabrafenib, vemurafenib),
or a combination of BRAF inhibitor and MEK inhibitor is
feasible and represents a promising strategy to redifferenti-
ate radioiodine-refractory DTC, thereby permitting reappli-
cation of 131I therapy. Preliminary data obtained on a small
clinical series of 13 patients demonstrated restoration of 131I
avidity in 62% of patients who subsequently received 131I
treatment (median activity, 7.6GBq [204.4mCi]; range,
5.5–9.4GBq [150–253mCi]), resulting in durable disease
control (median duration .1 y) while not receiving chronic,
expensive MKI therapy (165). 131I therapy remains the only
known cure for metastatic radioidine-sensitive DTC, and the
use of a redifferentiating strategy to permit additional 131I
treatment for patients with radioiodine-refractory metastatic
disease represents a promising therapeutic approach while
minimizing exposure to kinase inhibitor therapy.

A. 18F-FDG PET/CT Imaging for Thyroid Cancer
Advances in molecular Dx imaging and the clinical

availability of PET/CT systems produced a paradigm shift in
the management of thyroid cancer by allowing characteriza-
tion of tumor biology based on variable uptake patterns of
radioiodine and 18F-FDG in metastatic lesions. Feine et al.
(172,173) described the “flip-flop” phenomenon as opposite
radiotracer uptake patterns on radioiodine scintigraphy and
18FDG-PET/CT imaging, recognizing 4 patterns of variable
radioiodine/FDG uptake in metastatic disease. Type I is
characterized by negative 131I/positive FDG uptake and is
the most commonly encountered pattern in patients with ele-
vated Tg and negative scintigraphy (i.e., Tg1/scan–), which
is found in #46% cases. Type II is characterized by positive
131I/negative FDG uptake and represents the most favorable
context for therapeutic 131I administration. Type III consists
of a combination of type I and II patterns recognized in differ-
ent metastatic lesions within the same patient due to varying
biologic behavior in metastatic foci. Type IV is characterized
by uptake of both 131I and 18FDG within the same metastatic
lesions. The flip-flop phenomenon is not a constant for DTC
metastases but rather a variable marker of tumor biology. A
prospective study of 122 postthyroidectomy patients with
established metastatic DTC who were imaged with both
DxWBS and 18FDG-PET/CT showed a general correlation of
FDG avidity with lack of iodine avidity; however, the correla-
tion coefficient was only 0.62. For the selected SUVmax cutoff
value of 4.0, the authors calculated a sensitivity of 75.3% and
specificity of 56.7% for identification of non-iodine–avid
metastatic disease (174). Hence, the decision on whether
to perform 131I therapy should not be based on 18F-FDG

PET/CT alone. The most common application of PET/CT
imaging in DTC is for evaluation of patients with elevated
Tg and negative DxWBS (i.e., Tg1/scan–) (175).

B. Management Algorithm for Patients with
Elevated Tg and Negative DxWBS (Tg1/Scan–)

Although this is frequently seen as 1 syndrome (called
TENIS syndrome [Tg elevation, negative iodine scintigraphy]),
in fact it represents a wide spectrum of clinical situations (dis-
cussed in more detail in the online complete version of the
guideline).

Devising a treatment plan may be facilitated by follow-
ing 4 steps:

Step 1: Rule out false-negative DxWBS and false-positive
Tg levels: To evaluate for false-negative DxWBS, the inter-
preting physician needs to consider: (1) screening for a his-
tory of recent iodine load, such as recent administration of
radiologic contrast agents or ingestion of kelp, as well as
administration of amiodarone, even months to years earlier;
(2) confirming compliance with LID as demonstrated by low
urinary iodine levels (e.g., spot urine iodine level, spot urine
I/Cr, or 24-h urine iodine collection); (3) ascertaining ade-
quate TSH elevation, which is especially important with
preparation by THW; (4) excluding heterophilic antibody
interference on Tg measurement (prevalence 0.4%–1%)
(176); (5) confirming correct radiopharmaceutical adminis-
tration (reviewing documents for appropriate isotope and
prescribed activity and reviewing the scan images themselves
for inappropriate distribution of radioactivity); (6) confirming
technical scan parameters (collimator type, peaking of energy
window, table speed for planar scan, time interval for stop
position for SPECT acquisition, etc). Although one may
assume that all radioiodine scans are performed equally, they
are not, and assessment of the quality of the scan is important
to minimize false-negative radioiodine scans (177).

Step 2: Perform dynamic risk restratification: If the
patient has a low risk for disease recurrence, active surveil-
lance is appropriate and may include: (1) physical exam; (2)
Tg, TgAb, and TSH testing; and (3) US of the thyroid bed
and neck. However, nonradioiodine imaging is indicated
when the patient has an intermediate or higher risk for dis-
ease recurrence. Other factors noted in Table 8 are relevant
to consider.

Step 3: Obtain nonradioiodine imaging: Nonradioiodine
imaging studies for metastatic DTC have been divided into 3
tiers: primary, secondary, and tertiary. The primary tier
includes: (1) neck US; (2) 18F-FDG PET/CT imaging; and/or
(3) CT of the neck, chest, abdomen, and pelvis. These studies
can be performed sequentially; however, whenever possible,
integrated PET/CT imaging is preferable because it provides
both functional and anatomic information. The secondary tier
includes: (1) brain MRI; (2) bone scanning (using 99mTc-meth-
ylene disphosphonate [99mTc-MDP] or 18F-sodium fluoride
PET/CT [18F-NaF PET/CT]); and (3) mitochondrial imaging
(e.g., 99mTc-sestamibi, 201Tl, or 99mTc-tetrofosmin). These
studies should primarily be reserved for patients in whom the
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first tier did not reveal metastatic lesions. In the context of
advanced DTC, brain MRI is recommended, because patients
may have brain metastases in the absence of neurologic signs
or symptoms and 18F-FDG PET is not reliable in the brain due
to high brain glucose metabolism. Although DTC osseous
metastases are typically osteolytic and highly vascularized,
bone metastases can occasionally be detected on 99mTc-MDP
bone scintigraphy or 18F-NaF PET/CT when 18F-FDG PET/
CT is negative. Although widespread implementation of
18F-FDG PET/CT imaging for evaluation of Tg1/scan–
patients replaced routine use of mitochondrial imaging, the dif-
ferent uptake mechanisms of 99mTc-sestamibi and 18F-FDG in
neoplastic cells provides the rationale for selected use of
99mTc-sestamibi in difficult patients with suspected metastatic
disease not identified by other conventional imaging modalities
(e.g., negative 131I WBS, US, 18F-FDG PET/CT, and CT)
(79,178). The tertiary tier includes somatostatin receptor (SSR)
imaging with radiolabeled somatostatin analogs (e.g., 99mTc-
depreotide, 99mTc-EDDA/HYNIC-Tyr3-octreotide [Tektrotyd],
111In-octreotide, and 68Ga-DOTATATE/TOC/NOC). A sub-
stantial percentage of aggressive histologic variants of DTC
(e.g., H€urthle cell, tall cell, insular variants) associated with
locoregionally advanced and/or metastatic DTC exhibit cellular
expression of SSR, which can be found independently of glu-
cose transporter overexpression (i.e., in patients with negative
18F-FDG PET/CT imaging) (79). SSR PET imaging also often
provides complementary information in 18F-FDG1 patients
and appears to be especially promising in poorly differentiated
and oxyphilic subtypes (i.e., H€urthle cell) metastatic DTC
(179,180). Peptide-receptor radionuclide therapy using radiola-
beled somatostatin analogues has shown promise for treatment
of 131I-refractory metastatic DTC, with a demonstrated objec-
tive response rate of 20%–60% tumor reduction as determined
by radiologic measurements (RECIST) (181–183). For the
future, some promise is shown in individual cases employing
68Ga–prostate-specific membrane antigen imaging.

Step 4: Customize management to the location and num-
ber of the metastases: Once 1 or multiple metastatic sites are

identified, one must decide whether tissue biopsy for histol-
ogic examination and mutational profile characterization is
needed. Focally directed therapy needs to be considered for
management of unifocal or oligometastatic disease (e.g., sur-
gical resection, external-beam radiation therapy, alcohol
injection, radiofrequency ablation, cryotherapy, emboliza-
tion, and/or radioisotope embolization). 131I therapy should
be considered if doubt is still present regarding 131I refrac-
tory status. Systemic and/or combined therapy is recom-
mended for multifocal or widespread metastases.

C. 18F-FDG PET/CT Imaging for Prognosis of
Metastatic DTC

Approximately 15%–20% of patients with metastatic
DTC and most patients with H€urthle cell thyroid cancer are
refractory to radioiodine, and OS for these patients ranges
between 2.5 and 4.5 y (60,158,184). The prognosis of me-
tastatic DTC is variable, with 2 distinct phenotypes identified:
indolent and aggressive (185,186). Patients with iodine-avid
metastatic DTC tend to have more favorable prognoses, with
10-y survival .90%, whereas non-iodine–avid metastatic
DTC has a dire 10-y survival of 10% (187). On a molecular
level, this is largely driven by genetic patterns, with specific
mutations associated with aggressiveness of thyroid cancer
disease (188). Two studies demonstrated suboptimal predic-
tive value of staging, including the widely used TNM system
(189,190). Tg doubling time (Tg-DT) has been identified as a
prognostic factor, with Tg-DT , 1 y portending poor prog-
nosis and Tg-DT . 2 y signifying good prognosis (191).
However, Tg-DT cannot be calculated in the presence of
TgAbs, which invalidate Tg measurements, and it cannot
inform regarding the metabolic phenotype and spatial dis-
tribution of metastatic lesions. There is a large variability in
survival time for patients with metastatic DTC, ranging
from 1 to 30 y (186). The lack of accurate survival esti-
mates for the individual patient has important implications
for treatment decisions, especially regarding initiation of
targeted MKI therapies (192,193). Due to the toxicity pro-
files of these medications, current National Comprehenisve
Cancer Network guidelines advocate active surveillance as
standard of care in metastatic disease until evidence of
symptomatic or clinically progressive disease as outlined
by RECIST (194,195).

18F-FDG PET/CT imaging is particularly useful not only
for identification and localization of non-iodine–avid me-
tastases but also for predicting the course of disease as
aggressive or indolent. 18F-FDG PET/CT has demonstrated
prognostic value for survival in metastatic DTC (196), pre-
dicting a survival disadvantage for patients with positive PET
compared with those with negative PET results (184,197).
Robbins et al. (184) demonstrated that in patients with me-
tastatic DTC a positive 18F-FDG PET/CT scan result predicted
a 7-fold increased risk of mortality compared with patients
who had negative FDG scans.

18F-FDG PET/CT metabolic parameters can help define
the volume and biologic variations of metastatic tumor burden.

TABLE 8
Factors Considered for Management of Elevated Tg and

Negative DxWBS (Tg1/Scan–) Patients

! Treatment objectives (i.e., cure, progression-free
survival, palliation)

! Time interval since last 131I treatment

! Amount of 131I activity administered for most recent
treatment

! Response to most recent 131I treatment (if there has
been a previous therapy)

! Total cumulative 131I therapeutic activity

! Frequency and severity of side effects of prior 131I therapies

! Is the patient a minimalist or maximalist regarding
benefit vs risk of 131I therapy?

! Comorbidities

! Capabilities of the treating facility
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Specifically, metabolic tumor volume (MTV) and total glycol-
ytic activity (also referred to as total lesion glycolysis [TLG])
have been proposed as imaging biomarkers for prognosis in
human solid tumors (198). Robbins et al. (184) demonstrated
that total FDG tumor volume and lesional SUVmax correlate
with survival. Wang et al. (196) noted that an FDG volume
.125 mL was associated with worse survival. The metabolic
parameters of MTV and TLG obtained with 18F-FDG PET/
CT have been used as surrogate markers for tumor burden
and biologic aggressiveness for prognosis of OS and PFS in
non-iodine–avid metastatic DTC. Higher-than-median MTV
and TLG values were associated with worse OS and PFS,
with a median OS of only 3.5 y for patients with radioiodine-
refractory metastatic DTC (199). This information can be
used to guide more rapid implementation of newer thera-
peutic agents for radioiodine-refractory metastatic DTC
and enrollment in clinical trials.

VIII. CONCLUSION

DTC is the most common endocrine malignancy, with a
rising incidence for the last 30 y. The standard of care for
DTC patients is multidisciplinary and involves a risk-stratified
approach integrating information from surgical histopathol-
ogy, genetic markers, postoperative Tg levels, and anatomic/
functional imaging studies. Early identification of residual
nodal and/or distant metastases is particularly relevant for suc-
cessful 131I therapy of metastatic disease, because patients
who achieve a CR have considerably higher survival rates
than patients with structural incomplete responses. Integration
of Dx radioiodine scintigraphy in the management algo-
rithm of patients with thyroid cancer should be consid-
ered, and further multidiciplinary collaborative studies to
assess patient-relevant outcome measures (disease-specific
survival, recurrence rates, and PFS) need to be performed.
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How Many Theranostics Centers Will We Need in the
United States?

Johannes Czernin and Jeremie Calais

David Geffen School of Medicine at UCLA, Los Angeles, California

Lutetium-177-PSMA-617 (PLUVICTO) has been approved by
the U.S. Food and Drug Administration for patients with prostate-
specific membrane antigen (PSMA)–positive metastatic castration-
resistant prostate cancer (mCRPC) who have been treated with
androgen receptor (AR) pathway inhibition and taxane-based che-
motherapy (1). This great success was enabled by the design, exe-
cution, and results of the VISION trial (2) and has been awaited
with great excitement by patients, their families, and treatment
teams.
We have previously provided some simplified business forecasts

for nuclear theranostics (3). We are expecting a high demand for
prostate-specific membrane antigen (PSMA)–targeted molecular
radiotherapy initially—a demand that will further increase as indica-
tions expand to earlier disease stages. The randomized phase 2
TheraP trial suggested that 177Lu-PSMA-617 may achieve better
prostate-specific antigen responses and progression-free survival than
taxanes (cabazitaxel) as second-line therapy in patients with meta-
static castration-resistant prostate cancer who progress after docetaxel
(4). Several other clinical trials exploring the role of PSMA-targeted
molecular radiotherapy, ranging from the neoadjuvant setting to the
hormone-sensitive setting to first-line therapy for metastatic castra-
tion-resistant prostate cancer, are ongoing or about to start (5).
Theranostic centers will also take care of patients with thyroid

cancer; neuroendocrine tumors, including paraganglioma and
pheochromocytoma; and other cancer types in the future.
How and where will we be able to provide the best care for our

patients?
First, we must establish competence. Implementing training and

accreditation standards is an essential prerequisite. Two articles,
one from experts in Australia and the other from the European
Association of Nuclear Medicine, the Society of Nuclear Medicine
and Molecular Imaging, and the International Atomic Energy
Agency, will soon be published in The Journal of Nuclear Medi-
cine and provide guidance.
Second, we must create a robust supply chain. Given the limited

production capacities that are further at risk by the current geopo-
litical uncertainties, a robust supply chain of therapeutic isotopes
is critically important. Failure to deliver therapies reliably will reli-
ably deliver failure of the approach. This is both a challenge and
an opportunity for industry and academia, as new production strat-
egies could be developed jointly.
Third, we must establish a large number of theranostic centers.

The incidence of neuroendocrine tumors is increasing, being

currently estimated at 12,000–15,000
new cases per year in the United States,
with an estimated prevalence of 170,000
cases (6). Half the newly diagnosed
patients will undergo surgery, but many
will experience slowly progressing dis-
ease. As a conservative estimate, and
assuming that late-stage rather than ear-
lier-stage patients are treated, around
7,500 patients per year might benefit from
therapy with 177Lu-DOTATATE (Luta-
thera; Advanced Accelerator Applica-
tions). Patients usually undergo 4 cycles,
which translates into 30,000 cycles per
year in the United States (Table 1).
Most patients who have end-stage

prostate cancer and progress after chemo-
therapy are potential candidates for
PSMA-targeted molecular radiotherapy
(# 40,000 patients per year) (7). PSMA
PET screening may exclude 6,000 of
these 40,000 patients (15%) from 177Lu-
PSMA therapy (8). We assume that
the 50% of patients who are nonrespond-
ing would discontinue treatment after
2 cycles whereas the responders would complete the 4–6 scheduled
cycles. Thus, we estimate that 34,000 patients will need a total of
around 120,000 treatment cycles.
Taken together, 41,500 patients would require 150,000 treat-

ment cycles of lutetium-based molecular radiotherapy per year for
metastatic neuroendocrine tumors and prostate cancer (Table 1).
At least 70 treatment sites, each providing 8 cycles per day, would
be required to deliver approximately 150,000 cycles (assuming

Johannes Czernin

Jeremie Calais

TABLE 1
Conservative Estimates for Number of Treatment Cycles

per Year in United States

Molecular
radiotherapy
agent

Patients
per year Cycles per year

177Lu-DOTATATE 7,500 30,000 (4 cycles per patient)
177Lu-PSMA 34,000 120,000 (2–6 cycles)

Total 41,500 150,000COPYRIGHT© 2022 by the Society of Nuclear Medicine andMolecular Imaging.
DOI: 10.2967/jnumed.122.264144
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260 workdays in the United States). Currently, a much lower site
capacity is expected. Table 2 provides the number of centers
required if each site delivers 2, 4, or 8 cycles per day.
Theranostics have arrived as an important component of preci-

sion oncology. Theranostics-based precision oncology requires
substantial investments in the supply chain, in training (physicians,
nurses, technologists, dosimetrists, radiation safety experts), in site
design, in needs assessments, and in operational workflows. Pro-
fessional organizations need to negotiate appropriate compensation
and reimbursement with public and private insurance companies.

The first year after Food and Drug Administration approval of
PSMA-targeted theranostics will inform us about the initial
demand for services. However, because of the predicted rapid
future growth, we need to get ready now.
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TABLE 2
How Many Centers Are Needed in United States to Deliver

150,000 Treatment Cycles per Year?

Cycles per
site per day

Cycles per
site per year

Centers needed
to deliver 150,000
cycles per year*

8 2,088 70

4 1,044 140

2 522 280

*Approximations.
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C O M M E N T A R Y

A Letter from Ukraine

March 30th, 2022

Dear All,

My name is Ken Herrmann and I’m a nuclear medicine physi-
cian from Germany. I also chair the EANM Oncology and Thera-
nostics Committee.
I am reaching out to you today in my role as Chair of Nuclear

Medicine in Essen. We are all shocked about the invasion of your
country and the current events in Ukraine. As a native of East Ber-
lin, I am emotionally affected and am reminded of my personal
history.
Accordingly, I want to reach out to offer any help for you and/

or your families. Please let us know if there is anything we can do.
Currently our hospital is accommodating a number of Ukraine

health-care professionals and I want to offer more to help. Please
let us know what we can do.
All the best, and we sincerely hope that the war will be over

soon.

Ken

March 30th, 2022

Dear Ken,

Thank you for your support!

I am the head of the department of
the hospital in Kyiv where PET/CT is
performed. I have been living at work
since the first day of the war. We pro-
vide care to patients with a minimum
number of staff. Because of frequent
Russian bombings in the area where I
live, I have to spend the night in the
basement ofmy clinic. I am also in charge
of the radiation therapy department. We
did not stop irradiating patients for a single day. PET/CT had to be
stopped due to lack of staff. Last week, colleagues were able to
move to an area near the clinic and resume operation of the cyclo-
tron and laboratory. I hope we will succeed with the production of
FDG soon.
Many cancer patients have remained in Kyiv and need medical

care. We do our job, although it is not easy. There are lots of new
challenges. Every time the city is bombarded or covered with mis-
sile strikes, patients have to go down to the basement on an alarm
signal. But it is clear that we cannot interrupt ongoing radiation
therapy. I decided for myself that when we start PET, we will not
interrupt the scan either. We will not let patients down who have
already been injected with radiopharmaceuticals so as not to irradi-
ate others. I understand that this looks ridiculous while under the
risk of a nuclear attack.
This war takes the lives of thousands of Ukrainians. Adults and

children. We are fighting for our freedom. We are fighting for the
lives of our people.
P.S. Thanks for a quick response of EANM on my official letter

as Vice-president of the Ukrainian Society of Nuclear Medicine.
In the beginning of March, we asked to terminate Russia’s EANM
membership and provide support to our country.

Best regards,
Pray for us

Kmetyuk Yaroslav MD, PhD
Head of Radiosurgery Center,
Clinical Hospital “Feofaniya”
03680, Kyiv, Ukraine
21, Zabolotnogo st.
Kmetyuk@feofaniya.org

Kmetyuk Yaroslav MD,
PhD, Head of Radiosur-
gery, Center Clinical
Hospital“Feofaniya”

Patient treatment in war times. Photograph taken in the waiting room
of Clinical Hospital “Feofaniya” in Kyiv, Ukraine (March 2022).

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

Precision Medicine Clinical Trials
A Conversation Between Peter O’Dwyer and Lale Kostakoglu

Peter J. O’Dwyer1 and Lale Kostakoglu2

1Department of Medical Oncology, Hospital of the University of Pennsylvania, Philadelphia, Pennsylvania; and 2Department of
Radiology and Medical Imaging, Division of Nuclear Medicine and Molecular Imaging, University of Virginia Health Systems,
Charlottesville, Virginia

Lale Kostakoglu, MD, MPH, a professor of Radiology and
Chief of Nuclear Medicine and Molecular Imaging in the Univer-
sity of Virginia Health System (Charlottesville, VA), talked with
Peter J. O’Dwyer, MD, a professor of Medicine at the University
of Pennsylvania (Philadelphia) and a medical oncologist with
expertise in gastrointestinal (GI) and pancreatic cancers. Dr.
O’Dwyer has been the Group Co-Chair of the ECOG-ACRIN
Cancer Research Group since May 2017. ECOG-ACRIN is a
membership-based scientific organization that designs and con-
ducts cancer research involving adults who have or are at risk of
developing cancer. The network includes more than 1,300 aca-
demic and community-based cancer centers and hospitals in the
United States and around the world, with approximately 15,000
oncology professionals involved in sponsored research.
Within ECOG-ACRIN, Dr. O’Dwyer co-chairs the landmark

National Cancer Institute (NCI) Molecular Analysis for Therapy
Choice (MATCH) precision medicine cancer trial. He is the CEO
and chair of the Board of Managers of PrECOG, LLC, and presi-
dent of the ECOG Research and Education Foundation.
Dr. O’Dwyer received his medical degree from the University of

Dublin, Trinity College (Ireland), and completed his residency at the
Hammersmith Hospital (London, U.K.). After a fellowship at the
Baltimore Cancer Research Center (MD), he became a senior investi-
gator in the Division of Cancer Treatment at NCI (Bethesda, MD).
He previously led the Developmental Therapeutics Programs at Fox
Chase Cancer Center (Philadelphia, PA) and the University of Penn-
sylvania. He has authored more than 350 scientific articles and partic-
ipates in numerous national and international organizations.
Dr. Kostakoglu: Let’s start with your inspiring trans-Atlantic

experience. Would you like to tell us about your background and
the pivotal decisions that shaped your career path?
Dr. O’Dwyer: That’s an interesting question. Actually, my career

path has been formed in the United States. I have links with Europe
just because many of my colleagues through the years have gone
from junior to more mature positions there, and a lot of research is
based on personal links. We’re fortunate within ECOG-ACRIN to
have a strong presence in Europe, South America, Asia, and Canada
to establish new member relationships. Particularly in Asia, where
South Korea is the most important country for us to focus on right
now because we have shared studies there. It’s been difficult to go
beyond that because of various regulatory issues, particularly in
South America. To generate scientific ideas and design new trials,

we often collaborate with global research
consortia, such as the International Rare
Cancers Initiative and others.
I think these international interactions

really help us focus on the global impact
of our studies and assist us in carrying
out ECOG-ACRIN’s strong commit-
ment to advancing standards of care in
broad populations of cancer patients and
those at risk. We seek patient diversity
in all clinical trials, including African-
American patients, patients with His-
panic ethnicity, and Asian groups. For example, our current Tomo-
synthesis Mammographic Imaging Screening Trial (TMIST) is
highly diverse. I think that precision medicine, where we tailor treat-
ment to the individual, is helping us increase awareness of how
important it is to include diverse patient populations in our trials to
ensure that the results apply to all.
Dr. Kostakoglu: Thank you so much for that background. Can

we talk about your leadership role more specifically now? You’re
wearing at least 2 hats: 1 as an active researcher in the GI and
developmental therapeutics programs at the University of Pennsyl-
vania and the other as the national co-chair of the ECOG-ACRIN
group. If we start from developmental therapeutics, could you tell
us what this focus fosters and how it integrates translational
research with clinical program resources?
Dr. O’Dwyer: Although I continue to see patients at the

Abramson Cancer Center at the University of Pennsylvania, I have
relinquished any UPenn leadership roles to focus more on ECOG-
ACRIN. But, certainly, developmental therapeutics has informed
my approach to clinical research in GI cancers and more broadly.
Having had responsibility for an R01-funded research lab for
about 20 years, this type of research is my background. Develop-
mental therapeutics programs are the main idea generators for clin-
ical research; our role is to link academic medical centers to a
broader community to allow translational research efforts to have
maximum impact. Unfortunately, resources from the government
are decreasing. Now, more than ever, institutions need to develop
partnerships to be able to conduct these studies. We’re constantly
talking with the senior leadership of the NCI about ways to
increase the impact of translational research.
Dr. Kostakoglu: Shifting the topic to novel therapeutics, we

know that owing to the highly adaptive nature of cancers, there is
definitely a need for new therapeutic strategies. But what are the
principal mechanisms for these novel targeted therapeutics in cir-
cumventing the barriers of conventional treatments?

Peter J. O’Dwyer, MD
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Dr. O’Dwyer: Hormonal interventions for breast cancer were
the earliest targeted therapeutics. In the last few years, the major
class of targeted therapeutics has been the kinase inhibitors, begin-
ning with imatinib in chronic myeloid leukemia and GI stromal
tumors. Now these are standard drugs in most leukemias and lym-
phomas, as well as the major solid tumors. This class of drug has
had an important impact—in reality, the first to get us beyond che-
motherapy. As we’ve learned more about targeted treatments, their
clinical use has become more established and more focused on
specific genomic characteristics of patients’ tumors.
Understanding mechanisms of resistance and then targeting those

novel mutations with more specific drugs have induced longer dura-
tions of survival than conventional therapies. A good example is the
epidermal growth factor receptor inhibitors that have made such a
survival difference for patients with lung cancer. An iterative
research process to define exactly how lung tumors were escaping
control by the earliest kinase inhibitors has allowed the development
of even more specific therapeutics with superior outcomes in both
activity and toxicity. Another story is about the targeting of BRAF
mutations. In some tumors, like melanoma, the effects are astound-
ing, with high rates of durable response and favorable survival and
quality of life. But in colon cancer the effects are much less. In fact,
as a result of the NCI MATCH trial, an application is under U.S.
Food and Drug Administration review for a tumor-agnostic registra-
tion for BRAF-mutated tumors, excluding colon cancer.
Dr. Kostakoglu: That is a nice segue to NCI MATCH, the land-

mark precision medicine cancer trial. As the co-chair of this trial,
could you tell us in what ways MATCH has been successful?
Dr. O’Dwyer: It certainly is a uniquely effective trial—one that

is influencing how we will design and conduct precision medicine

studies in the future. Just to put it in context, after about 2 years of
planning, in the first 3 months after study initiation, our accrual
rate was 8-fold higher than expected. Several aspects worked in
the trial’s favor. First, at a time when DNA sequencing was expen-
sive and it was unclear how it would be funded, the cost of
sequencing was covered by the study. By meeting this need for
cancer patients, the trial accrued faster than any other large coop-
erative group trial ever—6,000 patients enrolled for central screen-
ing in 15 months. Another positive was that, despite our concerns
about being able to reach patients with rare tumors, 60% of
accruals represented uncommon tumors (those other than breast,
colorectal, non–small cell lung, or prostate cancer). This is very
gratifying to observe, because it allows us to think about precision
medicine broadly across tumors. It also shows the value of plat-
form trials for patients with uncommon or rare genomically driven
cancers. MATCH results will allow us to identify groups in which
a specific treatment will be effective, versus others where different
treatment strategies should be developed.
Also important, of course, is that we proved that this type of

trial is feasible and that there is broad interest among physicians.
At the time of development, the size and scope of MATCH had
never been attempted. For the NCI and ECOG-ACRIN, it was an
enormous undertaking to develop the infrastructure for a national
precision medicine trial across all cancers. As a result of this tre-
mendous effort, NCI MATCH is building a knowledge base and
laying the groundwork for future precision medicine initiatives.

As a reminder, this trial continues to offer 2 treatment opportuni-
ties (Arm H and Arm Z1M). The other 37 arms are now closed to
enrollment, and multiple journals are expected to publish the results
of the individual treatment arms. In MATCH, we are looking at sin-
gle-agent treatments, with the exception of 2 arms that use combina-
tions. We are finding that most of the patients have cooccurring
mutations that are known to confer resistance, but we don’t cur-
rently have a targeted drug for most of the concurrent mutations.
This is perhaps the greatest opportunity for the future. We need to
think about combinations of targeted therapies with immunotherapy
and vaccines to stop the development of drug resistance.
Dr. Kostakoglu: In that vein, what would be the main drivers of

these novel combination treatments? Would you foresee paired
resistance?
Dr. O’Dwyer:We can talk about this at 2 levels. One is that com-

bination precision medicine trials are in development with sponsor-
ship from the NCI. Within ECOG-ACRIN and together with the
Alliance for Cancer Clinical Trials, the SWOGCancer Research Net-
work, and NRG Oncology, we are developing the ComboMATCH
trial. This trial’s approach is tumor agnostic, much like the original
NCI MATCH trial. However, the principle here is to overcome drug
resistance to single-agent therapy by developing genomically
directed targeted agent combinations. Another suggestion from the
MATCH trial is that while hitting certain drug targets may be useful
across tumor sites of origin, several are limited to specific tumor
types. ComboMATCHwill recognize the importance of cancer tissue
type specificity in response to targeted therapy by incorporating ran-
domized arms in specific diseases.
ECOG-ACRIN recently expanded our Developmental Thera-

peutics Committee with a Genomics Subcommittee to develop

molecularly informed concepts, particularly combination concepts,
to move forward not just through ComboMATCH but also through
ECOG-ACRIN and PrECOG. Combination concepts can include
immunotherapy, targeted therapies, chemotherapy, or radiation
therapy. We hope to do this by actively engaging our industry
partners and helping them develop these types of concepts with
novel compounds—particularly in areas like rare tumor subtypes.
Another NCI-funded precision medicine trial in development is

MyeloMATCH, which targets genomically defined subgroups of
acute myeloid leukemia and myelodysplastic syndromes. A further
example is iMATCH, which stands for Immunologic MATCH.
Both trials are in development with SWOG.
At another level, I think these precision medicine initiatives of

the NCI will pave the way for further advancements in the man-
agement of particular tumors. Importantly the payors want to see
these data. If convincing, the results from these trials are likely to
be addressed in National Comprehensive Cancer Network
(NCCN) guidelines in the future. These guidelines are essential to
the payors as objective evidence for effective treatments.
Dr. Kostakoglu: These are fascinating trials. In your opinion,

will MATCH results lead to paradigm shifts for cancer manage-
ment in the near future?
Dr. O’Dwyer: Sure, and these will even have implications for

cancer biology. Think about this: We’ve identified mutations that
are associated with cancer development—namely driver muta-
tions, which are critical to tumor survival—but, given that not all

`̀ Developmental therapeutics programs are the main idea generators for clinical research; our role is to link academic
medical centers to a broader community to allow translational research efforts to have maximum impact.´́
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cancers with the mutation respond, the question arises as to
whether we have the right definition of driver mutations? To
answer that question, we’ve interrogated the Cancer Genome Atlas
(TCGA) and other molecular characterizations of cancer at a broad
level. We now can understand how to characterize a driver muta-
tion at the very earliest stage of carcinogenesis. We can ask: What
are the other acquired biologic characteristics that could promote
therapy resistance? And can we be better at selecting patients who
have the best chance of responding to therapy so that we can have
a starting point in the clinic based on biologic studies? And, of
course, can we detect and intervene to target these mutations as
early as possible to prevent cancer ever arising?
Dr. Kostakoglu: MATCH also has a radiogenomics substudy.

How is that study going? It’s always challenging to get the tissues
and the imaging data to match with them.
Dr. O’Dwyer: Those studies have been approved, and we are

in the process of collecting material and associated data both for
histopathologic and for radiomic analysis of CTs, PETs, and
MRIs. This project will be a major component of ECOG-ACRIN’s
data science effort going forward. We are forming a data science
committee to analyze how big data can contribute to interpretation
of the MATCH results, how they relate to patient outcomes, and
also how they relate to the genomics to define patient eligibility
for treatments. We see this effort needing to coordinate widely
with other platforms (including whole-exome or whole-genome
sequencing), as well as radiomic and pathomic characterization of
tumors for large data science analyses.
Dr. Kostakoglu: When do you think these exciting results will

be available in the public domain?
Dr. O’Dwyer: I’m not sure, but I think it will be within a 1- to

2-year time frame, probably not longer than that, because it is
really important to get these data out there soon.
Dr. Kostakoglu: Exactly; can’t wait. Changing gears a bit: As

one of the national leaders within the National Clinical Trials Net-
work (NCTN), could you just briefly tell us what NCTN is and how
it is structured?
Dr. O’Dwyer: NCTN is a funding instrument from the NCI and

a structure under which grants are awarded to individual cooperative
groups to conduct clinical trials to prove the efficacy of experimental
cancer therapeutics. It’s a vital structure for cancer research. What’s
the difference between the cooperative groups and the NCTN as a
whole? The 6 groups themselves are each legally distinct entities
with their own separate identities. They include the Alliance for
Clinical Trials in Oncology, Canadian Cancer Trials Group, Child-
ren’s Oncology Group, ECOG-ACRIN Cancer Research Group,
NRG Oncology, and SWOG Cancer Research Network.
There are regular meetings among the group chairs. In addition,

the group chairs meet regularly with the director and senior leader-
ship of the NCI—collectively known as the “Cabinet.” The Cabi-
net is an important forum in which to establish ways to work
together to advance the goals of the NCI director, to accelerate the
development of cancer research, and to remove potential barriers
going forward. But, of course, NCTN and the group trials that it
funds don’t exist in a vacuum. They exist in a community-wide
competition with clinical trials funded by other entities—with the
pharmaceutical and biotech industries being the largest. The
NCTN groups have a vision that our trials need to be cutting edge,
so we need the most advanced and effective drugs to be in the mix.
NCTN provides an important avenue for the groups to access these
drugs and include them in our trials, particularly in less common

diseases where industry trials could be lacking. Bringing effective
treatments faster to cancer patients is really our main mission.
Dr. Kostakoglu: Talking about that very topic, in a 2021 pre-

sentation at the European Society for Medical Oncology, NCTN
leadership, including you, reported that NCI-funded randomized
trials have generated substantial gains in life years for cancer
patients. Could you briefly tell us about that study? I thought the
results were fascinating.
Dr. O’Dwyer: This cross-group study (Clinical and scientific

impact of National Cancer Institute: Sponsored clinical trial network
group treatment trials. Ann Oncol. 2021;32[suppl 5]:S1102–S1110)
was initiated by SWOG investigators, and we need to give credit to
the actual person who did the work, Joseph Unger, PhD, MS, from
the Fred Hutchinson Cancer Research Center (Seattle, WA). The
analysis systematically reviewed the survival impact of randomized
phase 3 trials funded by NCI from 1980 through 2019. Over the past
40 years, adults in the United States diagnosed with cancer gained
14 million years of additional life thanks to the results of cancer clin-
ical trials conducted by the NCTN. Furthermore, more than 80% of
the studies influenced care recommendations and formal guidelines.
These results strikingly affirm the importance of doing this type of
collective research that contributes significantly to the health care
system. Dr. Unger’s findings are all the more important in this time
of increasing costs of clinical research. The return to the American
people of government-funded investment in better cancer care has
been remarkably solid—a huge impact.
Dr. Kostakoglu: These are amazing results. One last (but not

least) issue is unnecessary treatment. Your co-chair at ECOG-
ACRIN, Mitchell Schnall, MD, PhD, coined the phrase “one
man’s cure is another man’s overtreatment.” How do we bring
value to targeted treatments and avoid overtreatment? And, of
course, could we use molecular imaging as a complementary
prognostic or predictive marker?
Dr. O’Dwyer: Absolutely. The imaging studies in the MATCH

trial that we have talked about have real potential to identify popu-
lations that are more or less likely to respond. Another recently
proposed study would assign risk factors to some cancer patients
based on genomic features. There are data to indicate that you can
identify high-risk patients using genomic techniques. But imaging
features can also be exploited, because they do not always overlap
with the genomic features. The idea is to identify patients at the
highest risk and initiate appropriately aggressive treatment strate-
gies. With this approach, we could also decrease the number of
patients subjected to unnecessary treatments.
This approach to overtreatment dovetails with the need to ques-

tion the intensity of some therapies being used. ECOG-ACRIN led
the definitive Trial Assigning Individualized Options for Treat-
ment (TAILORx), which showed in 2018 that most women with
early breast cancer do not benefit from chemotherapy. TAILORx
also provided unequivocal evidence supporting the clinical utility
of an assay to risk stratify women, leading to changes in NCCN
and other treatment guidelines globally.
Within ECOG-ACRIN, multiple active studies are incorporating

imaging to be able to stratify risk groups for proper treatment
options. I think this type of strategy is going to have important
patient outcome implications. You know, ECOG-ACRIN is unique
among cooperative groups in that we are charged with developing
advanced imaging trials for the NCI’s NCTN. This is one of sev-
eral goals for our expansive Imaging Committee, which is the hub
for imaging scientists to engage with the group. The specialty

810 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 63 ! No. 6 ! June 2022



groups under this committee explore experimental imaging sci-
ence, immunooncology, quantitative imaging, and radiomics.
Imaging scientists in ECOG-ACRIN develop and conduct trials

for early evaluation of new imaging agents and approaches, as well
as plans for their broader application, in collaboration with our 12
cancer-type–oriented therapeutic committees. These studies are
developed with the help of our Cancer Research Advocates Com-
mittee. You know, for a patient who has just been diagnosed with
cancer, the idea of decreasing the intensity of care can be frighten-
ing—and makes them very hesitant about being part of this type of
clinical trial. So there’s a complexity here that we’re learning about,
and our advocates are guiding us in developing ways to help patients
understand and partner in this sort of research.
Dr. Kostakoglu: A closing personal question. Being such a

busy person, how do you strike a balance between your family life
and work schedule? It’s probably very difficult.
Dr. O’Dwyer: It really is. But I have tremendous support from

the best team of people that I have ever worked with. I’m only half
of the leadership of ECOG-ACRIN. The other half is Dr. Schnall,
group co-chair of ECOG-ACRIN and chair of the Department of
Radiology at the University of Pennsylvania. Mitch is obviously a

real expert, not just in the imaging field but also in health systems
and precision medicine. So it isn’t as hard to be organized as one
would think. It’s very important to be grounded in patient care,
because, really, that’s where the rubber hits the road. Being too far
from patients can lead to unrealistic expectations. Again, this is all
collaborative, and it’s really a joy and a privilege to be able to
work in this setting, both from the perspective of ECOG-ACRIN
and the University of Pennsylvania, where I work and collaborate.
I also have the good fortune to be married to Naomi Haas, MD, a
genitourinary (GU) oncologist, also at the University of Pennsylva-
nia, and co-chair of the ECOG-ACRIN GU Committee. Our
mutual understanding of the clinical and research requirements and
deadlines makes flexibility essential but allows us also to have a
life away from these demands.
Dr. Kostakoglu: It has been a truly great pleasure talking to you.

We have covered myriad exciting topics. And thanks so much again
for your time and willingness to share your valuable perspectives.
Dr. O’Dwyer: Not only do I thank you so much for reaching out

but also hope this discussion will be of interest to the readership.
Dr. Kostakoglu: Thank you so much again for your valuable

contribution.
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The VISION Forward: Recognition and Implication of
PSMA2/18F-FDG1 mCRPC
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Metastatic castration resistant prostate cancer (mCRPC) is incurable.
The expression of the transmembrane protein prostate-specific mem-
brane antigen (PSMA) is markedly increased in most mCRPC lesions.
PSMA has been recognized as a viable biologic target for imaging and
radionuclide therapy (theranostics) in mCRPC. The PET agents 68Ga-
PSMA-11 and 18F-DCFPyL have recently been approved for imaging
evaluation of patients with suspected metastasis who are candidates
for initial definitive therapy and patients with suspected recurrence
based on elevated serum prostate-specific antigen level. Radioligand
therapy (RLT) with 177Lu-PSMA-617 (177Lu-vipivotide tetraxetan, Plu-
victo, Novartis/AAA) was approved on March 23, 2022, based on the
favorable results of the VISION trial. It has been recognized that PET
imaging of PSMA expression and glucose metabolism (with 18F-FDG)
provides a more comprehensive assessment of the tumor burden and
heterogeneity. However, there are many unresolved issues that sur-
round whether or not imaging with 18F-FDG PET is advantageous in
the clinical setting of PSMA RLT in mCRPR.
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The recently published VISION trial grounded on targeting
the prostate-specific membrane antigen (PSMA) and the subse-
quent approval of 177Lu-PSMA-617 by the Food and Drug Admin-
istration (FDA) is a momentous milestone for nuclear medicine,
adding to the drive that has been generated over the past decade in
the growth of theranostics and radiopharmaceutical therapy in can-
cer management (1). While metastatic castration-resistant prostate
cancer (mCRPC) remains incurable despite significant strides in
the development of various drug regimens, PSMA-based radioli-
gand therapy (RLT) provides an additional viable option for pro-
longing life. According to the definition and spirit of theranostics,
it is self-evident that the imaging component is an essential partner
for assessing the presence, extent, and intensity of the target
expression before commencing the therapy companion in the
anticipation of favorable response and acceptable biologic and
financial toxicities. It is therefore curious to note that the essential
step of PSMA imaging in the theranostics process has been a topic
of debate (2,3). However, in this discussion, my focus is on

whether or not imaging with 18F-FDG is needed or desired in the
clinical setting of PSMA RLT.

PIVOTAL RELEVANCE OF TUMOR HETEROGENEITY

It is recognized that there is remarkable molecular heterogeneity
between neoplastic cells in an individual tumor mass, between pri-
mary tumor and its metastases, and among the metastases, although
it appears that intraindividual genomic diversity is more limited than
interindividual genomic diversity (4). Themultifeature heterogeneity
of mCRPC renders its potential cure exceptionally challenging. It is
posited that only when the reality of biologic heterogeneity is taken
into full consideration, then there may be opportunities for early suit-
able therapeutic maneuverers to prolong life substantially, preferably
with the least compromise on life quality. We have already encoun-
tered the heterogeneity concept in nuclear medicine. An example
clinical setting includes patients with metastatic thyroid cancer and a
negative radioiodine scan but positive 18F-FDG PET/CT scan.
Another similar setting involves patients with neuroendocrine
tumors who harbor metastases with discordant somatostatin expres-
sion and glucose metabolism. Accordingly, discordance of PSMA
expression and 18F-FDG uptake is not unanticipated in mCRPC.
In a recent prospective investigation of a cohort of men with me-

tastatic prostate cancer, there was only 22% concordance between
18F-DCFPyL and 18F-FDG, revealing substantial tumor hetero-
geneity (5). In another study of men with mCRPC undergoing
177Lu-PSMA-617 RLT, at least 1 mismatch PSMA-negative/18F-
FDG–positive (PSMA2/18F-FDG1) metastasis was noted in
59% of patients and this mismatch was associated with a signifi-
cantly shorter overall survival compared with those patients with-
out mismatch lesions (3.3 vs. 6 mo, P 5 0.008) (6). A similar
finding was reported in an investigation of 54 men with mCRPC
who underwent PSMA PET/CT and 18F-FDG PET/CT at baseline
before 177Lu-PSMA-617 RLT. Patients with at least 1 PSMA2/
18F-FDG1 metastasis at baseline had significantly lower median
overall survival than those without mismatch lesions (6.0 vs. 16.0
mo, P , 0.001) (7). The Australian investigators noted that in
patients who were excluded from the 177Lu-PSMA-617 RLT clin-
ical trial based on metastases with low PSMA expression and
high 18F-FDG uptake, the outcome was poor, with a short median
survival of only 2.5 mo, even if the patients received additional
systemic treatments (8). New discordant PSMA2/18F-FDG1
lesions can also develop during 177Lu-PSMA-617. Hartrampf et al.
noted that after only 2 cycles of PSMA RLT, new PSMA2/18F-
FDG1 metastases developed in 13% of their patients (9). The
authors paid particular attention to the newly appearing liver
metastases. Liver metastases from prostate cancer are not uncom-
mon, being the second most common site (along with lung) after
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bone, with a clinically evident macro-metastatic incidence of up to
25% and association with worst prognosis despite therapy (10,11).
Most liver metastases (#80%) are PSMA-avid and amenable to
PSMA RLT (12). The lack of sufficient PSMA uptake may be due
to either low PSMA expression (e.g., genomic dedifferentiation) or
reduced target-to-background ratio in relation to high physiologic
hepatic uptake of the radiotracer (e.g., 18F-PSMA-1007). In the
investigation by Hartrampf et al., the few PSMA2 liver metastases
were all 18F-FDG1. Except in 1 case, these lesions were also iden-
tified on contrast-enhanced CT. These observations imply that
aside from effects of the type of PSMA radiotracer that is used and
the available ancillary anatomic imaging information in identifying
metastatic lesions, the change in tumor biology early in the PSMA
RLT, probably through clonal selection with transdifferentiation
from an epithelial phenotype to the more aggressive neuroendo-
crine phenotype, may affect the efficacy of subsequent RLT cycles
and the overall impact on patient outcome (13).

WHAT PREDICTS DISCORDANT PSMA−/18F-FDG+
METASTATIC DISEASE?

Chen et al. noted at least 1 PSMA2/18F-FDG1 lesion in 23.2%
of their patients with mCRPC who underwent both 68Ga-PSMA-
11 PET/CT and 18F-FDG PET/CT. Multivariate regression analy-
sis revealed that dichotomized thresholding of Gleason score (GS)
at 8 and serum prostate-specific antigen (PSA) level at 7.9 ng/mL
could predict PSMA2/18F-FDG1 mismatch lesions with no mis-
match lesions at GS and PSA levels below the threshold levels,
21.7% mismatch with GS , 8 but PSA $ 7.9 ng/mL, and as high
as 61.5% mismatch metastases when both GS and serum PSA
level were above the threshold values (14). Interestingly, in the
M0 CRPC clinical setting, Wang et al. reported that a high Gleason
grade group was associated significantly with PSMA2/18F-FDG1
disease. Moreover, they noted that castrate-sensitive metastatic dis-
ease was rarely associated with PSMA2/18F-FDG1 lesions (15).
Blood parameters (liquid biopsy) may also be helpful as simple

predictors of mismatch lesions. Rosar et al. observed that serum
neuron-specific enolase (a cytoplasmic enzyme and a marker for
tumors of neuroendocrine origin) concentration was significantly
and positively associated with 18F-FDG–avid and low PSMA-
expressing metastases in patients with mCRPC (16). A recent
systematic review reported that serum neuron-specific enolase cor-
relates with prognosis in patients with progressive mCRPC (17).
The LuPSMA trial investigators assessed for prognostic bio-
markers that included blood parameters (alkaline phosphatase
[ALP], lactate dehydrogenase [LDH]), and imaging (whole-body
segmented and quantified tumor volume on PET and EXINI index
for bone scan). For 18F-FDG PET/CT, lesions were considered if
they displayed SUVs greater than mean hepatic parenchyma uptake
plus 2 SDs. For PSMA PET/CT, any lesion with an SUV above 3
was considered. The hazard ratios of prognostic biomarkers for
overall survival were 2.6, 2.3, 1.2, 1.1, and 0.89 for 18F-FDG1
tumor volume, bone scan index, LDH, ALP, and mean intensity of
PSMA-avid tumor uptake, respectively (18). The 18F-FDG1 tumor
volume was the most informative prognostic biomarker.

HOW IS A LESION CHARACTERIZED AS PSMA− AND
18F-FDG+?

The definition of PSMA positivity and 18F-FDG negativity is
not standardized. The phase 2 LuPSMA trial defined PSMA posi-
tivity when the lesion uptake level as measured by maximum SUV

(SUVmax) was at least 1.5 times greater than liver SUV. Patients
with any 18F-FDG1 disease and corresponding PSMA uptake
lower than the selected positivity definition were excluded (19).
With these dual imaging criteria, 16% of the patients were
excluded. In the phase 2 TheraP trial, PSMA positivity was
defined as an SUVmax of at least 20 at a disease site and greater
than 10 at all other measurable sites of metastatic disease. Patients
were excluded if there were any PSMA2/18F-FDG1 metastases
(10% for PSMA2 metastases, 18% for 18F-FDG1 metastases)
(20). Despite differing PSMA positivity definitions in the 2 trials,
these maneuvers preselected patients with relatively high PSMA-
expressing metastases, which enriched the potential for favorable
outcome in patients undergoing 177Lu-PSMA-617 RLT in these 2
clinical trials (PSA reduction of 50% or more from baseline or
PSA50 in 57% and 66% of patients for LuPSMA and TheraP,
respectively). The strategy was successful and supported addi-
tional clinical trials including the recently published pivotal ran-
domized open-label phase 3 VISION trial comparing standard care
plus 177Lu-PSMA-617 with standard care alone (21).
In the VISION trial, only 68Ga-PSMA-11 PET/CT was per-

formed with the eligibility criteria that the patients harbor at least
1 PSMA1 metastatic lesion (defined as uptake greater than that of
liver parenchyma in lesions of any size in any organ system) and
no PSMA2 lesions (defined as uptake equal to or lower than that
of liver parenchyma in any lymph node with a short axis of at least
2.5 cm, in any solid organ lesion with a short axis of at least
1.0 cm, or in any bone lesion with a soft-tissue component of at
least 1.0 cm in the short axis). With these imaging selection crite-
ria, 12.6% of patients were excluded after PSMA PET/CT imag-
ing. 18F-FDG PET/CT was not performed. Outcome of PSA50
was noted in 46% of patients. The lower PSA50 in the VISION
trial in comparison to those reported in the LuPSMA and TheraP
trials may be in part due to the differing imaging-based patient eli-
gibility criteria among the trials. It is probable that at least some
patients who were eligible for VISION trial would have been
excluded from LuPSMA and TheraP trials. It is interesting to con-
coct how the results of the VISION trial would have been
impacted if the patient eligibility criteria included 18F-FDG PET/
CT similar to the LuPSMA and TheraP trials. However, in broader
term, it remains to be determined if patients with low PSMA
expression and discordant 18F-FDG1 lesions should be excluded
from PSMA RLT (7).

PROS AND CONS OF 18F-FDG PET/CT INCLUSION IN
PSMA RLT

Imaging evaluation of mCRPC with both 18F-FDG and a
PSMA radiotracer will provide a more comprehensive assessment
of the tumor burden. However, how the levels of PSMA expres-
sion and 18F-FDG discordance should impact PSMA RLT man-
agement decisions remain an open debate and will need further
investigation. It is reasonable to anticipate that patients with
tumors that display moderate PSMA expression but with 18F-FDG
discordance may be candidates for combination therapy (PSMA
RLT plus chemotherapy, immunotherapy, or androgen deprivation
therapy (ADT) in patients with polymetastatic disease or PSMA
RLT plus stereotactic body radiation therapy with or without ADT
in patients with oligometastatic disease). Interim 18F-FDG PET/
CT scanning during a course of PSMA RLT may also provide
important information on any evolutionary biologic changes of the
tumor sites, which may facilitate the tailoring of the subsequent
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RLT cycles (in terms of timing and dosage) with or without inclu-
sion of other therapies. Clinical trials may be envisioned to address
these matters. In this regard, a standardized method to quantify
PSMA PET/CT and 18F-FDG PET/CT scans would be helpful to
simplify image analysis and interpretation. A 6-tier image scoring
system referred to as Pro-PET score has been proposed, although
there has been no external validation (22). There are also proposed
semiautomated algorithms that can facilitate quantification of total
tumor burden on either PSMA PET/CT or 18F-FDG PET/CT
(23–25).
While there are rational motives to include 18F-FDG PET/CT in

PSMA RLT, it renders the entire process more complex from mul-
tiple points of view. The scans will likely be performed on 2 sepa-
rate days, which may be inconvenient to patients. The imaging
components of the theranostics will need to be interpreted in com-
bination and results provided in a simple standardized format that
can inform clinical decision making. While 18F-FDG PET/CT is
covered by the Center for Medicare and Medicaid Services (CMS)
under the “subsequent treatment strategy” category for prostate
cancer, the coverage for PSMA PET/CT has yet to be instituted. It
is also unclear if CMS or insurance agencies would be amenable
to pay for 2 PET/CT scans in close temporal proximity for the
same indication if the outcome benefit for such diagnostic imaging
strategy is unestablished. Notwithstanding, the overall cost of
imaging will increase, and cost-utility studies will be needed to
decipher whether higher cost and incorporation of combined 18F-
FDG PET/CT and PSMA PET/CT results improve patient man-
agement and outcome. Aside from the important issues of cost and
logistics, and as alluded to above, many questions arise that
remain unanswered at this time. It is unclear what treatment strat-
egy may be best to treat patients with PSMA2/18F-FDG1 disease
(however, this condition ends up being defined) and if these
patients should be excluded from PSMA RLT or if some patients
may be included as potential candidates for the therapy if PSMA
expression can be primed with intervention (e.g., properly timed
and dosed ADT) (Fig. 1).

POTENTIAL STRATEGY FOR FUTURE

The current evidence suggests that at least in the clinical trial
settings, incorporation of both PSMA PET/CT and 18F-FDG PET/
CT can be informative and potentially impactful. Post hoc analysis
of the pertinent data collected from completed clinical trials can
also be contributory. Inclusion of various clinical features such as
GS, PSA and its kinetics, prior therapies, and relevant blood indi-
cators may also provide the important stratification parameters for
justifying the inclusion or exclusion of 18F-FDG PET/CT imaging
in the clinical setting of PSMA RLT.
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After years of development and many published studies, pros-
tate-specificmembrane antigen–targeted radioligand therapy recently
reached a critical milestone on March 23, 2022, with approval of
177Lu-PSMA-617 by the U.S. Food and Drug Administration (1).
This landmark success heralds a new era of large-scale theranostics
for nuclear medicine. This editorial provides the first-hand perspec-
tive on the origins of the phase III VISION trial and, specifically, the
creation of the imaging criteria for selection of patients for PSMA-
targeted therapy.

ENDOCYTE: A PHOENIX RISEN FROM THE ASHES

Endocyte was founded in 1996 to develop small-molecule drug
conjugates and imaging agents targeting the folate receptor (2). In
2012, Endocyte entered into a license agreement with Merck &
Co. for codevelopment of a folate-targeted theragnostic for women
with platinum-resistant ovarian cancer. Two years later, Endocyte
received a positive opinion for conditional marketing authorization
from the Committee for Human Medicinal Products for the combi-
nation of the folate-targeted small-molecule drug conjugate and a
companion SPECT diagnostic for patient selection. Shortly after,
Endocyte withdrew the conditional marketing authorization applica-
tion because the phase III trial failed the predefined futility analysis.
During that same time, Endocyte expanded its portfolio to include
prostate-specific membrane antigen (PSMA)–targeted theranostics
and initiated a phase I trial investigating a PSMA-targeted small-
molecule drug conjugate and 99mTc-based PSMA-targeted SPECT
tracer for prostate cancer (3).
While analyzing the failure of the folate-targeted theragnostic trial

(4), Endocyte restructured the organization and explored in-licensing
opportunities. Leveraging of the company’s history with theranostics
and patient selection experience, along with the growing recognition
of the potential of PSMA-targeted radioligand therapy, Endocyte
announced the worldwide licensing agreement for 177Lu-PSMA-617
with ABX GmbH in October 2017. The team then quickly worked
to initiate the phase III trial “177Lu-PSMA-617 for Metastatic Castra-
tion-Resistant Prostate Cancer” (VISION). Endocyte decided to use
68Ga-PSMA-11 PET/CT for patient selection and entered into a sup-
ply agreement with Telix to use its PSMA-11 kit for sites that did

not have an active 68Ga-PSMA-11 investigational-new-drug authori-
zation. Less than a year after acquisition of PSMA-617, the first
patient was enrolled in the VISION study. Along with overall sur-
vival, imaging-based progression-free survival was negotiated by
Endocyte with the Food and Drug Administration as an alternate pri-
mary endpoint. In October 2018, Novartis announced its intent to
acquire Endocyte—an event that completed the story of Endocyte’s
rising from the ashes. On March 23, 2021, Novartis announced the
successful results of the VISION trial, approximately 3.5 y after
Endocyte’s acquisition of the exclusive license for PSMA-617 (5).

FORMULATING THE PSMA PET SELECTION CRITERIA

The first decision was whether to even use imaging for patient
selection. For example, if imaging excluded only less than 10% of
patients, would it be worth the added effort, expense, and complexity
to the trial? On the other hand, if selection were too restrictive,
patients could be excluded who might otherwise benefit from 177Lu-
PSMA-617. After consulting with a variety of opinion leaders, a
10%–20% exclusion rate by imaging was targeted as an optimal
compromise between too restrictive and not restrictive enough, which
was achieved in the trial. At the time (and arguably still), there were
not enough robust data in the public domain to inform a definitive
exclusion rate and set expectations based on efficacy outcomes in
this patient population using PSMA PET. In addition to the complex
task of maximizing the likelihood of successfully reaching efficacy
endpoints, one must balance the feasibility and thus reproducibility
of the reading criteria. Relating novel criteria to existing, familiar, cri-
teria may improve the likelihood of successful implementation.
The next decision was whether to use PSMA PET alone or to com-

bine PSMA and 18F-FDG PET. At that time, the combination of
PSMA and 18F-FDG PET had been advantageously used to evaluate
for low PSMA uptake by PSMA PET, as well as for discordant
lesions by combining PSMA and 18F-FDG PET (6). After careful
consideration, it was decided to use PSMA PET/CT in combination
with the diagnostic CT, because adding 18F-FDG PET presented
potential operational complexity and cost in the execution of a large,
global clinical trial. However, when considering patients in a stan-
dard-of-care clinical setting, addition of 18F-FDG PET/CT to improve
patient selection could save money (7). In a large, global clinical
trial setting, 2 scans versus 1 scan could increase variability in read-
ings. Future issues with reimbursement of PET could occur with both
18F-FDG and PSMA PET, but PSMA PET was considered more
essential given the patent necessity for assessing the PSMA expres-
sion of tumors for this targeted therapy.

Received Dec. 7, 2021; revision accepted Jan. 20, 2022.
For correspondence or reprints, contact Phillip H. Kuo (pkuo@email.

arizona.edu).
Published online Jan. 27, 2022.
COPYRIGHT© 2022 by the Society of Nuclear Medicine andMolecular Imaging.
DOI: 10.2967/jnumed.121.263638

816 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 63 ! No. 6 ! June 2022



A definition for “PSMA-positive” and “PSMA-negative” was cre-
ated specifically for this trial. In this context, the definition of PSMA
positivity was designed not to localize prostate cancer but to identify
tumors with sufficient target expression that would likely respond to
therapy. The use of an SUV cutoff was not chosen for this global
trial given the variability of SUV across clinical sites and the known
challenges of standardization and certification. Visual assessment
against an appropriate internal reference was chosen. Blood pool
was too low as a reference, and using multiples of the blood pool
would require measuring SUVs. Spleen was considered, which often
has high uptake and thus the possible advantage of a more stringent
threshold. Preliminary evaluation of splenic uptake in PSMA PET

scans revealed there was too much variabil-
ity (unpublished data, Phillip H. Kuo, Febru-
ary 2018). Finally, some patients might not
have a spleen, which would preclude that as
a universal reference organ. The commonly
used Deauville criteria for 18F-FDG PET for
lymphoma uses the liver as a reproducible
visual internal reference standard (8). The
team defined PSMA positivity as “greater
than liver” rather than “equal to or greater
than liver” to provide a more stringent selec-
tion. Given the prior Endocyte experience
with grading levels of activity on folate-
receptor imaging, a binary assessment (PSMA
positivity or negativity) was chosen.
CT can be used to identify aggressive

tumors, which would then be assessed on the
PET/CT scan for level of PSMA uptake. To
aid with reproducibility, we used the familiar
RECIST 1.1 as a foundation. Assessment of

anatomic imaging was divided into 3 systems: lymph nodes, solid
organs, and skeleton. The need to identify and accurately measure
lesions for determination of PSMA status requires high-quality ana-
tomic imaging and careful reads by imagers.
First, the lymph node category was addressed. The ALSYMPCA

trial with 223Ra-chloride included patients with lymphadenopathy
up to 3 cm in short-axis diameter and showed that benefit in overall
survival could be achieved in patients with bone metastases without
treating nodes up to 3 cm (9). If a patient had extensive, nonnodal
disease with intense uptake on PSMA PET but PSMA-negative
nodes, we surmised that patients would still likely benefit. Instead
of a 3-cm threshold, 2.5 cm in short-axis diameter was ultimately

used for greater stringency.
Next, the solid-organ and parenchymal

metastases were considered. Like the size cri-
teria for target lesions in RECIST 1.1, only
disease at least 1.0 cm in short-axis diameter
would be assessed for PSMA status. The
need to identify metastases down to 1.0 cm
in short-axis diameter emphasizes the need
for careful evaluation of the anatomic imag-
ing, since a PSMA-negative metastasis could
be more difficult to identify on PET imaging.
Unfortunately, at 1.0 cm in short-axis diame-
ter, activity could be underestimated because
of the partial-volume effect, but it would be
critical to include metastases down to this
size given the impact of parenchymal metas-
tases on survival.

Finally, the skeletal system was particu-
larly challenging. Because the patient popula-
tion in the VISION trial would be previously
treated with multiple therapies, it would have
been difficult to distinguish between healed,
sclerotic metastases and active sclerotic dis-
ease on CT. Thus, a focus on aggressive or
destructive bone disease with a soft-tissue
component was pursued. Like the size criteria
for target lesions in RECIST 1.1, the reader
would assess only those bone metastases with
a soft-tissue component at least 1.0 cm in

FIGURE 1. Reading methodology of VISION trial for patient selection. MIP 5 maximum-intensity
projection.

FIGURE 2. Example of patient who would have been excluded by imaging selection criteria used
in VISION trial. (A) Anterior maximum-intensity projection from 68Ga-PSMA-11 PET/CT has readily
evident PSMA-positive disease, such as in sacrum (arrow); thus, next step is to evaluate diagnostic
CT for lesions that fulfill size criteria for possible exclusion. (B) On contrast-enhanced diagnostic CT,
1.8-cm metastasis is identified in right hepatic lobe (arrow). Transaxial low-dose CT (C), PET (D), and
PET/CT (E) images show that metastasis (arrows) has activity similar to normal liver, is therefore
PSMA-negative, and would result in exclusion. Level of uptake in hepatic metastasis was importantly
confirmed in sagittal and coronal planes (not shown) in case of misregistration.
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short-axis diameter, and only the soft-tissue component would be
assessed for level of activity.
The first step in the reading criteria is assessing the PSMA PET

images for at least 1 PSMA-positive lesion (of any size) to ensure
the presence of targetable disease (Fig. 1). The reader then evalu-
ated the anatomic imaging for lesions that met the size criteria for
assessment of PSMA status (Fig. 1). One or more PSMA-negative
lesions resulted in exclusion (Figs. 1 and 2). The rationale was that
1 PSMA-negative lesion of adequate size for assessment could rep-
resent only a portion of the PSMA-negative disease reservoir that
would not respond to PSMA-targeted therapy. This was also impor-
tant for the imaging-based progression-free-survival endpoint. The-
oretically, PSMA-positive disease would respond promptly after
the initial cycles of 177Lu-PSMA-617 but even 1 PSMA-negative
lesion would continue to grow and, therefore, the sum of the diam-
eters of the target lesions would increase to progression of disease
soon after nadir. A major concern was potentially excluding good
responders who have high uptake in many lesions except one. Use
of cutoffs such as greater than 70%, 80%, or 90% of lesions posi-
tive was considered. Prior unpublished Endocyte experience with
folate imaging demonstrated that this methodology adds significant
variability and complexity to the reading (unpublished data, Phillip
H. Kuo et al., October 2013). Ultimately, the original exclusion cri-
terion of one or more PSMA-negative lesions was maintained.
By synthesizing the knowledge of radiotherapeutic trials with prior

experience in developing reading criteria for theranostics, novel
imaging selection criteria saw their first use in the successful VISION
trial. Future correlation with outcomes and advanced PSMA PET
analyses are needed to further refine these selection criteria to opti-
mize patient care and management decision algorithms (10,11).
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In nuclear medicine, theranostics is a burgeoning development that is
rapidly being implemented worldwide. There is an increasing need to
provide a multidisciplinary framework to the practice of theranostics,
ensuring that patients receive this treatment safely and are secure in
the knowledge that their health-care practitioners are adequately
trained. Nuclear medicine experts in Australia have taken the initiative
of producing a set of theranostic guidelines relevant to Australian
medical practice. These guidelines encompass specialist qualifica-
tions, patient care, radiopharmaceutical production, radiation safety,
and dosimetry. We propose adaptation of these guidelines by other
countries, and we promote standards of practice leading to optimal
clinical outcomes for patients receiving theranostic treatments.

Key Words: molecular imaging; general oncology; radionuclide ther-
apy; guidelines; theranostics; training
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Theranostics is the buzzword of the century in nuclear medi-
cine, denoting cell targets with paired imaging and therapeutic
radionuclides. Theranostic imaging is used to guide subsequent
therapy by demonstrating that a cellular target is expressed at a
sufficient concentration for a targeted radionuclide treatment to
work. The concept embodies precision medicine targeting the right
treatment for the right patient at the right time. Although most
often utilized in oncology, it also has potential applications in neu-
rology and cardiovascular disease.

Several landmark theranostic papers have been published in
recent years (1–4). The success of these trials and subsequent
implications for management of these radionuclide treatments in
patients have driven increasing demand for this form of treatment,
not just from the treating oncology specialists but from the patients
themselves, especially in this digital age with patients connecting
via social media. The other consequence of this success is increas-
ing involvement of small to large pharmaceutical companies in
theranostic research and development.
Although this treatment approach is being rolled out in both

developed and developing countries around the world, there are
few consensus statements on the overall safe practice of theranos-
tics. There are individual best-practice statements and guidelines
(5,6), and the International Atomic Energy Agency has developed
a “Training Curriculum for Nuclear Medicine Physicians” docu-
ment (7). This technical document states that there should be an
understanding of the general principles of treatment using radio-
pharmaceuticals and unsealed radioactive sources, including the
theranostic approach for personalized medicine. Unfortunately, it
was not within the scope of that document to expand on the
specifics required in order to be accredited for the practice of
theranostics. The Nuclear Medicine Global Initiative on Thera-
nostics, of the Society of Nuclear Medicine and Molecular
Imaging, is currently working on a universal approach to the
practice of theranostics.
In Australia, the peak body of nuclear medicine medical practi-

tioners—the Australasian Association of Nuclear Medicine Special-
ists (AANMS)—has produced a position statement on the practice
of theranostics in Australia (8). This statement was produced in con-
junction with representatives from the multidisciplinary membership
of the Australia and New Zealand Society of Nuclear Medicine,
including medical physicists, radiopharmaceutical scientists, nurses,
and nuclear medicine technologists. This position statement provides
a consensus on recommendations regarding the care of patients
receiving theranostic therapy and to support the provision of safe,
high-quality, targeted care by qualified professionals. These
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recommendations include identifying the optimal workplace
and facility requirements for the production and administra-
tion of a radiopharmaceutical, establishing specialist training
requirements, and establishing patient workflow and multi-
disciplinary team requirements. The recommendations cover
some essential prerequisites for the practice of theranostics,
including the qualifications of a theranostic specialist; appro-
priate patient selection for theranostic treatment; and individual-
ized treatment plans and departmental requirements, including
radiopharmaceutical production and quality control, radiopharma-
ceutical administration, and discharge requirements.
This position statement outlines common concepts that need to

be understood by theranostic specialists. A wide range of theranos-
tic therapies is currently available, with more on the horizon. The
most important components of theranostics that were considered
in the development of these guidelines include acknowledging the
differences and complexities involved in managing patients, devel-
oping a good understanding of the breadth of treatments available,
and aiming for a strong multidisciplinary approach to patient man-
agement. There is also an inherent need to understand the patient’s
objectives with regard to treatment and to ensure that patient con-
sultation is an essential component of determining optimal patient
management.

SYNOPSIS OF AANMS POSITION STATEMENT

The Theranostic Specialist
In the AANMS position statement, a theranostic specialist is

defined as a qualified nuclear medicine specialist trained in the
practice of theranostics by the Committee for Joint College Train-
ing in Nuclear Medicine, which oversees nuclear medicine train-
ing in Australia, with representation from the Royal Australasian
College of Physicians and the Royal Australian and New Zealand
College of Radiologists. To obtain accreditation in theranostics, a
qualified nuclear medicine specialist in Australia needs to meet
specified accreditation and training requirements as outlined in
this paper. PET and SPECT interpretation is fundamental to deter-
mining suitability for treatment, dosimetry, and response assess-
ment for theranostic practice, and nuclear medicine provides this
expertise. In Australia, nuclear medicine training includes a wide
range of adult and pediatric imaging with radiopharmaceuticals;
radionuclide therapy, including thyroid cancer; and radiation pro-
tection principles and legislative requirements for administering
radiopharmaceuticals. The requirement for subaccreditation in
theranostics within our specialty group recognizes the importance
of advanced training and experience in this emerging area and the
lead role of nuclear medicine in this field.

NOTEWORTHY

" The rapid expansion of theranostic services requires guidelines
for safe practice.

" The practice of theranostics requires a multidisciplinary
approach involving the referrer and service providers, including
dosimetry and radiopharmacy.

" Medical practitioners providing theranostic services should be
appropriately trained and credentialled.

The Patient
Clinical consultation is an essential step in the proper evaluation

of a patient’s suitability for radionuclide therapy, including a full
clinical assessment of the patient’s medical condition and evalua-
tion of the appropriate molecular imaging studies for the theranos-
tic agent to be given. Careful imaging assessment underpins the
decision-making process regarding the appropriateness of radionu-
clide therapy for each patient. This imaging must also be per-
formed in an appropriate time frame relevant to the condition
being treated in order to minimize disease progression or transfor-
mation, which may impact treatment efficacy. Again, this imaging
should be performed in a multidisciplinary setting that enables
accurate and shared discussion of all imaging results and clinical
aspects of patient care. If treatment is recommended, the patient
must be told the practical aspects and logistics of treatment,
including any potential side effects and complications, manage-
ment of the side effects, and long-term complications. Any radia-
tion protection issues relevant to the patient and family members
must also be communicated. Once fully informed, the patient can
decide whether to proceed with treatment, and written informed
consent must be obtained.
After treatment, there should be a follow-up assessment with

the treating theranostic specialist according to local institutional
practice, with assessment of toxicities, imaging results, and pathol-
ogy results, as needed, to determine whether the patient remains
suitable for further cycles of radionuclide therapy and, if so,
whether any dose modifications are required. There should be
ongoing multidisciplinary involvement, with shared care between
the referring oncology specialist and the theranostic specialists
throughout treatment, to ensure optimal holistic disease manage-
ment. This aspect is particularly important in patients with more
aggressive disease and pain control requirements. Shared care can
involve alternating visits between the oncology and theranostic
specialists (such as at 3-wk intervals). A multidisciplinary team,
also known as a tumor board, may also be of value, not only at
treatment onset but at seminal stages of treatment (particularly at
premature cessation and when any complications arise) and to con-
sider or coordinate other therapies, if appropriate.

Radiopharmaceutical Production
Depending on the relevant local regulations, radiopharmaceuti-

cals may be produced by a central radiopharmacy or a local hospi-
tal-based radiopharmaceutical laboratory. The AANMS guidelines
cover the specific requirements, and in alignment with our local
regulatory requirements in Australia, the radiopharmaceutical can
be manufactured in a departmental radiopharmacy by a trained
radiopharmaceutical scientist using appropriate standard operating
procedures (SOP) under good laboratory practices adopted for
continued process control and high-quality standards. When appli-
cable, radiopharmaceuticals should be prepared according to regu-
latory and monograph guidelines. The entire manufacturing
process should be documented on a batch record or worksheet,
and staff training and compliance with this procedure should be
recorded. Deviations from this procedure should be documented
according to site protocols. A risk-based approach to process
validation should be completed before radiopharmaceuticals are
prepared for human use.
Equipment used in the manufacturing and quality control testing

of radiopharmaceuticals should be certified at installation and then
checked routinely to ensure reliability in operation. Ongoing main-
tenance-and-use logs for critical equipment are also recommended.
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Radiopharmaceutical production in commercial radiopharmacies
is performed under good-manufacturing-practice guidelines.
The final review of product quality remains the responsibility of

the administering theranostic specialist.

Medical Radiation and Dosimetry
Good radiation safety practices both within the department and

in the general population must be maintained according to local
regulations. The development of SOPs would commonly involve a
medical physicist and radiation safety officers. For outpatient treat-
ments, the medical physicist’s advice is used to decide when
patients can be released from the treating facility to their home,
another residence, or back to the hospital ward. Once released,
patients need to be aware of the radiation protection guidelines to
be followed and for what period these apply. This advice can be
given by a theranostic medical specialist, a trained medical physi-
cist, or a nuclear medicine technologist. Any departure from nor-
mal procedures, such as a spill or an extravasated injection, will
require an objective assessment of the likely implications and
expert knowledge of the procedures that should be undertaken to
mitigate the effect on patients. The medical physicist also plays a
critical role in assisting with dosimetry and individual dose plan-
ning, as required.
Sites should have specific guidelines for each radiotherapeutic

administration, with site-specific medical, nursing, and technolo-
gist protocols, as each group will often have important roles in
supervising the patient before, during, and after treatment and may
coordinate care arrangements. Nursing staff will also administer
any required premedications for the specific radionuclide therapy
and any necessary preparatory infusions (e.g., amino acids).
All departments should have SOP guidelines for delivery of

therapeutic radiopharmaceuticals, to ensure absolute safety of the
staff, patients, and general public.
All SOPs developed should be endorsed by both the medical

physicist involved in the delivery of care at that site and the thera-
nostic medical specialists directly responsible for care at the treat-
ment facility. In Australia, a qualified nuclear medicine medical
physics specialist accredited with the Australasian College of
Physical Scientists and Engineers in Medicine must oversee this
endorsement, either actively or through the use of an SOP.

TRAINING AND ACCREDITATION

All medical specialists seeking to establish proficiency in thera-
nostics are required to achieve the following skills during their
training program: understanding of the physiology and radiation
physics used in theranostics, including understanding of the radiobi-
ology of therapeutic nuclear medicine; patient selection (including
molecular imaging assessment and correlation) and preparation;
understanding of the standard-of care-therapies for different cancer
subtypes; understanding of how theranostic treatments fit optimally
with other cancer treatment options and when it is most appropriate
for theranostics to be administered in each patient journey (the right
treatment for the right patient at the right time) based on existing
evidence; understanding of the indications, contraindications, and
management of adverse events; and radiation protection of the
patient, staff, and general public.
The AANMS document has provided some requirements for 2-

level accreditation. These include a variety of live and case-based
learnings, with a range of therapies and documentation for both
prospective and retrospective training. In recognition of prior prac-
tice, a legacy provision category has been developed for current

nuclear medicine specialists who wish to apply for credentialling
according to the level they have reached over the last 3 y—either
general accreditation or advanced accreditation.

General Accreditation
Completion of the minimum additional training requirements or

legacy provisions for specialists in nuclear medicine will qualify
the applicant for general accreditation, allowing participation in
providing theranostic services. These requirements are experience
with more than 50 therapies by initial consultations or administra-
tions within the last 3 y, participation in multidisciplinary discus-
sion of more than 50 cases, and ongoing participation in relevant
continuous professional development activities (e.g., conferences
or courses).

Advanced Accreditation
Practitioners who have extensive experience may apply for

advanced accreditation. Advanced accredited specialists will be
allowed to provide training and are a requirement for site accredi-
tation. Advanced accredited specialists must have clinical experi-
ence that encompasses more than 120 therapy initial consultations
or administrations within the last 3 y, participation in multidisci-
plinary discussion of more than 100 cases, ongoing participation
in relevant continuous professional development activities (e.g.,
conferences or courses), and participation in recognized research
in the field.
The training site requirements are also outlined, but the mini-

mum level includes the presence of an accredited theranostic spe-
cialist onsite during delivery of the therapy, and other necessary
staff. There should be an updated protocol manual that describes
general provisions for administration of radionuclide therapies and
for each specific therapy offered, including the roles of medical,
radiopharmaceutical scientist, physicist, nursing, and administra-
tive staff and the protocols for radiopharmaceutical dispensing,
labeling, and disposal (as required). Regular multidisciplinary
team meetings that encompass all theranostic applications used at
the site are also important.

THERANOSTIC COMMITTEE

The committee will aim to promote a collaborative and consis-
tent model of theranostic training and service delivery, with a mul-
tidisciplinary representation from the Australia and New Zealand
Society of Nuclear Medicine, the relevant colleges or stakeholders,
and a patient representative. The committee’s role is to formulate
and review guidelines for training in theranostics, provide and
review suitable training courses, advise on theranostic research ini-
tiatives, and advise the government on theranostics. Training
courses in theranostics do not necessarily supplant experiential
training, which is the most important aspect in the provision of
theranostics.

CONCLUSION

Although theranostics has increasing importance in the future of
nuclear medicine, there is a constant need to ensure that delivery
is by the most qualified specialists in the field, which in Australia
are the appropriately trained nuclear medicine specialists. The
AANMS position statement is the first local foray into addressing
this issue but can be adapted to the requirements of any jurisdic-
tion across the world.
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The phase III VISION trial using 177Lu-PSMA-617 has significant impli-
cations for the field of theranostics and broad repercussions for the
clinical management of prostate cancer. Metastatic prostate cancer is
a rapidly evolving field with a complex landscape that has multiple
established therapies, including chemotherapies, hormonal therapies,
immunotherapies, radiopharmaceuticals, and targeted therapies. The
current landscape was created by an important series of pivotal phase
III trials, typically with an overall-survival endpoint. To best understand
the VISION trial (performed on patients with metastatic castration-
resistant prostate cancer), it is essential to have a thorough under-
standing of the key decisions that underpinned the design, as well as
the context of those decisions. Here, we describe critical elements of
the VISION phase III trial and how those elements will shape regulatory
decision making and clinic practice. Inclusion and exclusion criteria
were carefully crafted, as were treatments, assessments, and end-
points. The results of the VISION trial were impressive, with clear
improvements in survival for patients having few treatment alterna-
tives. Besides the significant progress, there are also significant limita-
tions. 177Lu-PSMA-617 treatments will have far-reaching implications
for prostate cancer. Food and Drug Administration approval was
granted March 23, 2022, on the basis of the VISION data.

Key words: prostate cancer; castration-resistant; PSMA; theranos-
tics; clinical trials
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The Food and Drug Administration (FDA) approval of 177Lu-
PSMA-617 on March 23, 2022, provided an excellent opportunity
to understand the context of this new therapy in prostate cancer
and to dissect the key design elements for the pivotal phase III
VISION trial (1).
Prostate cancer has a multiplicity of life-prolonging treatments uti-

lized in the metastatic setting. In general, treatment of metastatic pros-
tate cancer is subdivided into either metastatic castration-sensitive
prostate cancer or metastatic castration-resistant prostate cancer
(mCRPC) (Fig. 1). For metastatic castration-sensitive prostate cancer,
the use of androgen deprivation therapy (ADT) in the form of luteiniz-
ing hormone–releasing hormone analogues (e.g., leuprolide, goserelin,
triptorelin, degarelix, and relugolix) or orchiectomy has long been
utilized, and additional review of older studies is not warranted.
More recently, ADT plus docetaxel chemotherapy has been shown to
prolong survival in metastatic castration-sensitive prostate cancer
(2,3), as has ADT plus a novel androgen receptor pathway inhibitor
(ARPI): either abiraterone, enzalutamide, or apalutamide (4–7). Abir-
aterone, apalutamide, and enzalutamide are ARPIs that either block
the androgen receptor (enzalutamide/enzalutamide) or block androgen
synthesis (abiraterone). Today, the use of ADT monotherapy is not
typically indicated for those with metastatic castration-sensitive pros-
tate cancer. Two recent phase III studies indicated that ADT plus
docetaxel plus abiraterone (8) or ADT plus docetaxel plus daroluta-
mide (another androgen receptor antagonist) (9) is superior to ADT
plus docetaxel.
Table 1 summarizes all life-prolonging trials in men with

mCRPC. In 2004, docetaxel was the first agent to prolong survival
in phase III mCRPC trials (10,11). The androgen axis inhibitors
abiraterone and enzalutamide have both been shown to be life-
prolonging whether given in the first-line mCRPC setting or in the
postdocetaxel mCRPC setting (12–15). Cabazitaxel is FDA-approved
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in the postdocetaxel setting of mCRPC (16) but has also been shown
to be active in the post-ARPI and postdocetaxel setting (17). The use
of 223Ra-dichloride has been shown to be life-prolonging in the pre-
or postdocetaxel setting (18). Sipuleucel-T, an immunotherapy, has
been shown to prolong survival in asymptomatic or minimally symp-
tomatic mCRPC patients (predominantly before chemotherapy) (19).
Those men with mCRPC and homologous recombination repair
defects (such as BRCA1 and BRCA2) live longer after ARPI or after
ARPI/docetaxel (20).
The VISION trial was clearly conducted in the post-ARPI and

posttaxane mCRPC setting, and the recent regulatory approval of
177Lu-PSMA-617 clearly follows the VISION eligibility criteria.

THERANOSTICS

There have been tremendous improve-
ments in theranostics and targeted radio-
pharmaceuticals over the past decade, and
what once was an obscure area of oncology
has now emerged as a key component in
developmental therapeutics (21). Tradi-
tional pharmaceutical companies were
slow to embrace this field given the early
scientific successes that were commercial
failures (22). It is hard to make investments
in a field when the dividends from that
investment are difficult to realize. Reasons
for commercial failure have been dis-
cussed, but reimbursement and the compet-
itive landscape are clearly features of
importance.
Though it is debatable when radiophar-

maceuticals were embraced in broader can-
cer circles, the clear success of 223Ra-
dichloride in prolonging overall survival
(OS) in mCRPC was a catalyst for invest-

ment and further research (18). Earlier studies leading to FDA
approval for 89Sr-chloride and 153Sm-lexidronam demonstrated
only palliative benefit (23–25). The success of 223Ra-dichloride,
followed by success in treating neuroendocrine tumors with 177Lu-
DOTATATE (26), has been key for commercial involvement
(Table 2). Key to regulatory approval is the pivotal trial design
and execution. In this article, the design elements for the VISION
trial (1) will be emphasized, with some explanatory details where
controversy existed (Fig. 2). As in any trial design, there are many
choices to be made, and these choices as a whole shape the way
patients are included, treated, followed, and assessed.

Clinical
metastases:

castrate
First-line

chemotherapy
Docetaxel

Clinical
metastases:

castrate
Pre-docetaxel
Sipuleucel-T
Abiraterone

Enzalutamide
223Ra

Clinical
metastases:

castrate
Post-docetaxel

Cabazitaxel
Abiraterone

Enzalutamide
223Ra

Rising PSA
Clinically
localized
disease

Rising PSA:
castrate

Clinical
metastases:
non-castrate

FIGURE 1. Schema of clinical disease state model of prostate cancer before VISION. (Adapted
from (33).)

TABLE 1
Anticancer Therapeutic Radiopharmaceuticals Currently Approved by Regulators in United States

Agent Trade name
Year of FDA
approval Primary endpoint Indication

89Sr-chloride Metastron (GE Healthcare) 1993 Pain/analgesics Painful skeletal metastases
153Sm-lexidronam Quadramet (Dow Chemical

Co.)
1997 Pain/analgesics Painful osteoblastic

metastases
90Y-ibritumomab tiuxetan Zevalin (Acrotech

Biopharma)
2002 Tumor response rate Low-grade or follicular

lymphoma
131I-tositumomab Bexxar (GlaxoSmithKline) 2003 Tumor response rate Low-grade or follicular

lymphoma
223Ra-dichloride Xofigo (Bayer) 2013 OS mCRPC
177Lu-DOTATATE Lutathera (Advanced

Accelerator Applications)
2018 Progression-free survival Select neuroendocrine

tumors
131I-iobenguane Azedra (Progenics

Pharmaceuticals)
2018 Lower blood pressure

and tumor response
rate

Select pheochromocytoma
or paraganglioma

177Lu-PSMA-617 Pluvictoa (Advanced
Accelerator Applications)

2022 OS and rPFS PSMA PET-positive
mCRPC after ARPI and
taxane

PSMA 5 prostate-specific membrane antigen.

824 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 63 ! No. 6 ! June 2022



VISION STUDY DESIGN ENDPOINTS

First, the phase III VISION trial was explicitly designed for reg-
ulatory approval. As such, the endpoints were endpoints that the
FDA and other regulatory bodies had previously accepted in the
course of successful studies on advanced prostate cancer. The trial
was originally designed with a single primary endpoint of OS. The
OS endpoint is considered to be the gold standard when assessing
outcomes in advanced cancer and has a long, successful track
record in mCRPC space, having been previously used for appro-
vals of docetaxel, cabazitaxel, sipuleucel-T, 223Ra-dichloride, abir-
aterone, and enzalutamide (27). After the VISION trial had been
designed and initiated, a second alternate primary endpoint was
added, radiographic progression-free survival (rPFS) or death

from any cause. This image-based endpoint was in accordance
with guidelines created by the Prostate Cancer Working Group 3
(28). This secondary endpoint had been accepted by the FDA as a
primary endpoint in the olaparib pivotal trial (29). Both the OS
and the rPFS endpoints are calculated from the time of randomiza-
tion (not treatment). The assessment of rPFS is rigorous and must
be in accord with clearly defined time lines and methodologies
(conventional imaging, not PET scans). The rPFS endpoint, as
specified by the Prostate Cancer Working Group 3, was previously
found to be strongly associated with OS in mCRPC. PET imaging
has not been shown to be a response biomarker, and the relation-
ship between PSMA PET imaging and OS is not validated.
Secondary endpoints in the VISION trial included several tradi-

tional analyses favored by the FDA. These endpoints were
designed to capture supportive data regard-
ing the activity of the experimental drug
relative to the control group. Key second-
ary endpoints included time to symptom-
atic skeletal events or death, radiographic
objective response using criteria estab-
lished by RECIST 1.1, and disease control
rate as assessed by RECIST 1.1. Symptom-
atic skeletal events included first use of
external-beam radiation therapy to relieve
skeletal symptoms, new symptomatic path-
ologic vertebral or nonvertebral bone frac-
tures, spinal cord compression, or tumor-
related orthopedic surgical intervention as
previously used in ALSYMPCA (18). In
addition, other endpoints included a con-
firmed prostate-specific antigen (PSA)
response of 50% or more, and health-
related quality-of-life assessments utilizing

TABLE 2
Life-Prolonging Phase III Trials in mCRPC

Trial Front-line mCRPC

TAX 327 Docetaxel/prednisone vs. mitoxantrone/prednisone (10)

SWOG 9916 Docetaxel plus estramustine vs. mitoxantrone/prednisone (11)

IMPACT Sipuleucel-T vs. nonactivated immune cell control (19)

COU-AA-302 Abiraterone/prednisone vs. placebo/prednisone (13)

ALSYMPCA SOC 6 223Ra (18)

PREVAIL Enzalutamide vs. placebo (15)

After docetaxel

TROPIC Cabazitaxel/prednisone vs. mitoxantrone/prednisone (16)

COU-AA- 301 Abiraterone/prednisone vs. placebo/prednisone (12)

AFFIRM Enzalutamide vs. placebo (14)

ALSYMPCA SOC 6 223Ra (18)

After ARPI or ARPI plus docetaxel in HRR mutated subset only

PROfound Olaparib vs. abiraterone or enzalutamide (20)

After ARPI and DOCETAXEL)

CARD Cabazitaxel vs. abiraterone or enzalutamide (17)

VISION SOC 6 PSMA-617 177Lu

HRR 5 homologous recombination repair.

Eligible patients with mCRPC
• Previous treatment with both

• ≥1 androgen receptor
pathway inhibitor

• 1 or 2 taxane regimens

• Protocol-permitted standard for
care (SOC) planned before
randomization

• Excluding chemotherapy
immunotherapy, 223Ra,
investigational drugs

• ECOG performance status 0-2

• Life expectancy >6 mo

• PSMA-positive mCRPC on
PET/CT with 68Ga-PSMA-11

• Conventional bone scan or CT
positive for metastatic disease

Protocol-permitted SOC +
177Lu-PSMA-617

7.4 GBq (200 mCi) every 6 wk
4 cycles, increasable to 6

Protocol-permitted SOC
alone

Treatm
ent

Follow
-up

Finalanalysis

Randomization stratified by
• ECOG status (0-1 or 2)

• LDH (high or low)

• Liver metastases (yes or no)

• Androgen receptor pathway
inhibitors in SOC (yes or no)

CT/MRI/bone scans
• Every 8 wk (treatment)

• Every 12 wk (follow-up)

• Blinded independent
central review

2:1

FIGURE 2. Protocol schema for VISION trial. ECOG 5 Eastern Cooperative Oncology Group;
LDH5 lactate dehydrogenase.
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the Functional Assessment of Cancer Therapy–Prostate; the Brief
Pain Inventory–Short Form; and the EuroQol 5-Dimension, 5-
Level Questionnaire. Adverse events were assessed by the
National Cancer Institute Common Terminology Criteria for
Adverse Events, version 5.0. Importantly, none of these were unfa-
miliar endpoints. Symptomatic skeletal events are particularly
helpful in bone-dominant cancer such as prostate, and symptom-
atic skeletal event assessments played a key role in the 223Ra
approval. The various additional criteria have been standardized
and accepted in multiple phase III trials. The use of familiar end-
points that are clinically relevant and readily interpretable is a key
feature in regulatory decision making. Health-related quality-of-
life measurements are more key for certain countries than for
others, but all regulators want to ensure that health-related quality-
of-life parameters are not adversely affected by treatments. Of
note, PSA is not sufficient for regulatory action despite being the
most commonly reported end point in a multiplicity of trials.
PSMA PET is not validated as a surrogate for OS and must be
viewed only in exploratory terms.

VISION ELIGIBILITY CRITERIA

All patients enrolled in VISION had to have mCRPC as deter-
mined by conventional imaging (i.e., bone scanning and CT or
MRI). Progression at the time of trial entry was required to be
documented by PSA or imaging-based criteria. The serum PSA
minimum was 2.0 ng/mL. All patients were required to have a cas-
tration level of testosterone and to have had disease progression
after the use of taxane-based chemotherapy (typically docetaxel)
and a novel hormone (i.e., abiraterone or enzalutamide). A variety
of other prior treatments, such as olaparib, were allowed but not
required. Patients were allowed to have up to 2 prior taxane-based
chemotherapies. There was no limit to the number of prior hor-
monal manipulations. The actual patients enrolled had previously
received multiple prior therapies, and very few patients had simply
received docetaxel and a novel hormone.
The inclusion criteria for the VISION trial also required the use

of PSMA PET imaging (using 68Ga-PSMA-11 concomitantly with
a nondiagnostic unenhanced CT scan) within 1–4 wk of therapeu-
tic 177Lu-PSMA injection. PSMA PET/CT imaging was allowed
only after all other screening criteria for eligibility had been met.
The PSMA PET/CT images were read centrally and, importantly,
with positive and negative selection criteria. All patients were
required to have at least 1 PSMA PET–positive metastatic lesion.
No size criteria were specified for the PET-positive lesion. PSMA
positivity was determined relative to liver uptake; in other words,
the metastatic lesion had to have uptake greater than that in the
liver. A diagnostic-grade contrast-enhanced CT scan of the chest,
abdomen, and pelvis (or contrast-enhanced MRI) and total-body
bone scintigraphy were also required at baseline. A key feature of
the selection criteria by PET/CT imaging involved those meta-
static lesions that had PSMA uptake less than liver uptake
(deemed PSMA PET–negative). Patients were excluded from trial
entry if they had PET-negative visceral lesions (liver or lung) at
least 1.0 cm in diameter, PSMA PET–negative lytic bone lesions
measuring at least 1.0 cm, or PET-negative lymph nodes measur-
ing at least 2.5 cm. Though 18F-FDG PET was not utilized, many
of these PSMA-negative lesions conjecturally would have 18F-
FDG PET positivity.
The lack of 18F-FDG PET in VISION has met with some dis-

cussion. Potentially, the use of 18F-FDG PET would have

improved the number of responding patients (30,31). In many
countries, it is difficult to obtain 2 distinct PET imaging studies,
and the requirement of 2 PET imaging studies was debated in the
VISION design phase. The decision was made to forego 18F-FDG
PET imaging for practical purposes. That decision in retrospect is
viewed favorably by many treating physicians, given the unequiv-
ocally positive OS outcomes in the VISION trial. That said, there
is no question that optimal imaging may eventually prove to have
better results. However, optimal imaging is yet to be established in
definitive trials with an OS outcome. Thus, until data are presented
to the contrary, it is likely that regulators will adopt a PSMA
PET–only entry criterion similar to the VISION trial for those
being treated with PSMA-targeted radiopharmaceuticals.
In addition to the inclusion criteria for VISION, there were sev-

eral elements in the exclusion criteria worthy of note. These
include patients with bone superscans, poor performance status,
and significant degrees of bone marrow suppression. Previous
treatment with any of the following within 6 mo of randomization
was not allowed: 89Sr, 153Sm, 186Re, 188Re, 223Ra, or hemibody
irradiation. Previous PSMA-targeted radioligand therapy was not
allowed. Patients with superscans on their bone scintigraphy can-
not be evaluated for bone scan progression, hence their exclusion.
Timing of assessments included a PSMA PET scan (68Ga

PSMA-11 was used exclusively) 1–4 wk before protocol-defined
treatments began; diagnostic CT or MRI (of the chest, abdomen,
and pelvis) and total-body bone scintigraphy were conducted
within 4 wk of treatment. Investigators were to specify the stan-
dard-of-care (SOC) treatment before randomization (given that
novel hormone use was a stratification variable). Bone and CT
scans were scheduled every 8 wk (64 d) after the first dose of iso-
tope for the first 24 wk then every 12 wk thereafter through the
end of treatment. It is critical to note that even if the doses of iso-
tope were delayed, tumor assessments were required to stay on the
proper imaging schedule.

VISION STRATIFICATIONS, RANDOMIZATION,
AND TREATMENTS

Simple randomization can fail when treated patients are unbal-
anced for critical features known to influence prognosis. The use
of stratification overcomes this potential issue. The 4 stratification
factors included in the VISION trial were serum lactate dehydro-
genase (.260 IU/#260 IU), liver metastases (yes/no), Eastern
Cooperative Oncology Group performance status score (0–1/2),
and inclusion of a novel hormone (typically enzalutamide or abira-
terone), as treatment in the protocol permitted SOC. Lactate dehy-
drogenase, liver metastatic disease, and Eastern Cooperative
Oncology Group performance status are known to be of prognostic
importance in multiple phase III mCRPC trials, hence their use
here. Life-prolonging hormonal therapy (abiraterone and enzaluta-
mide typically) as a stratification factor was used to ensure balance
in this potentially important variable.
Eligible patients were randomized in a 2:1 fashion favoring the

isotopic treatment plus SOC over SOC alone. The dose and dura-
tion of treatment for 177Lu-PSMA-617 were not a simple decision.
Much of the prior data were collected after using various doses for
variable durations at variable intervals. The dose for VISION was
strongly influenced after evidence was initially provided from a
phase II prospective Australian trial (30). In that single-arm, sin-
gle-center trial, a median dose of 7.5 MBq of 177Lu-PSMA-617
was administered every 6 wk up to 4 doses. The outcomes
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demonstrated clear efficacy, with manageable toxicity. The
VISION trial utilized a planned dosing schema of 7.4 MBq (200
mCi) per dose (fixed dosing being easier to manage logistically
than a weight-based dose) given for a planned 4 cycles. However,
clinicians at their discretion could administer up to 6 cycles. The
criteria for administering 6 cycles included an assessment of
response (radiologic and PSA) and clinical benefit after the fourth
dose. In addition, the patient should have had residual disease on
CT with contrast, MRI, or bone scanning and have shown good
tolerance to the prior 177Lu-PSMA-617 treatments. The use of 6
cycles of therapy was controversial to some given the lack of effi-
cacy or safety data in prior trials.
The control group to be utilized in VISION generated consider-

able discussion at the time of the design. Should an SOC be speci-
fied? Should there be an SOC with or without 177Lu-PSMA-617
or an SOC versus 177Lu-PSMA-617? Should chemotherapy be
given in the control group? What about 223Ra-dichloride? Was it
ethical to allow additional hormonal therapy after prior hormonal
therapy had initially failed to control the disease? What control
treatment would be acceptable for both clinicians and patients?
A key decision point was to require 1 taxane treatment but

allow up to 2 prior taxane treatments in the inclusion criteria. Sec-
ond-line taxane chemotherapy with cabazitaxel was known to be
life-prolonging, but nothing had ever been shown to prolong sur-
vival after 2 prior chemotherapies. Thus, every patient who wanted
to receive 2 lines of chemotherapy could receive those therapies
and still be eligible, unlike the TheraP trial (31). There is no effec-
tive third-line chemotherapy, thus rendering moot a decision about
mandating third-line chemotherapy in the control group. Also,
from a practical perspective, most mCRPC patients never receive
2 chemotherapies before they succumb to the disease. In fact,
many patients never receive any chemotherapy before they die
(32). Prostate cancer patient are often chemotherapy-averse, in
part because of their advanced age. Thus, to require patients in the
control arm to receive a therapy that in real-world settings is not
typically utilized seemed inappropriate.
Some data suggested that PSMA expression could be upregu-

lated by the use of hormonal agents such as enzalutamide. Thus,
the combination of a novel hormonal agent and the PSMA-
targeted agent could potentially have synergistic implications, and
novel hormonal agents were allowed as part of SOC. Such syner-
gism had not been proven in clinical trials. In addition, there were
no known adverse interactions regarding novel hormones and
177Lu-PSMA-617. Taken together, the use of SOC with or without
177Lu-PSMA-617 was deemed the optimal design. This mirrors
the use of SOC with or without 223Ra-dichloride in the phase III
ALSYMPCA trial. ALSYMPCA clearly met with regulatory suc-
cess. Steroids, bisphosphonates, and other bone-health agents, as
well as external-beam radiation, were allowed as part of SOC in
the final VISION design. Chemotherapy as an SOC was excluded,
not only because patients could receive 1 or 2 taxane-based che-
motherapies before protocol treatment if they so desired but also
because combining 177Lu-PSMA-617 with chemotherapy was not
known to be safe. Similar safety concerns excluded use of 223Ra-
dichloride or poly(adenosine diphosphate ribose) polymerase
inhibitors such as olaparib.
No crossover from the control group to the isotopic group was

planned, but after the trial reported positive results, those in the
control group meeting eligibility criteria were allowed to receive
177Lu-PSMA-617 in a compassionate-use manner. Few patients
were eligible for this compassionate use.

VISION STATISTICAL ANALYSIS PLAN

The statistical analysis plan was originally conceived to be an
assessment of OS with 750 patients. The median survival in the
control group was estimated to be 10 mo. The experimental group
was projected to have a median OS of 13.7 mo (thus generating a
hazard ratio [HR] of 0.7306 after 489 events). The trial originally
had 2 interim analyses for OS, and rPFS was a secondary end-
point. The statistical plan had 90% power and a 1-sided type 1
error rate of 0.025. A stratified Cox proportional hazards regres-
sion model was planned for OS analysis, with a single covariate
for randomized treatment and stratification for the 4 variables
noted above.
The statistical analysis plan was later revised (effective March

2019) with FDA assent because of high levels of dropout in the
control arm at selected sites. At that time, to overcome concerns
regarding clinical trial conduct at these locations, certain clinical
trial sites were closed to further accrual and additional site-educa-
tion procedures were implemented at the remaining sites. The con-
trol group discontinuation rate was 56% (47/84 patients) before
the March 2019 revisions and 16.3% afterward. This rate clearly
indicates the importance of the site-culling and education efforts.
Of the sites closed to accrual, all site principal investigators were
nuclear medicine–focused and had suboptimal multidisciplinary
care systems. One of the key missives in the trial site educational
enhancements was to incorporate multidisciplinary care for each
patient. Multidisciplinary care is optimal for VISION-type patients
given the multiplicity of potential complications in caring for those
with far-advanced prostate cancer.
The statistical analysis plan invoked after March 2019 assessed

both rPFS and OS as coprimary endpoints and allowed for differ-
ent populations for OS and rPFS assessments given that patients
with poor follow-up were not expected to have timely radiographic
assessments. Only patients enrolled after March 9, 2019, were
assessed for rPFS (n 5 557). The estimated sample size was
increased to 814. After revisions, the OS assumptions were
unchanged (median, 10 and 13.7 mo). The median rPFS assump-
tions were 4 and 6 mo for the control and experimental arms,
respectively. The overall significance level for the trial was 0.025
(1-sided), allocated between the 2 coprimary endpoints. This
approach provided the trial with 84% power to detect an HR of
0.67 for rPFS at a 1-sided significance level of 0.004, after 364
events, and also provided the trial with 90% power to detect an
HR of 0.73 for OS at a 1-sided significance level of 0.025. The
analysis of OS was to occur after 508 deaths. If both rPFS and OS
were positive, sequential testing on key secondary endpoints could
occur (time to symptomatic skeletal events, RECIST 1.1 response
rate, and disease control rate by RECIST 1.1).

VISION PATIENT CHARACTERISTICS

In total, 1,179 patients were screened, and 1,003 (85.1%) had
a 68Ga-PSMA-11 PET/CT scan meeting the study-eligibility
definition. Of the 1,003 patients, 954 (95.1%) had at least 1
PSMA-positive metastatic lesion, and 87 (8.7%) had at least 1
PSMA-negative metastatic lesion that excluded them from the
VISION trial. The eligibility criteria for PSMA imaging were not
met in 126 of the 1,003 patients (12.6%), either because there was
no PSMA-positive lesions or there was at least 1 exclusionary
PSMA-negative lesion. Thus, 869 patients of those scanned with
PSMA PET/CT (86.6%) qualified for the study. Eight patients had
missing PSMA results and could not be classified. The fact that
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nearly 87% of the scanned patients qualified for the study was
somewhat surprising and indicates a high level of leniency in
determining who was eligible for the study. In the TheraP Austra-
lian randomized phase II study, only 68.7% of scanned patients
met the criteria for enrollment (31). The TheraP group used a dou-
ble-PET strategy, with both PSMA PET/CT and 18F-FDG PET/
CT in the selection criteria.
In total, 831 patients were actually randomized in the VISION

trial. Prior treatments were extensively used before the protocol
therapy was applied. Of the 831 randomized patients, 342 (41.2%)
had received 2 taxane-based chemotherapies (all, of course, had
received at least one, as this was an inclusion criterion), and 406
(48.7%) had received 2 or more novel hormonal agents (typically
abiraterone and enzalutamide). Use of these agents was well bal-
anced between arms. Median PSA was 74.6 ng/mL in the SOC
arm and 77.5 ng/mL in the SOC-plus-isotopic arm. The median
time since diagnosis was 7.0 and 7.3 y in the SOC and experimen-
tal arms, respectively. Bone metastases were present in 91.4% of
SOC patients and 91.5% of experimentally treated patients. Liver
metastases were annotated in 13.6% and 11.4% of the randomized
patients, respectively.

VISION RESULTS

The median follow-up was 20.9 mo. The endpoints of VISION
were well discussed in the primary article (1). The OS was clearly
positive, with an HR of 0.62 (95% CI, 0.52–0.74; P , 0.001).
Median survival was 11.3 mo in the SOC arm and 15.3 mo in the
SOC–plus–177Lu-PSMA-617 arm. Of the 831 (63.8%) patients,
530 died at the time of the VISION OS analysis, indicating a suffi-
ciently mature trial. For rPFS, the median in the SOC arm was
3.4 mo, versus 8.7 mo in the SOC–plus–177Lu-PSMA-617 arm
(HR, 0.40; 99.2% CI, 0.29–0.57; P , 0.001). A sensitivity analy-
sis of the rPFS population for OS (n 5 581) yielded an HR of
0.63 for OS (95% CI, 0.51–0.79). Some have pointed out that the
VISION trial likely would have been positive even without PSMA
PET/CT selection given the strong HRs and CIs. Analysis of vari-
ous appropriately powered subsets all revealed positive trends for
rPFS and OS. Patients with liver metastases are a special case in
which the HR CIs overlapped 1.0 (HR, 0.87; 95% CI, 0.53–1.43),
but the subset was clearly underpowered given the small percent-
age of patients enrolled who had a liver metastasis.
All secondary endpoints analyzed to date have also been posi-

tive. Time to symptomatic skeletal events or death was improved
by the isotopic treatment (11.5 vs. 6.8 mo; HR, 0.50; 95% CI,
0.40–0.62; P , 0.001). RECIST complete response rate by inde-
pendent central review (among 248 patients with measurable dis-
ease at baseline) was 9.2% in the experimental group and 0.0% in
the SOC group. Partial responses were annotated in 41.8% of the
isotopic-plus-SOC group and 9.2% of the SOC-alone group. Com-
plete-plus-partial responses were 51% versus 9.2%, an impres-
sively high complete response plus partial response rate compared
with other mCRPC trials. The CARD trial, similarly conducted on
patients progressing after both docetaxel and a novel hormone,
reported a RECIST complete response plus partial response of
37.0% for cabazitaxel (17). Abiraterone reported a RECIST com-
plete response plus partial response of 14% in the COU-301 trial
(postdocetaxel mCRPC) (12). PSA responses of at least 50% (con-
firmed) were found in 46.0% in the experimental arm and 7.1% of
the SOC-alone arm. For comparison’s sake, in the CARD trial,
35.7% of cabazitaxel patients had a confirmed PSA decline of at

least 50%, and 29% of abiraterone patients had a confirmed PSA
decline of at least 50%. It is hard to find trials comparable to
VISION given the extensive prior treatments administered to these
patients. Regardless, the data from these very heavily pretreated
patients compare favorably with other postdocetaxel trials on
mCRPC.
Health-related quality-of-life (total score for Functional Assess-

ment of Cancer Therapy–Prostate) and pain assessments (pain
intensity on Brief Pain Inventory–Short Form) both favor the use
of 177Lu-PSMA-617 plus SOC versus SOC alone. The time to
deterioration of the Functional Assessment of Cancer Therapy–
Prostate total score was 5.7 versus 2.2 mo (HR, 0.54; 95% CI,
0.45–0.66). The time to pain deterioration was 5.9 versus 2.2 mo
(HR, 0.52; 95% CI, 0.43–0.63). These patient-centric reports con-
firm the clinical relevance of the VISION findings. Both OS and
health-related quality of life were improved in those treated with
177Lu-PSMA-617 plus SOC.
Treatment-emergent adverse events (Common Terminology

Criteria for Adverse Events, version 5.0) were assessed in VISION
for an unequal duration when comparing the 2 arms (7.56 mo in
the experimental arm vs. 2.07 mo for SOC). An unequal duration
of follow-up is known to influence the frequency of adverse
events. Some investigators advocate that adverse event rates be
corrected for the duration of observation (events per month). The
most common adverse events reported in the isotopic arm were
fatigue (43.1%), dry mouth (38.8%), nausea (35.3%), anemia
(31.8%), and back pain (23.4%). All except dry mouth are poten-
tially disease-related, but there is no doubt that rates were higher
in the experimental arm. The control group rates were fatigue
(22.9%), dry mouth (0.5%), nausea (16.6%), anemia (13.2%), and
back pain (14.6%). Adverse events leading to a reduction in 177Lu
dosing were present in 5.7% of patients. Adverse events that led to
discontinuation of 177Lu dosing were present in 11.9% of patients.
This side effect profile was anticipated given the prior experience
with the agent.

LIMITATIONS

The use of 177Lu-PSMA-617 plus SOC compared favorably
with SOC at all endpoints. There is no doubt that these patients
with far-advanced disease and few choices benefited from the
experimental treatment. That said, there is much we do not know.
What are the optimal PSMA PET criteria for selection of patients?
Do patients with low-SUV lesions respond less favorably than
those with high-SUV lesions? Although PSMA PET criteria are
debatable, these authors favor keeping the PSMA PET/CT in order
to exclude patients unlikely to respond. All patients were planned
to have 4 cycles of therapy, and up to 6 were allowed. No PSMA
retreatments were allowed. What if there is disease progression
during the first 2 or 3 cycles of therapy? Should more be given? Is
PSA a reliable marker of response or progression? What about
patients with clear pain relief but no PSA decline? Do we give
more drug? When should therapies be stopped? How many doses
of isotope are optimal? What is the optimal dose of the isotope?
What is the optimal frequency of administration? Should we be
using PSMA PET/CT as a response criterion? What if the
PSMA PET reveals no more disease after 2 cycles? Do we need to
give more therapy? What about earlier phases of disease? What
is the role of SOC (if any) when given in combination with
177Lu-PSMA-617? Is there a meaningful and clinically relevant
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upregulation of PSMA expression when using abiraterone or
enzalutamide?
There are many questions that arise despite a positive phase III

trial, and many questions remain unanswered. More answers may
emerge from additional VISION analyses, and many more analy-
ses will be performed. Many of these questions will require new
clinical studies, but pivotal trials are expensive and difficult to exe-
cute; definitive answers are not going to be readily forthcoming.

FUTURE PHASE III TRIALS

Additional phase III trials with 177Lu-PSMA-617 are being per-
formed now. These include the PSMAfore trial (NCT04689828)
and the PSMAddition trial (NCT04720157). The PSMAfore trial
will enroll 450 patients with chemotherapy-naïve mCRPC and has
an endpoint of rPFS. Crossover will be allowed. 177Lu-PSMA-617
will be compared with a second novel hormone in those previously
treated with at least 1 novel hormone (abiraterone, enzalutamide,
apalutamide, or darolutamide). The PSMAddition trial will also
have rPFS as a primary endpoint and will enroll patients with met-
astatic hormone-sensitive prostate cancer. 177Lu-PSMA-617 will
be used in combination with ADT and a novel hormone of investi-
gator choice. Docetaxel will not be allowed. PSMAddition will
enroll approximately 1,126 patients and will use rPFS as a primary
endpoint. Crossover will be allowed.
Other phase III trials with PSMA-targeted therapies will soon

have randomization under way. The 177Lu-PSMA I&T agent
(also called 177Lu-PNT2002) will be evaluated in SPLASH
(NCT04647526) in a setting similar to PSMAfore. Similarly,
177Lu-PSMA I&T will be evaluated in the ECLIPSE trial.
Even more phase III trials are being contemplated. Simply

stated, 177Lu-PSMA-617 is an active agent that can provide tumor
responses and enhance health-related quality of life in patients
with advanced prostate cancer. Additional concepts potentially
leading to regulatory approvals are eagerly anticipated. Careful
trial design and execution using established endpoints will be key.
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Several biomarkers have emerged in the past few decades to
quantify pathologic brain changes related to Alzheimer disease
(AD). In particular, PET radiotracers that bind selectively to amy-
loid-b plaques and tau neurofibrillary tangles have advanced AD
research and drug development by enabling the detection and quan-
tification of the neuropathologic lesions that define AD in living
people.
Among amyloid-b PET tracers, 11C-Pittsburgh compound B

was the first to be developed, followed by 18F-labeled tracers
approved for clinical use (i.e., 18F-florbetapir, 18F-florbetaben, and
18F-flutametamol). Cumulative evidence has demonstrated the
diagnostic utility of amyloid PET in differentiating AD from nona-
myloid neurodegenerative diseases (1,2). However, amyloid PET
retention begins 2 decades before the onset of clinical symptoms
and reaches a relative plateau throughout most of the neocortex
early in the evolution of AD (before, or coincident with, early clin-
ical symptoms). As a result, the distribution and burden of amyloid
correlate poorly with disease stage or clinical measures in symp-
tomatic patients and do not colocalize with markers of regional
neurodegeneration (3,4).

18F-flortaucipir was the first PET tracer to show high affinity and
selectivity for AD neurofibrillary tangles, followed by next-generation
tau tracers such as 18F-MK6240, 18F-RO948, 18F-PI2620, 18F-GTP1,
and 18F-PM-PBB3. 18F-flortaucipir is, to date, the only tau PET tracer
to receive Food and Drug Administration approval for clinical use in
the United States. 18F-flortaucipir PET distinguishes AD from other
underlying neuropathologies, including non-AD tauopathies to which
the tracer shows a low binding affinity (5–8). In contrast to the early
widespread distribution of amyloid PET binding, tau PET signal orig-
inates in the entorhinal cortex and other medial temporal regions. In
the presence of amyloid, signal progressively spreads into the inferior
temporal gyrus, followed by the lateral occipital cortex, posterior
cingulate/precuneus, lateral temporoparietal regions, and, finally,
prefrontal cortex. This evolution is similar (though not identical) to
Braak neuropathologic staging of tau neurofibrillary tangles and
closely colocalizes with brain atrophy and hypometabolism patterns
as measured by MRI or 18F-FDG PET (3,9). Increasing spread of
tau is associated with clinical impairment (10–12), with the tau PET

binding topography associated with domain-specific cognitive defi-
cits (13,14) and distinct AD clinical variants (9,15,16),
The relationships between amyloid and tau PET and clinical

measures largely replicate clinicopathologic studies showing that
the stage and extent of neurofibrillary tau tangles are strongly
associated with antemortem clinical status and cognitive deficits
(17,18), whereas amyloid neuropathology correlates weakly with
antemortem clinical impairment. Moreover, the regional distribu-
tion of neurofibrillary tau tangles after death also relates to distinct
clinical presentations and syndromes (19), whereas amyloid-b pla-
que distribution generally does not. Postmortem pathology and
in vivo imaging evidence together suggest a spatial and temporal
decoupling between amyloid-b plaque accumulation and neurode-
generation, whereas neurofibrillary tangles are more closely asso-
ciated with regional neurodegeneration and clinical impairment.
These observations support the hypothesis that amyloid-b may
influence neuronal integrity only indirectly by facilitating tau
spreading (20), leading to synaptic and cell loss and ultimately
translating into cognitive and functional decline.
In cross-sectional multimodal imaging studies along the clinical

AD spectrum, tau accumulation has also been observed in areas
without overt neurodegeneration (3,9,15,21). These findings support
the hypothesis that tau elevation may locally precede neurodegener-
ation, which would be a downstream event in the cascade associated
with AD. Such hypotheses are reinforced by significant associations
between baseline tau PET patterns and prospective MRI atrophy
(22,23). A recent study by La Joie et al. (22) showed that in patients
with clinically mild AD, the burden and regional distribution of tau
pathology at baseline, as measured with 18F-flortaucipir PET, can
forecast the severity and topography of prospective brain atrophy
over the following 15 mo. In contrast, neither the severity nor the
topography of amyloid PET was found to be informative of atro-
phy progression. At a group level, regional tau PET uptake at base-
line explained more than 40% of unique variance in atrophy at
follow-up, even when corrected for baseline cortical thickness,
versus 3% of variance explained by regional amyloid PET.
Importantly, the close association between baseline tau PET and
subsequent atrophy was found not only at the group level but
also in each individual patient (Fig. 1). In line with this finding,
tau PET also correlates strongly with retrospective longitudinal
atrophy (years preceding PET) in both cognitively unimpaired
individuals and patients with clinical AD (24,25).
Tau PET is a sensitive predictor not only of structural brain

changes in AD but also of prospective cognitive decline. Several
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studies have described strong associations between baseline tau
PET and cognitive changes over time across the AD clinical spec-
trum. In head-to-head comparisons, tau PET binding in temporo-
parietal regions outperformed amyloid PET and structural MRI
measures in predicting cognitive decline (26–28), especially in
patients at early AD stages (26). This result was replicated by
local and multicenter studies using different tau PET tracers
(i.e., 18F-flortaucipir and 18F-RO948), retrospective and prospective
longitudinal cognitive assessments, and participants with different
severities of impairment. These converging findings suggest that
tau PET is a promising prognostic tool for predicting cognitive
decline and that tau pathology may be the main driver of neurode-
generation and cognitive symptoms.
Tau PET may play an important role in future precision medi-

cine approaches to AD care by enabling prediction of specific neu-
rodegeneration and cognitive trajectories in individual patients. A
recent study that evaluated tau PET patterns in a large, multisite
dataset (n 5 1,612) revealed substantial variability across patients,
highlighting 4 distinct spatiotemporal patterns, each associated
with specific demographic and clinical features (29). This hetero-
geneity highlights the limitations of a one-size-fits-all approach to
predicting tau, neurodegeneration, or clinical change. Furthermore,
individual factors modify the relationship between tau accumulation
and cognition, with younger age, female sex, higher educational
attainment, and higher baseline cortical thickness all associated with
increased resistance against the deleterious effect of pathology on
cognitive performance (30). Some studies suggest that the relation-
ship between tau, neurodegeneration, and cognition may also vary
with race and ethnicity as proxies for social determinants of health
(31), though much more work on diverse cohorts is needed to better
understand these relationships. Finally, the development of biomarkers

that measure common non-AD pathologies (e.g., vascular lesions,
TDP43, and a-synuclein aggregates) will be critical for achieving a
more adequate prognosis, as these processes are highly prevalent in
patients with AD (32) and contribute significantly to neurodegenera-
tion andcognitivedecline.
Plasma biomarkers have recently emerged as promising and

accessible biomarkers for tau pathology in AD (33). Plasma p-tau
181, p-tau 217, and p-tau 231 increase in early stages of AD, dis-
criminate patients with AD from those with non-AD conditions,
and show moderate correlations with tau PET uptake (34,35).
Although plasma p-tau measures Ab-induced changes in tau phos-
phorylation and secretion, tau PET measures the overall burden
and topographic distribution of neurofibrillary tangles. Therefore,
plasma p-tau measurements and tau PET provide additive and com-
plementary information on tau pathology and prognosis. In a recent
head-to-head study, baseline plasma p-tau 217 best predicted longi-
tudinal increases in tau PET in preclinical AD, whereas baseline
tau PET was the better predictor in symptomatic patients (36).
Future work will determine whether baseline patterns of tau PET
can also predict domain-specific changes in cognition (e.g., medial
temporal tau predicting changes in episodic memory, or occipital
tau predicting changes in visuospatial function).
The close relationship between tau burden, prospective neurode-

generation, and consequent clinical decline is particularly important
in the development of novel AD therapies. Effective treatments for
AD may ultimately require combination therapies targeting both
amyloid-b and tau pathology as well as other elements of AD path-
ophysiology. Antitau therapies could be effective in preventing
synaptic loss and atrophy, thus slowing clinical decline, whereas
antiamyloid therapies in early stages could prevent tau spreading.
Thus, tau PET may be a good tool to stratify patients in clinical
trials of disease-modifying therapies, with personalized estima-
tions of neurodegeneration and cognitive trajectories, enhancing
the chance to identify the best time window and the cohort in
which a given therapy can be most effective. In a recent phase 2
trial of donanemab (37), a monoclonal antibody targeting the pyro-
glutamate epitope on Ab plaques, 18F-flortaucipir PET was used to
limit trial inclusion to patients with intermediate tau deposition.
This innovative approach to patient stratification shifts the focus
from amyloid to tau pathology, enabling more accurate prediction
of clinical progression. Including patients with an intermediate
amount of tau pathology addresses the concern that antiamyloid
therapies may not be beneficial at advanced disease stages (high
tau) but also reduces the risk of including patients who may not
progress clinically during the course of the trial (low tau). In the
trial, significant amyloid PET lowering by donanemab was associ-
ated with slower tau PET progression in the frontal and temporal
cortices and with modestly slower cognitive and functional decline
compared with placebo. This successful trial foreshadows a future
in which tau PET may have an important role in establishing eligi-
bility and evaluating response to novel disease-modifying therapies.
However, future clinical trials also need to evaluate alternative tau
PET tracers, which may be more sensitive than 18F-flortaucipir PET
for early Braak tau stages in order to ensure the inclusion of patients
with early AD-tau pathology, as these patients may benefit most
from antiamyloid and other therapeutic approaches.
In conclusion, tau PET is a highly promising tool that will likely

play an important role in future precision medicine approaches to
AD care. Tau PET is both highly specific for AD neuropathology
and (in contrast to amyloid PET) strongly associated with neurode-
generation and clinical outcomes. Further work is needed to fully

FIGURE 1. Single-subject amyloid and tau PET patterns at baseline and
cortical atrophy over time. (Left and middle) 11C-Pittsburgh compound B
(PIB) and 18F-flortaucipir (FTP) PET SUV ratio maps, respectively, with
higher values indicate more severe pathology. (Right) Patterns derived
from prospective longitudinal structural MRI scans after PET, with positive
Jacobians indicating shrinkage over time. Patient 1 is 71-y-old with mild
AD dementia; patient 2 is 61-y-old with mild AD dementia.
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leverage the potential of tau PET to predict individual patient tra-
jectories, understand the complex pathophysiology of the disease,
and ultimately accelerate the development of effective therapies.
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Pretherapeutic Comparative Dosimetry of 177Lu-rhPSMA-7.3
and 177Lu-PSMA I&T in Patients with Metastatic
Castration-Resistant Prostate Cancer
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Radiohybrid prostate-specific membrane antigen (rhPSMA) ligands
allow for labeling with 18F and radiometals for endoradiotherapy.
rhPSMA-7.3 has been designated as a lead compound with promising
preclinical data for 177Lu-rhPSMA-7.3, which has shown higher tumor
uptake than 177Lu-PSMA I&T. In this retrospective analysis, we com-
pared pretherapeutic clinical dosimetry data of both PSMA ligands.
Methods: Six patients with metastatic castration-resistant prostate can-
cer underwent both 177Lu-rhPSMA-7.3 and 177Lu-PSMA I&T prethera-
peutic dosimetry. Whole-body scintigraphy was performed at 1 h, 4 h,
24 h, 48 h, and 7 d after injection. Regions of interest covering the whole
body, organs, bone marrow, and tumor lesions were drawn for each
patient. Absorbed doses for individual patients and pretherapeutic appli-
cations were calculated using OLINDA/EXM. To facilitate the compari-
son of both ligands, we introduced the therapeutic index (TI), defined as
the ratio of mean pretherapeutic doses to tumor lesions over relevant
organs at risk. Results: Mean whole-body pretherapeutic effective
doses for 177Lu-rhPSMA-7.3 and 177Lu-PSMA I&T were 0.12 6 0.07
and 0.056 0.03 Sv/GBq, respectively. Mean absorbed organ doses for
177Lu-rhPSMA-7.3 and 177Lu-PSMA I&T were, for example, 1.656 0.28
and 0.73 6 0.18 Gy/GBq for the kidneys, 0.19 6 0.09 and 0.07 6 0.03
Gy/GBq for the liver, 2.35 6 0.78 and 0.80 6 0.41 Gy/GBq for the
parotid gland, and 0.67 6 0.62 and 0.30 6 0.27 Gy/GBq for the bone
marrow, respectively. Tumor lesions received mean absorbed doses of
177Lu-rhPSMA-7.3 and 177Lu-PSMA I&T of 6.446 6.44 and 2.646 2.24
Gy/GBq, respectively. The mean TIs for the kidneys were 3.76 2.2 and
3.66 2.2 for 177Lu-rhPSMA-7.3 and 177Lu-PSMA I&T, respectively, and
those for the bone marrow were 15.26 10.2 and 15.16 10.2 for 177Lu-
rhPSMA-7.3 and 177Lu-PSMA I&T, respectively. Conclusion: Prethera-
peutic clinical dosimetry confirmed preclinical results of mean absorbed
doses for tumors that were 2–3 times higher for 177Lu-rhPSMA-7.3 than
for 177Lu-PSMA I&T. Absorbed doses to normal organs also tended to
be higher for 177Lu-rhPSMA-7.3, resulting overall in similar average TIs
for both radiopharmaceuticals with considerable interpatient variability.
177Lu-rhPSMA-7.3 has promise for a therapeutic efficacy similar to that
of 177Lu-PSMA I&T at smaller amounts of injected activity, simplifying
radiation safety measurements (especially for large patient numbers or
dose escalation regimens).

Key Words: 177Lu-rhPSMA-7.3; 177Lu-PSMA I&T; dosimetry; mCRPC;
prostate cancer; PSMA

J Nucl Med 2022; 63:833–839
DOI: 10.2967/jnumed.121.262671

Treatment of metastatic castration-resistant prostate cancer
(mCRPC) remains challenging. 177Lu-PSMA radioligand therapy
(RLT) is an option with a variety of different prostate-specific mem-
brane antigen (PSMA) ligands developed in recent years (1). Sev-
eral prospective and retrospective studies proved that 177Lu-PSMA
(using either PSMA-617 or PSMA I&T) had substantial antitumor
effects (2,3). Most recently, the VISION trial showed longer median
radiographic progression-free survival (8.7 vs. 3.4 mo) and overall
survival (15.3 vs. 11.3 mo) for 177LuPSMA-617 versus the standard
of care, respectively, in PSMA-positive mCRPC after the use of
taxane and next-generation androgen receptor signaling inhibitor
agents (4).
For the assessment of new radiopharmaceuticals, dosimetry is

essential to link the potential range of injected activities with ther-
apeutic responses and possible side effects. For example, PSMA
ligands can exhibit intense tracer accumulation in some normal
organs, such as the kidneys. Dosimetric results have been pub-
lished for the theranostic DOTA-conjugated PSMA ligands 177Lu-
PSMA-DKFZ-617 and 177Lu-PSMA I&T (5), including both pre-
therapeutic (6) and posttherapeutic (7–10) evaluations.
Recently, a class of radiohybrid PSMA (rhPSMA) ligands were

developed. They are theranostic agents allowing both fluorination
and labeling with radiometals (11–14). Preclinical data have pro-
posed that the single diastereoisomer 18F-rhPSMA-7.3 is the most
promising clinical candidate (15,16). 18F-rhPSMA-7.3 is currently
in 2 phase 3 trials for PET imaging of primary (NCT04186819)
and recurrent (NCT04186845) prostate cancers. Most recently,
promising preclinical data on 177Lu-rhPSMA-7.3 in comparison to
177Lu-PSMA I&T were published (16).
Here, we present a retrospective analysis exploring the potential

of 177Lu-rhPSMA-7.3 in comparison to 177Lu-PSMA I&T for
endoradiotherapy in mCRPC. We used pretherapeutic comparative
dosimetry data for normal organs and tumor lesions.
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MATERIALS AND METHODS

Patients and Rationale for Comparative Dosimetry
According to current German guidelines, mCRPC patients after

chemotherapy and novel antiandrogen therapy can be considered for
177Lu-PSMA RLT after interdisciplinary tumor board discussion (17).
All patients in the presented analysis had undergone chemotherapy
and novel antiandrogen therapy before 177Lu-PSMA.

Patients were informed that there are no approved PSMA-targeted thera-
pies but that preliminary preclinical and clinical data support the antitumor
activity of 177Lu-PSMA I&T. Additionally, information about preclinical
data showing higher uptake of 18F-rhPSMA-7.3 and higher absorbed doses
of 177Lu-rhPSMA-7.3 in tumors (14,16), indicating higher radiation doses
to tumor tissue of 177Lu-rhPSMA-7.3 than of 177Lu-PSMA I&T for clini-
cal use, was provided.

Patients were offered pretherapeutic administration of both 177Lu-PSMA
I&T and 177Lu-rhPSMA-7.3 to determine tumor and normal organ doses.
Subsequent treatment was then performed with the agent that showed favor-
able tumor-to-normal organ dose ratios or with 177Lu-PSMA I&T if the
differences in the tumor-to-normal organ dose ratios were similar. 177Lu-
PSMA I&T and 177Lu-rhPSMA-7.3 were prepared in compliance with the
German Medicinal Products Act, AMG §13 2b, and after informing
the responsible regulatory body (Government of Oberbayern, Germany).
The institutional review board of the Technical University of Munich
approved the retrospective scientific analysis of the dosimetry data (115/18
S-KK).

Between April 2018 and November 2020, 6 patients agreed to
undergo these dosimetric investigations. Patient characteristics are pre-
sented in Supplemental Table 1 (supplemental materials are available
at http://jnm.snmjournals.org). The approach was based on the ratio-
nale of individual selection of the optimal ligand for a specific patient
to offer the possibility of benefit from higher tumor uptake, as recent
preclinical data indicated (16).

Definitions of Therapeutic Index (TI) and Relative TI (rTI)
To assess the potential antitumor effect in relation to organs at risk

of 177Lu-PSMA I&T versus 177Lu-rhPSMA-7.3, a TI was calculated.
It was defined as the mean radiation dose to tumor lesions divided by
the radiation dose to relevant organs at risk. As the kidneys and bone
marrow are the most relevant organs, we report the TI for the kidneys
and the TI for the bone marrow (4). The respective rTI was defined as
the ratio of the TI of 177Lu-rhPSMA-7.3 to the TI of 177Lu-PSMA
I&T, with a value of greater than 1 indicating a distribution favoring
177Lu-rhPSMA-7.3.

Pretherapeutic Dosimetry, Image Analysis, and Dosimetric
Calculations

The mean applied pretherapeutic activities were 1,066 6 83 MBq
(range, 1,000–1,243 MBq) for 177Lu-PSMA I&T and 1,012 6 51 MBq
(range, 917–1,083 MBq) for 177Lu-rhPSMA-7.3. Activity was injected
over approximately 1 min and was followed by a saline flush. Specific
activities were 47.5 GBq/0.59 mmol for 177Lu-PSMA I&T and 47.5
GBq/0.61 mmol for 177Lu-rhPSMA-7.3. The mean time period between
application of both agents was 172 h (range, 166–190 h). Whole-body
scintigraphy was performed at least 1 h, 4 h, 24 h, 48 h, and 7 d after
administration.

Individual patient absorbed doses for the whole body, kidneys, liver,
parotid, submandibular, and lacrimal glands, tumor lesions, and red bone
marrow were estimated on the basis of the MIRD scheme, as recom-
mended in the European Association of Nuclear Medicine Dosimetry
Committee Guidelines. Absorbed organ and tumor doses for each cycle
were calculated using OLINDA/EXM (18–20). Details on the regions of
interest (ROIs) for scintigraphy and the volume calculations for PET are
given in the supplemental data (e.g., Supplemental Table 2).

Statistical Analysis
All continuous data reported are expressed as mean 6 SD and

range. A nonpaired t test followed by Welch correction was performed
to compare means. Statistical analyses were conducted using Graph-
Pad Prism (version 5.0; GraphPad Software).

RESULTS

Qualitative 177Lu-PSMA I&T and 177Lu-rhPSMA-7.3
Biodistributions on Pretherapeutic Scintigraphy
Physiologic uptake was seen in the lacrimal, parotid, and sub-

mandibular glands, kidneys, and small intestine; uptake was less
pronounced in the liver and spleen. Uptake in excess of the back-
ground was also seen for multiple tumor lesions, with progressive
accumulation up to 24–48 h after injection for 177Lu-PSMA I&T
and 177Lu-rhPSMA-7.3 (Fig. 1). Delayed whole-body images (up
to 7 d after therapy) exhibited long-term retention of 177Lu-PSMA
I&T and 177Lu-rhPSMA-7.3 in the metastases, with nearly no
residual uptake in normal organs.

Pretherapeutic Dosimetry of Normal Organs
The mean whole-body pretherapeutic effective dose for 177Lu-

rhPSMA-7.3 was 0.117 Gy (0.12 6 0.07 Sv/GBq), and that for 177Lu-
PSMA I&T was 0.054 Gy (0.05 6 0.03 Sv/GBq). The mean absorbed
organ doses for 177Lu-rhPSMA-7.3 and 177Lu-PSMA I&T were 1.656
0.28 and 0.73 6 0.18 Gy/GBq, respectively, for the kidneys; 0.19 6

0.09 and 0.07 6 0.03 Gy/GBq, respectively, for the liver; 2.35 6 0.78
and 0.80 6 0.41 Gy/GBq for the parotid glands, respectively; 2.10 6

0.86 and 0.67 6 0.31 Gy/GBq for the submandibular glands, respec-
tively; and 5.29 6 2.16 and 1.92 6 0.80 Gy/GBq for the lacrimal
glands, respectively (Supplemental Table 3). Figure 2 and Supplemental

FIGURE 1. Examples of ROIs in 1 patient for 177Lu-PSMA I&T (top) and
177Lu-rhPSMA-7.3 (bottom).
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Figs. 1 and 2 display mean organ doses, individual organ doses, and
individual percentage injected doses.

Pretherapeutic Dosimetry of Bone Marrow
When ROIs were placed in the thigh regions, red bone marrow

absorbed doses were 0.67 6 0.62 Gy/GBq for 177Lu-rhPSMA-7.3
and 0.30 6 0.27 Gy/GBq for 177Lu-PSMA I&T. Data for bone
marrow dosimetry obtained with ROIs next to the lumbar spine
for correction are presented in Supplemental Tables 3 and 4.

Pretherapeutic Dosimetry of Tumor Lesions
A total of 21 representative lesions were analyzed (14 bone and

7 lymph node metastases). Mean and individual sizes of individual
tumor lesions are given in the supplemental materials and Supple-
mental Table 2.
The pretherapeutic mean absorbed doses of tumor lesions were

6.44 6 6.44 Gy/GBq (range, 0.66–29.25 Gy/GBq) for 177Lu-rhPSMA-
7.3 and 2.64 6 2.24 Gy/GBq (range, 0.38–9.80 Gy/GBq) for 177Lu-
PSMA I&T. The pretherapeutic mean absorbed doses for bone and
lymph node metastases were 4.09 6 2.57 and 11.14 6 8.83 Gy/
GBq, respectively, for 177Lu-rhPSMA-7.3 and 1.706 1.13 and 4.51
6 2.69 Gy/GBq, respectively, for 177Lu-rhPSMA-7.3 (Table 1).
Figure 2 and Supplemental Figs. 1–3 display mean tumor doses,
individual tumor doses, and individual percentage injected doses.

TI and rTI
The mean TIs for the kidneys were 3.7 6 2.2 for 177Lu-rhPSMA-

7.3 and 3.66 2.2 for 177Lu-PSMA I&T. Intraindividual comparisons
of 177Lu-rhPSMA-7.3 and 177Lu-PSMA I&T revealed a higher TIs
for the kidneys in 2 patients for 177Lu-rhPSMA-7.3 (patient 2: 5.1
vs. 3.7; patient 4: 1.6 vs. 1.1) and in 1 patient for 177Lu-PSMA I&T
(patient 6: 2.9 vs. 4.3). In 3 patients, no clear differences were seen
(patient 1: 1.5 vs. 1.6; patient 3: 7.8 vs. 7.9; patient 5: 3.1 vs. 3.1).
Consequently, the rTI for the kidneys was greater than 1 in patients 2
and 4 and less than or equal to 1 in all other patients. The individual
TIs and the rTIs are shown in Figures 3A and 3B, respectively.
When ROIs in the thigh were used, the mean TIs for the bone mar-

row were 15.2 6 10.2 for 177Lu-rhPSMA-7.3 and 15.1 6 10.2 for
177Lu-PSMA I&T. Intraindividual comparisons of 177Lu-rhPSMA-7.3
and 177Lu-PSMA I&T revealed that 177Lu-rhPSMA-7.3 showed higher
TIs for the bone marrow in 4 patients (patient 1: 2.8 vs. 2.7; patient 2:
25.5 vs. 21.3; patient 3: 28.4 vs. 27.5; patient 4: 10.6 vs. 9.8). In 1

patient, no clear difference was measured (patient 5: 3.4 vs. 3.4), and in
another patient, 177Lu-PSMA I&T showed a higher TI for the bone
marrow (patient 6: 20.3 vs. 25.7).

DISCUSSION

We presented data on pretherapeutic radiation dosimetry for nor-
mal organs and tumor lesions for 177Lu-rhPSMA-7.3 and 177Lu-
PSMA I&T in 6 mCRPC patients. Quantitative analyses revealed, on
average, an absorbed dose to tumor lesions of 177Lu-rhPSMA-7.3
that was 2.4 times higher than that of 177Lu-PSMA I&T. This finding
is in line with recent preclinical data demonstrating a 2.6-fold differ-
ence (16). However, in our clinical investigation, absorbed doses to
normal organs were also 2–3 times higher (e.g., 2.3 for the kidneys,
2.9 for the parotid glands, and 2.2 for the bone marrow). Notably,
these relationships substantially differed at the patient level.
Because of controversies about the extrapolation of preclinical

evaluations, pretherapeutic clinical dosimetry is important (21).
Currently, dosimetry for PSMA ligands focuses on absorbed doses
delivered to normal organs, primarily the kidneys but also the sali-
vary glands as the most relevant organs at risk. Despite numeri-
cally high absorbed doses to the salivary and parotid glands,
clinically relevant toxicity has only been anecdotally reported and
has been mainly transient (22). Although red bone marrow dosing
is essential, its methodology is prone to errors—for example, as a
result of the frequent presence of extensive bone metastases. Nev-
ertheless, bone marrow toxicity even in the presence of extensive
osseous metastases is not a frequent side effect (4,23).
rhPSMA ligands belong to a new class of fully theranostic agents

(16). They allow the use of radiochemical twins, such as 19F/177Lu-
rhPSMA or 18F/natLu-rhPSMA, for potential pretherapeutic PET-
based imaging and subsequent PSMA RLT (24). Recently published
promising preclinical data demonstrated that the radiohybrid
19F/177Lu-rhPSMA-7.3 is a suitable candidate for clinical translation
because of similar clearance kinetics and radiation doses but superior
tumor uptake and retention compared with 177Lu-PSMA I&T (16).
Using this approach, our aim was to investigate 177Lu-rhPSMA-7.3
by comparing it to 177Lu-PSMA I&T as the established agent for
PSMA RLT, allowing us to maximize the absorbed radiation dose to
tumor lesions and to minimize the absorbed radiation dose to rele-
vant organs at risk.

When differences in radiation doses to nor-
mal organs are investigated, the kidneys are
usually regarded as dose-limiting organs at
risk. Pretherapeutic kidney doses in our 6
mCRPC patients were 2.3 times higher with
177Lu-PSMA-7.3 than with 177Lu-PSMA I&T.
Regarding potential radiation damage, current-
ly either 23 Gy with a 5% probability of late
kidney damage within 5 y or 28 Gy with a
50% probability of late kidney damage within
5 y is used (25). For 177Lu-PSMA I&T and
177Lu-PSMA-617, severe kidney toxicity has
been described as a side effect in only a few
patients (26). However, care must be taken
given the limited overall survival of late-stage
mCRPC patients. Kabaskal et al. calculated a
maximum activity of 32.9 GBq to achieve a
23-Gy kidney dose report for 177Lu-PSMA-
617 using pretherapeutic dosimetry (10). For
177Lu-rhPSMA-7.3, our mean data would

FIGURE 2. Mean organ doses (Gy/GBq) for kidneys, liver, parotid, lacrimal, and submandibular
(Submand.) glands, and tumor lesions and total-body doses (Sv/GBq) determined with 177Lu-PSMA
I&T (I&T) and 177Lu-rhPSMA-7.3 (rh) for all patients. Individual patient organ doses are shown in Sup-
plemental Figs. 1–3. RM 5 red bone marrow. RM* = using an ROI for correction next to the lumbar
spine (n = 4); RM** = using an ROI in the thigh (n = 6); #Sv/GBq.
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indicate the option to apply approximately 17 GBq on the basis of a
mean of 1.65 Gy/GBq. However, this lower activity would achieve simi-
lar absorbed tumor doses. It remains to be decided which activity levels
and timing of cycles will be pursued in any potential clinical develop-
ment of 177Lu-rhPSMA-7.3. Nevertheless, we believe that the presented
data might inform potential future study protocols.
Notably, given the results of the VISION trial, bone marrow tox-

icity is a rare but relevant side effect (4). In our retrospective study,
the radiation delivery to the bone marrow was 2.2 times higher for
177Lu-rhPSMA-7.3. The relative TI of 1.2, integrating absorbed
doses to both tumors and bone marrow, suggests only a slight im-
provement over 177Lu-PSMA I&T.
However, the calculation of red bone marrow doses is complex

when based on scintigraphic images. For example, in 2 of our patients,
radiation exposure of the bone marrow was probably overestimated
because of the presence of tumor lesions in the ROI. Nevertheless,
although important for absolute values, the ratio between 177Lu-
rhPSMA-7.3 and 177Lu-PSMA I&T was probably less affected. Our
results for bone marrow dosimetry showed mean absorbed doses of
0.67 6 0.62 mGy/MBq for 177Lu-rhPSMA-7.3 and 0.30 6 0.27
mGy/MBq for 177Lu-PSMA I&T. These doses resulted in a favorable
tumor-to-bone marrow index in 3 patients. The absolute values were
substantially higher than those reported in the literature for 177Lu-
PSMA-617, but the difference can be mainly explained by the differ-
ent methods (thigh vs. lumbar spine correction) (7,8).
It is important to emphasize that the absorbed dose limits for

solid organs are based on conventionally fractionated external-beam
therapy and cannot necessarily be directly applied to low-dose-rate
radiation (27). Patients without risk factors for kidney disease might
tolerate a renal biologic equivalent dose up to 40Gy, on the basis of
experience with radiopeptide treatment of neuroendocrine tumors
(28). However, dosimetry is an important but not the only factor for
determining the safety of a radionuclide treatment. As observed in a
similar setting comparing somatostatin agonist and antagonist treat-
ments, disproportionately higher hematotoxicity was observed with
the somatostatin antagonist, with up to 57% of patients experienc-
ing grade 4 hematotoxicity after 2 cycles (29).
High variability of absorbed doses was observed in tumor lesions,

similar to data reported for 177Lu-PSMA I&T (5) and 177Lu-PSMA-
617 (8,30–32). The broad range might be partially attributable to
the fact that our patients had only a few lesions. Similar to organ
dosimetry, the relationship of the absorbed doses of both ligands is

a more reliable parameter than the absolute values. Okamoto et al.
and Baum et al. reported absorbed doses between 0.22 and 12.0 Gy/
GBq and between 0.02 and 78Gy/GBq, respectively, for 177Lu-
PSMA I&T (5,33). For 177Lu-PSMA-617, Violet et al. reported
mean absorbed doses of 5.28 Gy/GBq for bone metastases and 3.91
Gy/GBq for lymph node metastases (32).
Integrating all the previously discussed data for organs and tumor

lesions, we calculated the TI for the kidneys in all patients (Fig. 3).
Ultimately, 2 patients were treated with 177Lu-rhPSMA-7.3, as pre-
therapeutic dosimetry indicated a clear advantage. In 1 patient,
177Lu-PSMA I&T was used, given its clearly favorable profile. In
the remaining 3 patients, the TI did not favor either of the 2 PSMA
ligands. On the basis of the TI for the bone marrow, 3 patients had
a favorable profile for 177Lu-rhPSMA-7.3 and 3 patients had a
favorable profile for 177Lu-PSMA I&T.
Our analyses warrant some discussion on how the different

characteristics of 177Lu-rhPSMA-7.3 can be exploited. Potential
options for a drug development program would be the application
of similar activities, as recommended for 177Lu-PSMA I&T and
177Lu-PSMA-617, which would lead to higher absorbed tumor
doses and potential efficacy (34). This approach could be feasible
given the so-far low toxicity profile of 177Lu-PSMA in general,
with reported injected activities of up to 2 doses of 11 GBq of
177Lu-PSMA-617 (applied within 1 wk) (35). However, long-term
toxicity for the kidneys of 177Lu-PSMA in general is unclear, and
even the potential dose limits are controversial. Alternatively, sim-
ilar tumor and organ doses with a smaller amount of activity and
subsequently with a lower cost could be achieved, especially when
non–carrier-added 177Lu is used for treatment (36). In the context
of an expected large number of patients to be treated with PSMA
RLT in the future, smaller amounts of 177Lu would also improve
practical aspects (e.g., radioactive material program licensing,
improved radiation safety for involved medical personnel).
Our retrospective analysis has limitations. First, only a small num-

ber of patients could be analyzed. Second, numerous factors can
impair the accuracy of PET and planar dosimetry and can lead to a
decreased correlation of the 2 modalities. Overlay in planar scintigra-
phy can lead to an overestimation of the absorbed dose, and further
errors can occur for volumetric assessment (8,37). We tried to mini-
mize such errors by adjusting the volume of interest using informa-
tion from PET for the anatomic configuration of the lesions.
However, especially for bone lesions, anatomic delineation can be

FIGURE 3. TIs (A) and rTIs (B) for tumor-to-kidney ratio for each individual patient. Values of .1 indicate favorable biodistribution for 177Lu-rhPSMA-
7.3 (rh) compared with 177Lu-PSMA I&T (I&T) and vice versa. Two patients had favorable distribution of 177Lu-rhPSMA-7.3, 1 patient had favorable distri-
bution of 177Lu-PSMA I&T, and in 3 patients no clear preference was observed.
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difficult. Third, our dosimetry analyses for the bone marrow were
prone to substantial challenges, as described earlier. As an alterna-
tive, we applied an additional method, using correction from tissue
adjacent to the tissue in the thigh. In principle, this method is used in
clinical dosimetry. However, as discussed earlier, it usually results in
higher absorbed doses (less background to be subtracted in the thigh
than adjacent to the lumbar spine), and no data are available in the
literature to compare it with other PSMA ligands. Fourth, our pre-
therapeutic dosimetry using 1GBq of 177Lu-rhPSMA-7.3 and 177Lu-
PSMA I&T might already have achieved some therapeutic effect.
Given the higher tumor doses delivered by 177Lu-rhPSMA-7.3, the
dosimetry of subsequent 177Lu-PSMA I&T might be more affected
than the dosimetry of 177Lu-rhPSMA-7.3 after 177Lu-PSMA I&T.
We tried to minimize this bias by alternating the sequence of prether-
apeutic applications.

CONCLUSION

Pretherapeutic clinical dosimetry confirmed preclinical results,
with mean absorbed doses for tumors of 177Lu-rhPSMA-7.3 that
were 2–3 times higher than those of 177Lu-PSMA I&T. Absorbed
doses to normal organs increased at different levels, including the
bone marrow. The newly introduced TI allowed for individual
adjustment of absorbed tumor doses for the kidneys and the
bone marrow as organs at risk. For the kidneys, it identified 2
of 6 patients with a clearly favorable biodistribution of 177Lu-
rhPSMA-7.3 compared with 177Lu-PSMA I&T and a similar pro-
file in 3 of 6 patients. For the bone marrow, a favorable profile
was observed in 3 of 6 patients for 177Lu-rhPSMA-7.3 and in 3 of
6 patients for 177Lu-PSMA I&T. 177Lu-rhPSMA-7.3 holds prom-
ise for a therapeutic effect similar to that of 177Lu-PSMA I&T at
lower absorbed doses and offers potential economical and radia-
tion safety benefits.
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KEY POINTS

QUESTION: Are the biodistribution, dosimetry, and therapeutic
efficacy of 177Lu-rhPSMA-7.3 and 177Lu-PSMA I&T comparable?

PERTINENT FINDINGS: In mCRPC, pretherapeutic organ and
tumor absorbed doses for 177Lu-rhPSMA-7.3 were higher than
those for 177Lu-PSMA I&T, whereas the TI was equal to the mean
for the kidney absorbed dose. Using 177Lu-rhPSMA-7.3 could lead
to the same therapeutic effect without higher nephrotoxicity and
with smaller amounts of radioactivity.

IMPLICATIONS FOR PATIENT CARE: Pretherapeutic data indi-
cate higher tumor absorbed doses for 177Lu-rhPSMA-7.3 in radio-
ligand treatment, a finding that should be explored in prospective
clinical studies.
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Effects of 225Ac-Labeled Prostate-Specific Membrane Antigen
Radioligand Therapy in Metastatic Castration-Resistant
Prostate Cancer: A Meta-Analysis

Dong Yun Lee and Yong-il Kim

Department of Nuclear Medicine, Asan Medical Center, University of Ulsan College of Medicine, Seoul, Republic of Korea

Prostate-specific membrane antigen (PSMA), overexpressed in pros-
tate cancer, has become a popular target for radionuclide-based
theranostic applications in the advanced stages of prostate cancer.
We conducted a meta-analysis of the therapeutic effects of PSMA-tar-
geting a-therapy (225Ac-PSMA radioligand therapy [RLT]) in patients
with metastatic castration-resistant prostate cancer (mCRPC).Methods:
A systematic search was performed using the keywords “mCRPC,”
“
225Ac-PSMA,” and “alpha therapy.” Therapeutic responses were
analyzed as the pooled proportions of patients with more than a 50%
prostate-specific antigen (PSA) decline and any PSA decline. Survival
outcomes were analyzed by estimating summary survival curves for
progression-free survival and overall survival. Adverse events were
analyzed as the pooled proportions of patients with xerostomia and
severe hematotoxicity (anemia, leukocytopenia, and thrombocytope-
nia). Results: Nine studies with 263 patients were included in our
meta-analysis. The pooled proportions of patients with more than a
50% PSA decline and any PSA decline were 60.99% (95% CI,
54.92%–66.83%) and 83.57% (95% CI, 78.62%–87.77%), respec-
tively. The estimatedmean progression-free survival and mean overall
survival were 9.15 mo (95% CI, 6.69–11.03 mo) and 11.77 mo (95%
CI, 9.51–13.49 mo), respectively. The pooled proportions of patients
with adverse events were 62.81% (95% CI, 39.34%–83.46%) for
xerostomia, 14.39% (95% CI, 7.76%–22.63%) for anemia, 4.12%
(95% CI, 0.97%–9.31%) for leukocytopenia, and 7.18% (95% CI,
2.70%–13.57%) for thrombocytopenia. Conclusion: In our study,
around 61% of patients had more than a 50% PSA decline and 84%
of patients had any PSA decline after 225Ac-PSMA RLT. The common
adverse events in 225Ac-PSMA RLT were xerostomia in 63% of
patients and severe hematotoxicity in 4%–14% of patients.

Key Words: 225Ac; radioligand therapy; prostate-specific membrane
antigen; prostate-specific antigen; xerostomia

J Nucl Med 2022; 63:840–846
DOI: 10.2967/jnumed.121.262017

The increasing worldwide incidence of prostate cancer is inev-
itable because of the increasing number of elderly men (1). The
end-stage form of prostate cancer, known as metastatic castration-
resistant prostate cancer (mCRPC), is a progressive disease with
limited therapeutic options despite androgen deprivation therapy
(2). Although several treatment options such as second-generation

antiandrogen therapy, taxane-based chemotherapy, and 223Ra are
available, a novel treatment approach is necessary given the devas-
tating and lethal course of mCRPC (3).
Prostate-specific membrane antigen (PSMA) is a type II mem-

brane glycoprotein overexpressed in prostate carcinoma, and it has
been recognized as a reliable biomarker reflecting disease burden
in dedifferentiated and castration-resistant prostate cancer (4,5).
Targeting PSMA with diagnostic and therapeutic radionuclide
allows the use of the theranostic approach in patients with recur-
rent or metastatic prostate cancer (6). Recently, the first PSMA-
targeting diagnostic radiotracer, 68Ga-PSMA-11, was approved by
the U.S. Food and Drug Administration, providing the foundation
for PSMA-based theranostics.
PSMA-based radioligand therapy (RLT) with 177Lu, a b-ray–

emitting therapeutic radionuclide, has been used in European coun-
tries since 2015 for compassionate use in patients with mCRPC
(7,8). Since then, several studies have reported positive results
when using 177Lu-PSMA RLT (9,10). However, up to 30%–40%
of patients were found to be refractory to 177Lu-PSMA RLT during
clinical trials and showed hematotoxicity, which limits dose escala-
tion (11).
a-particle–emitting radionuclides, which have higher energy

transfer rates and shorter pathlengths, have attracted great attention
as an alternative to b-ray–emitting radionuclides for PSMA-based
RLT (12). 225Ac has been the first choice as an a-particle–emitting
radionuclide in recent experimental PSMA-based RLT for manag-
ing patients with mCRPC (13–21). However, given the limited
availability of 225Ac coupled with the unstructured clinical setting
in these exploratory studies, there is a lack of strong evidence to
guide physicians in managing patients with mCRPC using a-parti-
cle–emitting RLT. In this context, we conducted a meta-analysis
to estimate the therapeutic response, survival outcome, and
adverse event of patients with mCRPC who received 225Ac-PSMA
RLT.

MATERIALS AND METHODS

Data Search and Study Selection
A systematic search of PubMed, Embase, the Cochrane Library,

CINAHL, and Web of Science was conducted on June 10, 2021. The
searching keywords were as follows: “metastatic castration-resistant pros-
tate cancer (mCRPC),” “actinium-225 (225Ac) prostate-specific membrane
antigen (PSMA),” and “alpha therapy.” Studies that reported the therapeu-
tic response according to the prostate-specific antigen (PSA) evaluation,
survival outcome, or adverse event of patients with mCRPC who received
225Ac-PSMA RLT were selected. The search was restricted to publications
between 2000 and 2021 written in English. Therapeutic responses were
confined to more than a 50% PSA decline or any PSA decline after 225Ac-
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PSMA RLT. Abstracts, dosimetry/synthesis-related articles, case reports,
reviews, editorials, and articles with fewer than 5 patients were not
included. When multiple studies were published from the same group,
studies with a completely different patient population were included to
avoid duplication. Two reviewers independently screened the literature
and unanimously selected eligible studies for final inclusion. The protocol
of this study was registered in the International Prospective Register of
Systematic Reviews (PROSPERO; registration no. CRD42021226139).
Institutional review board approval was not required for this meta-
analysis because it evaluated published studies.

Data Extraction and Quality Assessment
Publication-related clinical data were extracted from the included

articles, and the following information was recorded: first author, year
of publication, imaging indication of RLT, number of patients, a-parti-
cle–emitting RLT agent, therapeutic dose, therapy cycle, median PSA,
median alkaline phosphatase, prechemotherapy (%), prior 177Lu-
PSMA (%), prior 233Ra (%), time of PSA evaluation after RLT, thera-
peutic response, survival outcome, duration of survival follow-up, and
adverse events. Two reviewers evaluated each article according to the
Newcastle–Ottawa Scale for scoring the quality of nonrandomized
studies in meta-analysis (22). This quality scale was categorized into 3
groups (selection, comparability, and outcome) with a perfect score
of 8. A maximum of 3 scores could be awarded for selection and out-
come, and a maximum of 2 scores could be given for comparability.
In cases of discrepancy, 2 reviewers made a consensus decision.

Statistical Analysis
Forest plots were generated to evaluate the effects of 225Ac-PSMA

RLT. Therapeutic responses were analyzed as the pooled proportions
of patients with more than a 50% PSA decline and any PSA decline,
with 95% CIs. Survival outcomes were analyzed by estimating sum-
mary survival curves with random effects for progression-free survival
(PFS) and overall survival (OS) using the MetaSurv package in R (23).
Survival data were read from the Kaplan–Meier curves using the
Engauge Digitizer (http://markummitchell.github.io/engauge-digitizer/)
(24). Adverse events were analyzed as the pooled proportions of
patients with xerostomia and severe hematotoxicity (anemia, leukocyto-
penia, and thrombocytopenia) with 95% CI. Meta-regression analysis
was performed to determine the effect of median PSA, median alkaline
phosphatase, prechemotherapy, prior 177Lu-PSMA, and prior 223Ra on
the therapeutic response and adverse events. Finally, funnel plots were
generated to visually investigate publication bias, and the Egger test
was used to evaluate the asymmetry of the funnel plots (25,26). Hetero-
geneity between the studies (for therapeutic responses and adverse
events) was assessed by I2 statistics and x2 tests (27). The fixed-effects
model was used when I2 was not more than 50% and P was at least 0.1
(Cochran Q test), and the random-effects model was used when I2 was
more than 50% or P was less than 0.1 (Cochran Q test). Statistical anal-
yses were performed mainly using MedCalc, version 19.1.7, for Micro-
soft Windows. Comprehensive Meta-analysis Software, Version 3, was
used for meta-regression.

A P value less than 0.05 was considered statistically significant.

RESULTS

Study Characteristics
Through electronic database searches, we identified 220 records

(Supplemental Tables 1–5; supplemental materials are available at
http://jnm.snmjournals.org), and 112 records remained after remov-
ing duplicates. Of these, 42 records were excluded on the basis of
the title and abstract because of the use of diagnostic radiotracers for
PSMA (n5 4), the use of other therapeutic radiotracers (n5 21),
in vitro and in vivo preclinical studies (n5 7), and no association

with RLT or PSMA (n5 10). After a thorough analysis of the full
text of the remaining 70 articles, 61 articles were excluded because
of an association with dosimetry, safety, or physics (n5 11); associa-
tion with synthesis/chemistry (n5 3); being published as case report/
review/editorial (n5 44); and inadequate data (n5 3). Finally, 9
studies with 263 patients were included in our meta-analysis (13–19)
(Fig. 1). No qualifying study was missed after hand-searching by the
reviewers.
Seven of the 9 studies were conducted under a retrospective

design (13,15–19,21), and 2 studies were conducted prospectively
(14,20). 225Ac-PSMA-617 was administered in 8 studies (13–15,
17–21) and 225Ac-PSMA-I&T was used in 1 study (16) as a-parti-
cle–emitting RLT agents. The therapeutic dose range per cycle
was reported in 3 studies as 1.5–13 MBq (13,16,17), and the total
number of treatment cycles ranged from 1 to 8. The median level
of baseline PSA was 57.2–331 ng/mL, and the follow-up time for
PSA evaluation was 2–6 wk after RLT. Therapeutic responses
were reported in all 9 studies involving 263 patients (13–21), and
survival outcomes were identified for 200 patients in 6 of the stud-
ies (13–15,17,19,20). Adverse events were documented in 8 studies
involving 225 patients, which included xerostomia and severe
hematotoxicity (13–20) (Table 1). Quality assessment of all 9
studies was performed, and the scores of the Newcastle–Ottawa
Scale ranged from 6 to 8 (Table 2).

Therapeutic Response
The pooled proportion of patients with more than a 50% PSA

decline was 60.99% after 225Ac-PSMA RLT using a random-effects
model (95% CI, 54.92%–66.83%), and the I2 statistic was 25.25%
(P5 0.219; Cochran Q test). The pooled proportion of patients with
any PSA decline was 83.57% after 225Ac-PSMA RLT using a
fixed-effects model (95% CI, 78.62%–87.77%), and the I2 statistic
was 0.00% (P5 0.844; Cochran Q test) (Fig. 2; Table 3).

Survival Outcome
The estimated mean PFS was 9.15 mo (median PFS, 7.78 mo)

after 225Ac-PSMA RLT using a random-effects model (95% CI,
6.69–11.03 mo), and the I2 statistic was 7.29%. The estimated
mean OS was 11.77 mo (median OS, 11.85 mo) after 225Ac-
PSMA RLT using a random-effects model (95% CI, 9.51–13.49
mo), and the I2 statistic was 0.00% (Fig. 3; Table 3).

FIGURE 1. Flowchart of study selection process.
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Adverse Event
The pooled proportion of patients with xerostomia grade 1 or 2

was 62.81% after 225Ac-PSMA RLT using a random-effects model
(95% CI, 39.34%–83.46%), and the I2 statistic was 92.04% (P ,
0.0001; Cochran Q test). The pooled proportion of patients with
anemia grade 3 or 4 was 14.39% after 225Ac-PSMA RLT using a
random-effects model (95% CI, 7.76%–22.63%), and the I2 statistic

was 59.32% (P5 0.016; Cochran Q test). The pooled proportion
of patients with leukocytopenia grade 3 or 4 was 4.12% after
225Ac-PSMA RLT using a random-effects model (95% CI, 0.97%
–9.31%), and the I2 statistic was 58.47% (P5 0.018; Cochran Q
test). The pooled proportion of patients with thrombocytopenia
grade 3 or 4 was 7.18% after 225Ac-PSMA RLT using a random-
effects model (95% CI, 2.70%–13.57%), and the I2 statistic was
58.83% (P5 0.017; Cochran Q test) (Fig. 4; Table 4).

Meta-Regression
Meta-regression analysis for the therapeutic response showed

no significant results (Supplemental Table 6). However, the results
were significant for adverse events in terms of median PSA
(leukocytopenia), median alkaline phosphatase (xerostomia and
leukocytopenia), prechemotherapy (anemia and thrombocytope-
nia), prior 177Lu-PSMA (leukocytopenia), and prior 223Ra (leuko-
cytopenia) (Table 5).

Publication Bias
Visual investigation of the funnel plots showed no evidence of

publication bias for the therapeutic responses and adverse events
of 225Ac-PSMA RLT. Egger tests also demonstrated no evidence
of funnel plot asymmetry (Fig. 5; Supplemental Fig. 1).

DISCUSSION

We investigated the effects of 225Ac-PSMA RLT in patients with
mCRPC through a meta-analysis. Around 61% of patients achieved
more than a 50% PSA decline, and 84% of patients demonstrated
any PSA decline after 225Ac-PSMA RLT. The estimated mean PFS
and mean OS were approximately 9 and 12 mo, respectively. Xero-
stomia grade 1 or 2 was observed in 63% of patients, and severe
hematotoxicity was noted in approximately 4%–14% of patients.

In comparison with b-ray–emitting radio-
nuclides, a-particle– emitting radionuclides
offer several theoretic advantages (12,28).
First, the relatively short range of penetration
allows the selective killing of targeted tumor
tissues while minimizing unwanted damage
in the surrounding normal tissues. Second,
higher-linear-energy transfer delivers intensive
radiation to cancer cells, resulting in more
effective DNA strand breakage and reducing
the development of treatment resistance.
According to the Prostate Cancer Clinical

Trials Working Group 3, the response to ther-
apy of mCRPC patients should be assessed on
the basis of PSA changes, and the commonly
defined parameter is more than a 50% PSA

TABLE 2
Quality Assessment of Included Studies Using

Newcastle-Ottawa Scale

Author Selection Comparability Outcome Score

Feuerecker ??? ?? ?? 7

Rosar ??? ? ??? 7

Sen ??? ? ??? 7

Zacherl ??? ? ?? 6

Khreish ??? ? ??? 7

Satapathy ??? ? ?? 6

Sathekge ??? ?? ??? 8

Yadav ??? ? ??? 7

Kratochwil ??? ? ??? 7

3 or 4 stars in Selection column AND 1 or 2 stars in Comparability
column AND 2 or 3 stars in Outcome column = good quality; 2 stars
in Selection column AND 1 or 2 stars in Comparability column AND
2 or 3 stars in Outcome column = fair quality; and 0 or 1 star in
Selection column OR 0 star in Comparability column OR 0 or 1 star
in Outcome column = poor quality.

FIGURE 2. Forest plot for therapeutic responses after 225Ac-PSMA RLT: more than 50% PSA
decline (A) and any PSA decline (B).

TABLE 3
Summary of Therapeutic Responses and Survival Outcomes After 225Ac-PSMA RLT

Therapeutic response and
survival outcome No. of studies Model Pooled estimate 95% CI of pooled estimate I2 (%)

.50% PSA decline 9 Fixed effects 60.99% 54.92%–66.83% 25.25

Any PSA decline 9 Fixed effects 83.57% 78.62%–87.77% 0.00

Mean PFS 6 Random effects 9.15 mo 6.69–11.03 mo 7.29

Mean OS 6 Random effects 11.77 mo 9.51–13.49 mo 0.00

225AC-PSMA RLT EFFECTS IN MCRPC PATIENTS ! Lee and Kim 843



decline (29). In our study, 61% (95% CI,
55%–67%) of patients showed more than a
50% PSA decline, which is higher than the
response in a previous meta-analysis for
177Lu-PSMA RLT (46%; 95% CI, 40%–
53%) (30) and a previous phase 2 clinical trial
of 177Lu-PSMA-617 (57%) (31). As survival
is an important marker in mCRPC patients,
the secondary outcomes of our study were
PFS and OS after 225Ac-PSMA RLT. The
median PFS (8 mo) and median OS (12 mo)
in our study were similar to those (11 mo
and 14 mo, respectively) in a previous meta-
analysis of 177Lu-PSMA RLT (30).
Despite the encouraging therapeutic re-

sponse and survival of patients who received
225Ac-PSMA RLT, dose reduction or dis-
continuation of the therapy is often required
(32). Xerostomia is a major adverse event in
225Ac-PSMA RLT (33), and our results
revealed an incidence rate of 63% (95% CI,
39%–83%). A study highlighted the benefi-
cial effects of sialendoscopy with steroid
injection on salivary gland function after
225Ac-PSMA RLT (34); however, it is an
invasive procedure. Another study sug-
gested that 225Ac-PSMA/177Lu-PSMA tan-
dem therapy could improve salivary gland
function (17). Therefore, more techniques are
needed in addition to 225Ac-PSMA RLT to
protect salivary gland function (35). In a pre-
vious phase 2 clinical trial of 177Lu-PSMA-
617, the incidence rate of xerostomia grade 1
or 2 was 87%, which is similar to the inci-
dence rate (63%; 95% CI, 39%–83%) in our
study (31). Severe hematotoxicity is another
common adverse event of 225Ac-PSMA RLT
in previous studies (36), and our study
showed anemia grade 3 or 4 in 14% of cases
(95% CI, 8%–23%), leukocytopenia grade 3
or 4 in 4% of cases (95% CI, 1%–9%), and
thrombocytopenia grade 3 or 4 in 7% of cases
(95% CI, 3%–14%). The incidence rates
are similar to those in previous studies of
177Lu-PSMA RLT (10,30,37). According
to meta-regression analysis, tumor burden
and previous damage to bone marrow and

FIGURE 3. Survival outcome estimation after 225Ac-PSMA RLT: PFS (A) and OS (B).

FIGURE 4. Forest plot for adverse events after 225Ac-PSMA RLT: xerostomia grade 1 or 2 (A), ane-
mia grade 3 or 4 (B), leukocytopenia grade 3 or 4 (C), and thrombocytopenia grade 3 or 4 (D).

TABLE 4
Summary of Adverse Events After 225Ac-PSMA RLT

Adverse event No. of studies Model Pooled proportion 95% CI of pooled proportion I2 (%)

Xerostomia grade 1 or 2 8 Random-effects 62.81% 39.34%–83.46% 92.04

Anemia grade 3 or 4 8 Random-effects 14.39% 7.76%–22.63% 59.32

Leukocytopenia grade 3 or 4 8 Random-effects 4.12% 0.97%–9.31% 58.47

Thrombocytopenia grade 3 or 4 8 Random-effects 7.18% 2.70%–13.57% 58.83
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salivary glands might adversely affect the toxicity of 225Ac-PSMA
RLT. Future studies should consider tumor burden and previous
therapy history. Moreover, patient-based dosimetry is required to
reduce adverse events and increase the antitumor activity of
225Ac-PSMA RLT.
There were some limitations in this study. The included studies

were few in number and had different patient profiles, and the
therapeutic doses and cycles of 225Ac-PSMA RLT were somewhat
different. Differences in patient profiles likely contributed to the
observed heterogeneity, which limits the generalizability of the
pooled outcome estimates beyond the reported studies and requires
careful interpretation, especially in the aspect of adverse events.

Moreover, patient-based analyses could not be performed because
of a lack of data on individual patients. In the future, prospective,
randomized, multicenter clinical trials are needed to confirm the
effects of 225Ac-PSMA RLT.

CONCLUSION

225Ac-PSMA RLT may be an effective treatment option for
patients with mCRPC. Our meta-analysis revealed that approxi-
mately 61% of patients (95% CI, 55%–67%) showed more than a
50% PSA decline and that 84% of patients (95% CI, 79%–88%)
showed any PSA decline after 225Ac-PSMA RLT. Among mCRPC

patients who received 225Ac-PSMA RLT,
xerostomia (63% of patients; 95% CI,
39%–83%) was the most common adverse
event, followed by severe hematotoxicity
(4%–14% of patients; 95% CI, 1%–23%).
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TABLE 5
Results of Meta-Regression Analysis for Adverse Event

Adverse event Variable No. of studies Regression coefficient P

Xerostomia grade 1 or 2 Median PSA 8 20.0028 0.6448

Median ALP 5 0.0700 0.0012*

Prechemotherapy (%) 8 0.0049 0.8613

Prior 177Lu-PSMA (%) 8 0.0112 0.4814

Prior 223Ra (%) 8 20.0061 0.9181

Anemia grade 3 or 4 Median PSA 8 0.0043 0.2482

Median ALP 5 0.0194 0.0747

Prechemotherapy (%) 8 0.0244 0.0235*

Prior 177Lu-PSMA (%) 8 0.0031 0.7643

Prior 223Ra (%) 8 0.0404 0.2761

Leukocytopenia grade 3 or 4 Median PSA 8 0.0092 0.0016*

Median ALP 5 0.0352 0.0050*

Prechemotherapy (%) 8 0.0237 0.2148

Prior 177Lu-PSMA (%) 8 0.0265 0.0013*

Prior 223Ra (%) 8 0.0990 0.0013*

Thrombocytopenia grade 3 or 4 Median PSA 8 0.0045 0.2505

Median ALP 5 0.0216 0.2520

Prechemotherapy (%) 8 0.0392 0.0208*

Prior 177Lu-PSMA (%) 8 0.0153 0.0937

Prior 223Ra (%) 8 0.0415 0.2755

*P , 0.05.
ALP 5 alkaline phosphatase.

FIGURE 5. Funnel plot and Egger test for publication bias assessment: more than 50% PSA
decline (A) and xerostomia grade 1 or 2 (B).
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KEY POINTS

QUESTION: What are the effects of 225Ac-PSMA RLT in patients
with mCRPC?

PERTINENT FINDINGS: More than a 50% PSA decline and any
PSA decline were observed in about 61% (95% CI, 55%–67%)
and 84% (95% CI, 79%–88%), respectively of patients after
225Ac-PSMA RLT. The estimated mean PFS and mean OS were
about 9 mo (95% CI, 7–11 mo) and 12 mo (95% CI, 10–13 mo),
respectively. Xerostomia was the most common adverse event
(63%; 95% CI5 39-83%), followed by severe anemia (14%; 95%
CI, 6%–23%), severe leukocytopenia (4%; 95% CI, 1-9%), and
severe thrombocytopenia (7%; 95% CI, 3%–14%).

IMPLICATIONS FOR PATIENT CARE: PSMA-targeted a-therapy
using 225Ac-PSMA may be a novel therapeutic option for mCRPC
patients.

REFERENCES

1. Global Burden of Disease Cancer Collaboration; Fitzmaurice C, Allen C, Barber
RM, et al. Global, regional, and national cancer incidence, mortality, years of life
lost, years lived with disability, and disability-adjusted life-years for 32 cancer
groups, 1990 to 2015: a systematic analysis for the global burden of disease study.
JAMA Oncol. 2017;3:524–548.

2. Kessel K, Seifert R, Weckesser M, et al. Molecular analysis of circulating tumor
cells of metastatic castration-resistant prostate cancer patients receiving 177Lu-
PSMA-617 radioligand therapy. Theranostics. 2020;10:7645–7655.

3. Marshall CH, Antonarakis ES. Emerging treatments for metastatic castration-resis-
tant prostate cancer: immunotherapy, PARP inhibitors, and PSMA-targeted
approaches. Cancer Treat Res Commun. 2020;23:100164.

4. Maurer T, Eiber M, Schwaiger M, Gschwend JE. Current use of PSMA-PET in
prostate cancer management. Nat Rev Urol. 2016;13:226–235.

5. Siva S, Udovicich C, Tran B, Zargar H, Murphy DG, Hofman MS. Expanding the
role of small-molecule PSMA ligands beyond PET staging of prostate cancer. Nat
Rev Urol. 2020;17:107–118.

6. Bashir U, Tree A, Mayer E, et al. Impact of Ga-68-PSMA PET/CT on management
in prostate cancer patients with very early biochemical recurrence after radical
prostatectomy. Eur J Nucl Med Mol Imaging. 2019;46:901–907.

7. Weineisen M, Schottelius M, Simecek J, et al. Ga-68- and Lu-177-labeled PSMA
I&T: optimization of a PSMA-targeted theranostic concept and first proof-of-con-
cept human studies. J Nucl Med. 2015;56:1169–1176.

8. Kratochwil C, Giesel FL, Stefanova M, et al. PSMA-targeted radionuclide therapy
of metastatic castration-resistant prostate cancer with Lu-177-labeled PSMA-617.
J Nucl Med. 2016;57:1170–1176.

9. Kim YJ, Kim YI. Therapeutic responses and survival effects of 177Lu-PSMA-617
radioligand therapy in metastatic castrate-resistant prostate cancer: a meta-analysis.
Clin Nucl Med. 2018;43:728–734.

10. Rahbar K, Ahmadzadehfar H, Kratochwil C, et al. German multicenter study inves-
tigating 177Lu-PSMA-617 radioligand therapy in advanced prostate cancer patients.
J Nucl Med. 2017;58:85–90.

11. Hofman MS, Violet J, Hicks RJ, et al. [Lu-177]-PSMA-617 radionuclide treat-
ment in patients with metastatic castration-resistant prostate cancer (LuPSMA
trial): a single-centre, single-arm, phase 2 study. Lancet Oncol. 2018;19:825–
833.

12. Parker C, Lewington V, Shore N, et al. Targeted alpha therapy, an emerging class
of cancer agents: a review. JAMA Oncol. 2018;4:1765–1772.

13. Feuerecker B, Tauber R, Knorr K, et al. Activity and adverse events of actinium-
225-PSMA-617 in advanced metastatic castration-resistant prostate cancer after
failure of lutetium-177-PSMA. Eur Urol. 2021;79:343–350.

14. Rosar F, Krause J, Bartholom€a M, et al. Efficacy and safety of [225Ac]Ac-PSMA-
617 augmented [177Lu]Lu-PSMA-617 radioligand therapy in patients with highly
advanced mCRPC with poor prognosis. Pharmaceutics. 2021;13:722.

15. Sen I, Thakral P, Tiwari P, et al. Therapeutic efficacy of 225Ac-PSMA-617 targeted
alpha therapy in patients of metastatic castrate resistant prostate cancer after tax-
ane-based chemotherapy. Ann Nucl Med. 2021;35:794–810.

16. Zacherl MJ, Gildehaus FJ, Mittlmeier L, et al. First clinical results for PSMA tar-
geted alpha therapy using 225Ac-PSMA-I&T in advanced mCRPC patients. J Nucl
Med. 2021;62:669–674.

17. Khreish F, Ebert N, Ries M, et al. 225Ac-PSMA-617/177Lu-PSMA-617 tandem
therapy of metastatic castration-resistant prostate cancer: pilot experience. Eur J
Nucl Med Mol Imaging. 2020;47:721–728.

18. Satapathy S, Mittal BR, Sood A, et al. Health-related quality-of-life outcomes with
actinium-225-prostate-specific membrane antigen-617 therapy in patients with
heavily pretreated metastatic castration-resistant prostate cancer. Indian J Nucl
Med. 2020;35:299–304.

19. Sathekge M, Bruchertseifer F, Vorster M, et al. Predictors of overall and disease-
free survival in metastatic castration-resistant prostate cancer patients receiving
Ac-225-PSMA-617 radioligand therapy. J Nucl Med. 2020;61:62–69.

20. Yadav MP, Ballal S, Bal C. Efficacy and safety of 225Ac-PSMA-617 targeted alpha
therapy in metastatic castration-resistant prostate cancer patients. Theranostics.
2020;10:9364–9377.

21. Kratochwil C, Bruchertseifer F, Rathke H, et al. Targeted alpha-therapy of meta-
static castration-resistant prostate cancer with 225Ac-PSMA-617: swimmer-plot
analysis suggests efficacy regarding duration of tumor control. J Nucl Med. 2018;
59:795–802.

22. Zeng X, Zhang Y, Kwong JS, et al. The methodological quality assessment
tools for preclinical and clinical studies, systematic review and meta-analysis,
and clinical practice guideline: a systematic review. J Evid Based Med. 2015;8:
2–10.

23. Combescure C, Foucher Y, Jackson D. Meta-analysis of single-arm survival stud-
ies: a distribution-free approach for estimating summary survival curves with ran-
dom effects. Stat Med. 2014;33:2521–2537.

24. Parmar MK, Torri V, Stewart L. Extracting summary statistics to perform meta-
analyses of the published literature for survival endpoints. Stat Med. 1998;17:
2815–2834.

25. Sterne JA, Egger M. Funnel plots for detecting bias in meta-analysis: guidelines on
choice of axis. J Clin Epidemiol. 2001;54:1046–1055.

26. Egger M, Davey Smith G, Schneider M, Minder C. Bias in meta-analysis detected
by a simple, graphical test. BMJ. 1997;315:629–634.

27. Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency in
meta-analyses. BMJ. 2003;327:557–560.

28. De Vincentis G, Gerritsen W, Gschwend JE, et al. Advances in targeted alpha ther-
apy for prostate cancer. Ann Oncol. 2019;30:1728–1739.

29. Scher HI, Morris MJ, Stadler WM, et al. Trial design and objectives for castration-
resistant prostate cancer: updated recommendations from the prostate cancer clini-
cal trials working group 3. J Clin Oncol. 2016;34:1402–1418.

30. Yadav MP, Ballal S, Sahoo RK, Dwivedi SN, Bal C. Radioligand therapy with
177Lu-PSMA for metastatic castration-resistant prostate cancer: a systematic review
and meta-analysis. AJR. 2019;213:275–285.

31. Hofman MS, Violet J, Hicks RJ, et al. [177Lu]-PSMA-617 radionuclide treatment
in patients with metastatic castration-resistant prostate cancer (LuPSMA trial): a
single-centre, single-arm, phase 2 study. Lancet Oncol. 2018;19:825–833.

32. Kratochwil C, Bruchertseifer F, Rathke H, et al. Targeted a-therapy of metastatic
castration-resistant prostate cancer with 225Ac-PSMA-617: dosimetry estimate and
empiric dose finding. J Nucl Med. 2017;58:1624–1631.

33. Kratochwil C, Haberkorn U, Giesel FL. 225Ac-PSMA-617 for therapy of prostate
cancer. Semin Nucl Med. 2020;50:133–140.

34. Rathke H, Kratochwil C, Hohenberger R, et al. Initial clinical experience perform-
ing sialendoscopy for salivary gland protection in patients undergoing 225Ac-
PSMA-617 RLT. Eur J Nucl Med Mol Imaging. 2019;46:139–147.

35. Langbein T, Chauss$e G, Baum RP. Salivary gland toxicity of PSMA radioligand
therapy: relevance and preventive strategies. J Nucl Med. 2018;59:1172–1173.

36. Lawal IO, Bruchertseifer F, Vorster M, Morgenstern A, Sathekge MM. Prostate-
specific membrane antigen-targeted endoradiotherapy in metastatic prostate cancer.
Curr Opin Urol. 2020;30:98–105.

37. Violet J, Sandhu S, Iravani A, et al. Long-term follow-up and outcomes of retreat-
ment in an expanded 50-patient single-center phase II prospective trial of 177Lu-
PSMA-617 theranostics in metastatic castration-resistant prostate cancer. J Nucl
Med. 2020;61:857–865.

846 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 63 ! No. 6 ! June 2022



F E A T U R E D A R T I C L E O F T H E M O N T H

Head-to-Head Comparison of 68Ga-PSMA-11 PET/CT and
mpMRI with a Histopathology Gold Standard in the
Detection, Intraprostatic Localization, and Determination of
Local Extension of Primary Prostate Cancer: Results from a
Prospective Single-Center Imaging Trial

Ida Sonni1, Ely R. Felker2, Andrew T. Lenis3, Anthony E. Sisk4, Shadfar Bahri1,5, Martin Allen-Auerbach1,5,
Wesley R. Armstrong1, Voraparee Suvannarerg2,6, Teeravut Tubtawee2,7, Tristan Grogan8, David Elashoff8,
Matthias Eiber1,9, Steven S. Raman2, Johannes Czernin1,5,10, Robert E. Reiter*3,5,10, and Jeremie Calais*1,5,10

1Ahmanson Translational Theranostics Division, Department of Molecular and Medical Pharmacology, David Geffen School of
Medicine, UCLA, Los Angeles, California; 2Department of Radiology, David Geffen School of Medicine, UCLA, Los Angeles,
California; 3Department of Urology, UCLA, Los Angeles, California; 4Department of Pathology, David Geffen School of Medicine,
UCLA, Los Angeles, California; 5Institute of Urologic Oncology, David Geffen School of Medicine, UCLA, Los Angeles, California;
6Department of Radiology, Faculty of Medicine, Siriraj Hospital, Mahidol University, Bangkok, Thailand; 7Department of Radiology,
Prince of Songkla University, Hat Yai, Thailand; 8Department of Medicine Statistics Core, UCLA, Los Angeles, California;
9Department of Nuclear Medicine, Klinikum Rechts der Isar, Technical University of Munich, Munich, Germany; and 10Jonsson
Comprehensive Cancer Center, UCLA, Los Angeles, California

The role of prostate-specific membrane antigen (PSMA)–targeted PET
in comparison to multiparametric MRI (mpMRI) in the evaluation of intra-
prostatic cancer foci is not well defined. The aim of our study was to
compare the diagnostic performance of 68Ga-PSMA-11 PET/CT (PSMA
PET/CT), mpMRI, and PSMA PET/CT 1 mpMRI using 3 independent
masked readers for each modality and with histopathology as the gold
standard in the detection, intraprostatic localization, and determination
of local extension of primary prostate cancer. Methods: Patients with
intermediate- or high-risk prostate cancer who underwent PSMA PET/
CT as part of a prospective trial (NCT03368547) andmpMRI before radi-
cal prostatectomy were included. Each imaging modality was inter-
preted by 3 independent readers who were unaware of the other
modality result. A central majority rule was applied (2:1). Pathologic
examination of whole-mount slices was used as the gold standard.
Imaging scans and whole-mount slices were interpreted using the same
standardized approach on a segment level and a lesion level. A
“neighboring” approach was used to define imaging–pathology correla-
tion for the detection of individual prostate cancer foci. Accuracy in
determining the location, extraprostatic extension (EPE), and seminal
vesicle invasion (SVI) of prostate cancer foci was assessed using
receiver-operating-characteristic curve analysis. Interreader agreement
was calculated using intraclass correlation coefficient analysis. Results:
The final analysis included 74 patients (14 [19%] with intermediate risk
and 60 [81%] with high risk). The cancer detection rate (lesion-based
analysis) was 85%, 83%, and 87% for PSMA PET/CT, mpMRI, and
PSMA PET/CT1mpMRI, respectively. The change in AUC was statisti-
cally significant between PSMA PET/CT 1 mpMRI and the 2 imaging
modalities alone for delineation of tumor localization (segment-based

analysis) (P , 0.001) but not between PSMA PET/CT and mpMRI (P 5

0.093). mpMRI outperformed PSMA PET/CT in detecting EPE (P 5

0.002) and SVI (P5 0.001). In the segment-level analysis, intraclass cor-
relation coefficient analysis showed moderate reliability among PSMA
PET/CT and mpMRI readers using a 5-point Likert scale (range,
0.53–0.64). In the evaluation of T staging, poor reliability was found
among PSMA PET/CT readers and poor to moderate reliability was
found for mpMRI readers. Conclusion: PSMA PET/CT and mpMRI
have similar accuracy in the detection and intraprostatic localization of
prostate cancer foci. mpMRI performs better in identifying EPE and SVI.
For the T-staging evaluation of intermediate to high-risk prostate cancer,
mpMRI should still be considered the imaging modality of reference.
Whenever available, PSMA PET/MRI or the coregistration or fusion of
PSMA PET/CT and mpMRI (PSMA PET/CT 1 mpMRI) should be used
as it improves tumor extent delineation.

Key Words: PSMA PET/CT; prostate cancer; mpMRI; staging;
T staging
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Prostate cancer is the most common solid-organ malignancy in
men, accounting for over 190,000 new diagnoses and over 33,000
deaths in 2020 (1). Distant extrapelvic staging in patients with
unfavorable intermediate- and high-risk disease with cross-
sectional imaging and bone scanning is recommended to guide initial
therapy (2,3).
Current methods used to locally stage prostate cancer and identify

the precise location of foci of disease rely on the results of systematic
or targeted biopsies and multiparametric MRI (mpMRI). Although
targeted biopsies have considerably improved the identification of
clinically significant prostate cancer and even allowed for the tracking
of biopsy cores over time, there is still over a 30% chance of missing
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clinically significant prostate cancer in men with multifocal disease
(4). Further, in a cohort of men selected as candidates for focal
therapy who underwent radical prostatectomy, nearly half had
unidentified bilateral disease and would have been inadequately
treated (5). Therefore, additional and perhaps complementary meth-
ods are needed to better characterize and identify clinically signifi-
cant prostate cancer foci.
Prostate-specific membrane antigen (PSMA) is a transmembrane

cell-surface protein overexpressed in prostate cancer cells relative
to most other tissues (6). 68Ga-PSMA-11 PET/CT (PSMA PET/
CT) has been shown in prospective studies to be highly sensitive
and specific for the identification of biochemically recurrent disease
and to improve staging in patients with newly diagnosed disease
(7–9). Previous studies comparing PSMA PET and mpMRI in the
local staging of prostate cancer had overall discordant results.
Although some studies found PSMA PET/CT to be superior to
mpMRI (10–12), others showed no significant differences (13,14).
The goal of the current analysis was to compare the diagnostic

performance of PSMA PET/CT, mpMRI, and the combination of
the two (PSMA PET/CT 1 mpMRI) in the detection, intrapro-
static localization, and determination of local extension of primary
prostate cancer, with histopathology as the gold standard, using
3 masked independent readers for each modality.

MATERIALS AND METHODS

Study Design and Patient Population
We report here the results of an exploratory endpoint of a prospec-

tive trial conducted at UCLA (NCT03368547). The primary outcome
of the trial was to evaluate the diagnostic performance (sensitivity,
specificity, positive predictive value, and negative predictive value) of
PSMA PET/CT for the detection of regional nodal metastases com-
pared with histopathology at radical prostatectomy in patients with
intermediate- to high-risk prostate cancer. The results of the primary
endpoint analysis were the foundation of a new-drug application for
68Ga-PSMA-11 (15) and will be reported separately.

For the current study, patients with biopsy-proven intermediate- or
high-risk prostate cancer by NCCN (16) and enrolled in the pivotal trial
were included in the analysis if they underwent initial staging with both
PSMA PET/CT and mpMRI at our institution and subsequently under-
went radical prostatectomy. Patients treated with androgen deprivation
therapy were excluded from the analysis. The study was done under an
investigational-new-drug approval protocol (IND 130649) and was
approved by the local institutional review board (approval 16-001684).

mpMRI Image Acquisition
mpMRI was performed on a 3-T MRI system (Magnetom Trio,

Skyra, or Verio; Siemens Medical Systems) using a standardized proto-
col with pelvic external phased-array coils. The mpMRI protocol
included conventional multiplanar T2-weighted turbo spin-echo imaging,
diffusion-weighted imaging, axial unenhanced T1-weighted imaging,
and axial 3-dimensional fast-field echo dynamic contrast-enhanced imag-
ing, as described previously (17). In addition, a small–field-of-view
3-dimensional axial turbo spin-echo T2-weighted sequence was per-
formed using spatial and chemical-shift encoded excitation (SPACE;
Siemens Healthcare), as described in detail previously (17,18).

PSMA PET/CT Image Acquisition
PSMA PET/CT images were acquired after intravenous injection of

a median of 192.4 MBq of 68Ga-PSMA-11 (interquartile range,
185–203.5 MBq) and a median uptake time of 61.5 min (interquartile
range, 58–67 min) using a Biograph 64 or mCT PET/CT scanner (Sie-
mens Medical Systems) (axial field of view, 22.1 cm). 68Ga-PSMA-11

(Glu-NH-CO-NH-Lys-(Ahx)-[68Ga(HBEDCC)]) was used as the
PSMA ligand (19) and was obtained from the Biomedical Cyclotron
Facility at UCLA. Oral and intravenous CT contrast media were
administered unless contraindicated. A 5-mm slice thickness was used
for the CT scan. All PET images acquired from pelvis to vertex were
corrected for attenuation, dead time, random events, and scatter. The
time per bed position was based on patient weight (20).

Image Analysis
For the purpose of this exploratory endpoint analysis, the PSMA PET/

CT and mpMRI were read independently by 3 board-certified nuclear
medicine physicians (with 4, 4, and 1 y of experience in interpreting
PSMA PET/CT, that is, #250 scans/y, and 19, 7, and 7 y of experience
in interpreting oncologic PET/CT, that is, #1,000 scans/y) and 3 radiol-
ogists (with 5, 5, and 12 y of experience in prostate mpMRI, that is,
#1,000 scans/y) using OsiriX and DynaCAD software, respectively (21).

All readers were aware of the presence of biopsy-proven prostate can-
cer but not of any other demographic, clinical, pathology, or imaging
information. The readers were masked to the PSMA PET/CT and mpMRI
clinical reports and to the other readers’ findings. A standardized approach
was used for imaging interpretation, assessing the presence, location, and
size of prostate cancer foci (lesions) within the prostate. The analysis was
conducted on an individual-lesion level and on a segment level.
Segment-Level Analysis (Prostate Cancer Localization). The

prostate was divided into 12 segments using orthogonal axial planes
for PSMA PET/CT and oblique axial planes for mpMRI: base, mid
gland, and apex, defined as the upper, middle, and lower thirds,
respectively, of the prostate; right/left and anterior/posterior were
defined on axial views by a vertical line (sagittal plane) and horizontal
line (coronal plane), respectively, passing through the center of the
prostate (Fig. 1). The 12 segments used in this analysis represented a
compromise between the 41 sectors used in the Prostate Imaging
Reporting and Data System (PI-RADS) score and the sextants used
for PSMA PET in previous studies (12,22). All PSMA PET/CT and
mpMRI readers assigned each segment a score using a 5-point Likert
scale (PSMA score, resembling scores using PSMA-RADS version
1.0 (23,24) and PI-RADS version 2.1 (25), respectively) based on the
overall likelihood of prostate cancer. Each reader’s 5-point scores
were further converted into a binary score (1 and 2 5 negative for
cancer; 3, 4, and 5 5 positive for cancer).
Lesion-Level Analysis (Prostate Cancer Detection). A maximum

of 3 prostate cancer lesions was listed for each patient and described as the
index, secondary, and tertiary lesions. Each reader recorded lesion size and
other parameters (i.e., SUVmax for PSMA PET/CT and diffusion-weighted
imaging PI-RADS score for mpMRI) to aid in the overall interpretation.
T Staging. The presence of bilateral intraprostatic disease, seminal

vesicle invasion (SVI [T3b]), and extraprostatic extension (EPE [T3a])
was assessed visually in a binary manner (26).
Majority Rule and Central Reads. One lead investigator collected

the imaging and pathology reads and conducted the final analysis. A
central majority rule (2:1) was used to obtain the final reads for PSMA
PET/CT and mpMRI. On a segment level, lesion level, and T-staging
level, positivity for cancer involvement in the individual segment,
lesion, or T level was considered present if at least 2 of 3 readers
described it as positive for cancer.
PSMA PET/CT 1 mpMRI. PSMA PET/CT 1 mpMRI findings

were obtained by combining the central majority reads from the 2 imag-
ing modalities. If a segment, lesion, or T-level finding was described as
positive on only 1 imaging modality (only on PET or mpMRI), it was
automatically considered positive on PSMA PET/CT1 mpMRI.

Histopathology Analysis
Whole-mount slices (tissue sections of 5 mm, histologic sections cut at

5 mm) were read by a genitourinary pathologist (with 7 y of whole-mount
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experience) who was masked to all imaging results using the lesion- and
segment-level approach. Each lesion was assessed for the presence, loca-
tion, and size of cancer foci and for the Gleason grade.

Benign prostatic lesions were not considered and were excluded
from the detection analysis.

Imaging–Pathology Correlation
To define imaging–pathology correspondence on a lesion level, an

adaptation of a previously described approach was used (Fig. 1) (27).
This “neighboring” approach did not take into account the number of
lesions and allowed the location correspondence to involve the imme-
diately adjacent segments. This approach was used to overcome possi-
ble interpretation errors due to misregistration or misalignment
deriving from deformation and shrinkage during fixation, commonly
happening during whole-mount slice preparation (28), or due to use of
different orientations by PSMA PET/CT, mpMRI, and pathologic
examination of whole-mount slices (prostatectomy specimen cross
section) to define the prostate base, mid-gland, and apical regions.

Statistical Analysis
Patient characteristics and study variables were summarized using

mean and SD, median and interquartile range, or frequency and percent-
age, as appropriate. The diagnostic performance of PSMA PET/CT,
mpMRI, and PSMA PET/CT 1 mpMRI were compared with histopatho-
logic analysis on a lesion level and a segment level. Receiver-operating-
characteristic curves and area under the receiver-operating-characteristic
curves (AUCs) were obtained along with 95% CIs. AUC CI changes and
P values were determined using the DeLong test.

Interrater agreement was calculated using
the intraclass correlation coefficient (ICC) with
the 2-way random-effects model, using abso-
lute-agreement and single-measure options. Sta-
tistical analyses were performed using SPSS
(version 25; IBM), and P values of less than
0.05 were considered statistically significant.

RESULTS

Patient Population
Between January 2017 and November

2019, 398 patients were enrolled in the
trial. Seventy-four patients were included in
the final analysis of this study (study flow-
chart in Fig. 2). The mean time was 43 d
(SD, 39.9 d; range, 231 to 123 d) between
PSMA PET/CT and mpMRI, 54.1 d (SD,
35.9 d; range, 6–180 d) between PSMA
PET/CT and radical prostatectomy, and
100.8 d (SD, 53.4 d; range, 3–288 d)
between mpMRI and radical prostatectomy.
In 44 of 74 patients (59%), the mpMRI was
performed before the biopsy, whereas all
PSMA PET/CT scans were obtained after
confirmation of a positive biopsy. Patient
characteristics are summarized in Table 1.

Prostate Cancer Localization (Segment-
Based Analysis)
In total, 425 of 888 segments (48%) were

positive for cancer by pathologic examina-
tion. PSMA PET/CT, mpMRI, and PSMA
PET/CT 1 mpMRI found cancer (majority
reads) in 310 (35%), 314 (35%), and 405
(46%) segments, respectively. The results of

the segment-level analysis and the receiver-operating-characteristic
curve analysis per reader and per imaging modality are shown in Fig-
ures 3A and 3B. In total, 408 of 888 segments (46%) were described
as harboring clinically significant prostate cancer (Gleason score . 3
1 3 5 6). The results of a subanalysis including only clinically sig-
nificant lesions are shown in Supplemental Figure 1 (supplemental
materials are available at http://jnm.snmjournals.org).
The AUCs for PSMA PET/CT, mpMRI, and PSMA PET/CT 1

mpMRI were 0.7 (sensitivity, 0.84; specificity, 0.55), 0.73 (sensitivity,
0.86; specificity, 0.59), and 0.77 (sensitivity, 0.77; specificity, 0.71),
respectively. The change in AUC was statistically significant between
PSMA PET/CT 1 mpMRI and the 2 imaging modalities alone (P ,

0.001) but not between PSMA PET/CT and mpMRI (P5 0.093).
The AUCs for readers 1, 2, and 3 were 0.69, 0.69, and 0.66,

respectively, using the PSMA score and 0.71, 0.72, and 0.71,
respectively, using the PI-RADS score.
ICC analysis showed moderate reliability (29) among PSMA

PET/CT and mpMRI readers using the 5-point Likert scale
(PSMA PET/CT: reader 1/reader 2, 0.63; reader 1/reader 3, 0.53;
and reader 2/reader 3, 0.64) (mpMRI: reader 1/reader 2, 0.61;
reader 1/reader 3, 0.55; and reader 2/reader 3, 0.55).

Prostate Cancer Detection (Lesion-Based Analysis)
Pathologic examination of whole-mount slices identified 109

prostate cancer foci (74, 32, and 3 index, secondary, and tertiary
lesions, respectively). Using the majority reads, PSMA PET/CT

FIGURE 1. Prostate segmentation template and imaging–pathology correspondence for lesion-
based analysis. Twelve-segment subdivision of prostate gland was used for standardized reads
(left). Examples are shown of imaging–pathology correlation for lesion-level analysis using neighbor-
ing approach. Arrows indicate adjacent or neighboring segments. (Example 1) One lesion described
on pathology as involving segment MRP, and 1 lesion identified by imaging as involving segment
BRP. Imaging–pathology correlation: true-positive finding because BRP and MRP are neighboring
segments. (Example 2) One large lesion described on pathology as involving segments ARP, MRP,
BRP, ALP, and MLP, and 2 lesions identified by imaging (lesion 1, involving ARP and MRP [yellow
segments], and lesion 2, involving ALP and MLP [green segments]). Imaging–pathology correlation:
true-positive because one single lesion was described on pathology and correctly identified as can-
cer by imaging, even though described differently. (Example 3) Two lesions described on pathology
(lesion 1, involving ALP, MLP, BLP, ALA, MLA, ARP, and MRP [pink lesion], and lesion 2, involving
MRA [red lesion]), and 1 large lesion described by imaging as involving segments ARP, MRP, MLP,
BRP, and MRA. Imaging–pathology correlation: 2 true-positive findings because 2 lesions were
described on pathology, and both were described as cancer on imaging.

LOCAL PROSTATE CANCER: PSMA PET VS. MPMRI ! Sonni et al. 849



identified 111 lesions (74, 33, and 4 index, secondary, and tertiary
lesions, respectively) and mpMRI identified 91 (74, 16, and
1 index, secondary, and tertiary lesions, respectively). The results
of the lesion-level analysis and detection rates for all cancerous
lesions are shown in Table 2. Individual readers’ results are shown
in Supplemental Table 1.
The detection rate was 85%, 83%, and 87% for PSMA PET/

CT, mpMRI, and PSMA PET/CT 1 mpMRI, respectively. PSMA
PET/CT identified 4 lesions (1 primary and 3 secondary) missed
by mpMRI, whereas mpMRI identified 2 lesions (1 primary and
1 secondary) missed by PSMA PET/CT (Supplemental Table 2).
Differences in detection rates between PSMA PET/CT and
mpMRI were not statistically significant. The addition of PSMA
PET/CT did not provide significant increases in detection rates
over mpMRI alone.
Two separate subanalyses excluding small cancerous lesions

(#0.5 cm on histopathologic analysis) and lesions with a Gleason
score of 3 1 3 5 6 were conducted.
Twelve of 109 lesions (11%) were graded as having a Gleason score

of 3 1 3 5 6 (10 secondary lesions and 2 tertiary lesions). The overall
detection rate excluding these lesions was 95% for PSMA PET/CT 1
mpMRI (vs. 92% for both PSMA PET/CT and mpMRI alone).
The detection rates for clinically significant lesions are summa-

rized in Table 2.
Five of 109 lesions (5%) measured 0.5 cm or less on histopatho-

logic analysis. Three of the 5 were not detected by either imaging
modality, 1 of the 5 was identified by both, and 1 of the 5 was
identified by mpMRI and PSMA PET/CT.
Figure 4 and Supplemental Figure 2 show examples of a PSMA

PET/CT image, an mpMRI image, and a whole-mount slice from
our cohort.

T Staging
Histopathologic examination detected bilateral disease in 37 of 74

patients (50%), SVI in 25 of 74 (34%), and EPE in 43 of 74 (58%).
By majority reads, although mpMRI had a higher AUC than PSMA

PET/CT for the detection of bilateral disease (0.65 vs. 0.54), this differ-
ence was not significantly different (DeLong test, P 5 0.138) (Fig. 3).
mpMRI had a better AUC than PSMA PET/CT for detection of EPE
(0.79 vs. 0.59, P 5 0.002) or SVI (0.84 vs. 0.63, P 5 0.001). The use
of PSMA PET/CT 1 mpMRI did not provide statistically significantly
improvements over mpMRI alone.
Poor reliability was found among readers for PSMA PET/CT in

the evaluation of bilaterality (ICC, 0.344), EPE (ICC, 0.203), and
SVI (ICC, 0.081); moderately strong reliability was found among
mpMRI readers for bilaterality (ICC, 0.693) and EPE (ICC, 0.580),
and poor reliability was found for SVI (ICC, 0.305).

DISCUSSION

Using the majority reads of 3 masked independent readers for each
imaging modality, our single-center study including 74 patients with
intermediate- to high-risk prostate cancer found that PSMA PET/CT
and mpMRI performed similarly in the detection and intraprostatic
localization of primary prostate cancer, whereas mpMRI was superior
for determining the T stage. The combined use of PSMA PET/CT
and mpMRI improved tumor extent delineation (segment-level analy-
sis) and allowed the identification of multifocal lesions but did not
significantly improve the detection rates (lesion-level analysis) of the
2 modalities alone.
Current clinical guidelines (2,30) still recommend the use of

cross-sectional imaging (CT or MRI) with bone scanning for
extraprostatic distant staging in patients with intermediate- to
high-risk prostate cancer. Several studies showed PSMA PET/CT
to be superior to conventional imaging in the evaluation of N and
M stage (7–9,31–34), but its added value in the definition of

Patients with biopsy proven, intermediate- to high-
risk prostate cancer (PCa) considered for radical

prostatectomy (RP) with lymph node dissection
recruited to receive a PSMA PET/CT at UCLA
between January 2017 and November 2019

(n = 398)

EXCLUDED (n = 29)
Lost to follow-up

EXCLUDED (n = 221)
Did not undergo RP following

PSMA PET/CT

EXCLUDED (n = 49)
Underwent RP at an outside

institution

EXCLUDED (n = 8)
Did not have mpMRI prior to RP

EXCLUDED (n = 17)
Had an outside mpMRI prior to RP

Patients with PSMA PET/CT and
mpMRI prior to RP at UCLA

(n = 74)

Patients with intermediate- to high-risk PCa
with PSMA PET/CT prior to RP done at UCLA

(n = 99)

FIGURE 2. Study flowchart.

TABLE 1
Patient Characteristics

Characteristic Data

No. of patients 74

Median age (y) 65 (IQR, 60–69)

Median PSA (ng/mL) 11.1 (IQR, 7.5–21.5)

Initial PSA (ng/mL)

,10 29 (39%)

10–20 26 (35%)

.20 19 (26%)

D’Amico risk classification

Intermediate risk 14 (19%)

High risk 60 (81%)

Presurgical Gleason grade

3 1 3 5 6 1 (1%)

3 1 4 5 7 14 (20%)

3 1 5 5 8 2 (2%)

4 1 3 5 7 13 (19%)

4 1 4 5 8 24 (34%)

4 1 5 5 9 19 (27%)

5 1 4 5 9 1 (1%)

IQR 5 interquartile range; PSA 5 prostate-specific antigen
level.
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T stage and in intraprostatic tumor localization is still controversial.
The goal of our analysis was to compare the 2 imaging modalities
in the definition of local disease and to evaluate whether the combi-
nation of the two provides any significant advantage. In this setting,
the current literature shows discordant results, mostly due to small
cohorts, different study designs, and different approaches in defin-
ing the imaging–pathology correlation. Unlike previous studies, the
current work included a relatively large cohort of prospectively
selected patients and involved a standardized approach to the corre-
lation analysis of image findings and whole-mount pathology find-
ings. An additional analysis on T staging was conducted, as well as
a subanalysis on lesions with lower Gleason grades (3 1 3 5 6).
In our study, PSMA PET/CT allowed the detection of 4 lesions
missed by mpMRI (4/109 lesions [4%]) but also misclassified
more lesions as prostate cancer (higher number of false-positives)
at the expense of the positive predictive value. In a future study,
we will conduct an additional analysis specifically looking at
lesions negative on both imaging modalities, discordant cases, and
the histopathologic features of these tumor foci.
The segment-level analysis for localization of prostate can-

cer foci did not show significant differences between PSMA
PET/CT and mpMRI. Conversely, the addition of PSMA PET/
CT to mpMRI significantly increased the number of segments
detected, indicating that PSMA PET/CT improves the defini-
tion of tumor extent and can be an important aid in guiding the
initial therapeutic approach (5). However, to confirm this find-
ing, further investigation is needed.

The results were obtained using a neigh-
boring approach to evaluate imaging–pa-
thology correlation, which was applied to
overcome the intrinsic limitation of the
lack of registration between imaging and
pathology. The use of PSMA PET/CT 1
mpMRI allowed the detection of 99% of
primary lesions and 69% of secondary
lesions, with an overall detection rate of
87% (vs. 85% and 83% for PSMA PET/
CT and mpMRI alone, respectively) for
all lesions, and 95% (vs. 92% for both
PSMA PET/CT and mpMRI alone) for
clinically significant lesions (Supplemen-
tal Table 2). On the basis of the improved
performance of the combined PSMA PET/
CT 1 mpMRI information, we recommend
that discordant cases in clinical practice be
evaluated in consensus between PET/CT and
MRI readers or by a multidisciplinary pros-
tate cancer tumor board. A lesion detected on
only one of the modalities should be consid-
ered suggestive of cancer. Whenever possi-
ble, the PSMA PET/CT and mpMRI images
should be coregistered using the CT and
MRI prostate contours as a reference.
mpMRI performed significantly better than

PSMA PET/CT in the definition of T stage,
that is, SVI (T3b) and EPE (T3a), but not in
the detection of bilateral disease (T2c). This
finding is attributable mainly to the poor inter-
reader agreement among the 3 PET readers
for T staging, probably because of the lack of
standardized criteria for T-staging evaluation

by PSMA PET/CT. In contrast, since the correct definition of the
locoregional extension of prostate cancer relies strongly on visualiza-
tion of anatomic detail, the well-established higher soft-tissue contrast,
higher spatial resolution, and multiplanar capability of mpMRI repre-
sent an advantage over CT and led to good agreement among the 3
MRI readers for T staging. However, interrater reliability was also
poor for mpMRI readers in the evaluation of SVI. These results con-
trast with those of a previously published study involving 54 patients;
in that study, PSMA PET/CT showed a higher sensitivity for the defi-
nition of EPE but not for SVI (35).
Intraprostatic tumor detection and localization by PSMA PET/

CT relies largely on the PSMA PET signal because of the poor tis-
sue contrast of CT. Consequently, lesion localization is highly
dependent on the SUV visual scaling threshold used while inter-
preting the scans. The readers did not receive any specific recom-
mendation on a fixed SUV threshold, as interpretation should be
done by adapting the scaling to the background signal. This lack
of a recommendation represents a source of interreader variability,
but despite this inherent limitation for PSMA PET/CT, the seg-
ment-level analysis for localization of prostate cancer foci did not
show significant differences from mpMRI.
Several studies showed that the combined use of PSMA PET/CT

and mpMRI provides the best diagnostic accuracy overall (10,14). In
light of the recent advent of PET/MRI, a growing body of literature is
now available using PSMA PET/MRI, which has been shown by sev-
eral groups to outperform each modality alone (22,28,36–38). How-
ever, the limited number of PET/MRI scanners available worldwide

FIGURE 3. Prostate cancer localization (segment-based analysis) and T3 staging. (A and B)
Receiver-operating-characteristic curves for segment-level analysis obtained for PSMA PET/CT and
mpMRI majority reads (A) and using 1–5 PSMA and PI-RADS score for each individual reader (B).
Graphs show change in AUC between PSMA PET/CT and mpMRI (95% CI, 20.01 to 0.07; P 5

0.093), between PSMA PET/CT 1 mpMRI and PSMA PET/CT (95% CI, 0.05–0.1; P , 0.001),
and between PSMA PET/CT 1 mpMRI and mpMRI (95% CI, 0.03–0.06; P , 0.001). (C) Receiver-
operating-characteristic curves for PSMA PET/CT and mpMRI majority reads in evaluation of T stag-
ing. Graphs show change in AUC for bilateral disease (0.65 vs. 0.54, DeLong test, P 5 0.138),
change in AUC for EPE (0.79 vs. 0.59; 95% CI, 0.08–0.32; P 5 0.002), and change in AUC for SVI
(0.84 vs. 0.63; 95% CI, 0.09–0.33; P5 0.001).
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and the associated high costs still limit its widespread use in clinical
practice. The well-established superiority of PSMA PET/CT in N and
M staging, combined with an enhanced ability to determine T stage
and local extension with mpMRI, highlights the complementary role
of each imaging modality and underscores the diagnostic potential of
PSMA PET/MRI. If available, PSMA PET/MRI should be considered
the modality of choice in the initial evaluation of patients with
advanced prostate cancer. When a hybrid PET/MRI scanner is not
available, the PSMA PET/CT and mpMRI images acquired separately

should be coregistered using a reproducible multimodality DICOM
image-fusion tool. If this is not possible, mpMRI remains the imaging
modality of reference for the evaluation of T stage.
The main limitations of the study are the lack of coregistration

between PSMA PET/CT, mpMRI, and pathology and the absence of
the use of a 3-dimensional custom mold (39–41). To compensate for
this inaccurate imaging–pathology correlation, we used a neighboring
approach. Another limitation is that the interval between mpMRI
and radical prostatectomy was not homogeneous, ranging between

3 and 288 d, raising the potential issue of
inherent tumor changes over time. Addi-
tionally, sources of bias include the lack of
negative controls in the cohort, as all imag-
ing readers were aware of the presence of
biopsy-proven high- to intermediate-risk
prostate cancer, and patient selection, as we
cannot rule out the exclusion of patients
with a positive mpMRI result and a nega-
tive biopsy result from the final cohort.
Thus, the PPV should be interpreted with
caution. Finally, since we included only
patients with intermediate- and high-risk dis-
ease, we were not able to address the clinical
question of whether PSMA PET/CT can
bring a significant added value to mpMRI in
the initial staging of a heterogeneous popula-
tion of patients with prostate cancer, includ-
ing patients with less aggressive disease.

CONCLUSION

In our study using the majority reads of
3 masked independent readers for each
modality, both PSMA PET/CT and mpMRI
performed well in the detection and intra-
prostatic localization of intermediate- to
high-risk primary prostate cancer, whereas
mpMRI had superior performance in the defi-
nition of T stage (T2c, T3). The combined
use of PSMA PET/CT and mpMRI improved
tumor extent delineation. Our findings high-
light the complementarity of the 2 imaging
modalities.

TABLE 2
Prostate Cancer Detection Rates (Lesion-Based Analysis)

All lesions Clinically significant lesions

Parameter PSMA PET/CT mpMRI
PSMA PET/
CT 1 mpMRI PSMA PET/CT mpMRI

PSMA PET/
CT 1 mpMRI

Index lesion (n 5 74) 72 (97%) 72 (97%) 73 (99%) 72 (97%) 72 (97%) 73 (99%)

Secondary lesion (n 5 32) 21 (66%) 19 (59%) 22 (69%) 18 (81%) 18 (81%) 19 (86%)

Tertiary lesion (n 5 3) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Overall (detection rate) 93 (85%) 91 (83%) 95 (87%) 90 (93%) 90 (93%) 92 (95%)

Positive predictive value 97% 100% — 94% 100% —

Clinically significant lesions exclude lesions with Gleason score of 3 1 3 5 6. Differences in detection rate between PSMA PET/CT and
mpMRI were not statistically significant.

FIGURE 4. Two case examples from our cohort. (A–D) A 68-y-old patient (patient 4) with biopsy-
proven prostate cancer with Gleason score of 3 1 4 5 7 and PSA of 8.6 ng/mL at time of PSMA
PET/CT. Transverse PSMA PET/CT image (A), T2-weighted MR image (B), and high b-value diffu-
sion-weighted MR image (C) show right-posterior mid-gland lesion (arrows). Whole-mount slice (D)
shows 1 lesion, with Gleason score of 4 1 3 5 7, in same segment (contoured in green), and lesion
showed EPE. There was good imaging–pathology correspondence (true-positive finding for both
imaging modalities). All 6 readers correctly identified and described lesion. (E–H) A 69-y-old
patient (patient 5) with biopsy-proven prostate cancer with Gleason score of 3 1 4 5 7 and PSA of
11.4 ng/mL at time of PSMA PET/CT. Transverse PSMA PET/CT image (E) shows 2 foci of increased
PSMA uptake in right-posterior apex (yellow arrow) and left-posterior apex (green arrow). PSMA
reader 1 correctly described 1 lesion involving left- and right-posterior apex; PSMA readers 2 and
3 described left and right foci as 2 separate lesions. T2-weighted MR image (F) shows hypointense
lesion, and diffusion-weighted image (G) shows diffusion restriction in right- and left-posterior apex
(arrow). All MRI readers correctly described only 1 lesion. Whole-mount slice (H) shows 1 lesion
encompassing both right- and left-posterior apex (contoured in green) with EPE. This is an example
of same lesion being described differently by PSMA PET/CT and whole-mount slice (true-positive
finding for both imaging modalities).
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KEY POINTS

QUESTION: How does PSMA PET/CT perform in the local evalua-
tion of primary prostate cancer in comparison to mpMRI, and is
there an additional value in the combined use of both PSMA PET/
CT and MRI in comparison to mpMRI alone?

PERTINENT FINDINGS: The 2 imaging modalities showed
similar accuracy in the detection and localization of intrapro-
static lesions, whereas mpMRI performed better in the defini-
tion of EPE and SVI. The combined use of the two leads to
better cancer localization but did not significantly improve
detection rates.

IMPLICATIONS FOR PATIENT CARE: In this study, the addi-
tion of PSMA PET/CT to mpMRI did not significantly change
local staging in patients with intermediate- to high-risk prostate
cancer.
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S P E C I A L C O N T R I B U T I O N

18F-DCFPyL PET Acquisition, Interpretation, and Reporting:
Suggestions After Food and Drug Administration Approval
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Recently, 18F-DCFPyL was approved by the Food and Drug
Administration for evaluation before definitive therapy and for
biochemical recurrence. Here, we focus on the key data that justify
the clinical use of 18F-DCFPyL, as well as those aspects of proto-
col implementation and image interpretation that are important to
the nuclear medicine physicians and radiologists who will interpret
18F-DCFPyL PET/CT and PET/MRI scans.

18F-DCFPYL

18F-DCFPyL is a urea-based small-molecule inhibitor of prostate-
specific membrane antigen (PSMA) that was developed at Johns
Hopkins University in the wake of promising results with a first-
generation PSMA PET tracer, 18F-DCFBC (1,2). Although the idea
for urea-based agents for prostate cancer PET can be traced back to
the 1990s, the field began to take off in earnest with the preclinical
evaluation of the first PSMA PET agent, 11C-DCMC (also known as
11C-MCG), in 2002 (3), followed by its evaluation in an experimen-
tal model of prostate cancer, alongside the radiohalogen, 125I-DCIT,
in 2005 (4). Radiometal agents targeting PSMA were initially des-
cribed a few years later (5).
Initial clinical evaluation of 18F-DCFPyL demonstrated high

tumor uptake, comparable to that of 68Ga-PSMA-11 and improved
relative to 18F-DCFBC, as well as favorable clearance, with normal-
tissue distribution resulting in a radiation dose within the limits
required by the Food and Drug Administration (6). Semiquantitative
and quantitative studies have confirmed the consistency and repeat-
ability of 18F-DCFPyL uptake in normal organs and in metastatic
prostate cancer, with the distribution being only minimally altered by
variability in tumor burden (7).
In newly diagnosed, high-risk prostate cancer, accurate staging is

crucial to guide appropriate treatment decisions. The phase II/III pro-
spective, multicenter OSPREY trial, which accrued 252 patients with
high-risk prostate cancer into a cohort undergoing radical prostatectomy
with extended pelvic lymph node dissection, reported very similar per-
formance for 18F-DCFPyL, with median specificity of 97.9% and sensi-
tivity of 40.3% among 3 central reviewers (8). Compared with
conventional imaging modalities, 18F-DCFPyL PET/CT has shown

improved diagnostic performance, with similar sensitivity (40%) but a
3-fold higher positive predictive value for detecting pelvic nodal metas-
tasis. Those findings were comparable to observations for 68Ga-PSMA-
11 PET (9). In brief, for initial staging of prostate cancer, both imaging
specialists and clinicians should be aware that any finding of focal
uptake in a pelvic lymph node is almost certainly representative of true-
positive disease but that a subset of patients with small-volume pelvic
nodal involvement will have a false-negative scan result.

In the setting of biochemical recurrence, 18F-DCFPyL PET has a
high rate of lesion detection after primary definitive therapy. In a
cohort of the phase II/III OSPREY study, 18F-DCFPyL PET/CT had
a sensitivity of 95.8% and a positive predictive value of 81.9% for
extraprostatic lesions in 93 patients with radiologic evidence of recur-
rent or metastatic prostate cancer on conventional imaging (8).The
phase III CONDOR study further established the utility of 18F-
DCFPyL for prostate cancer biochemical recurrence (10), by leverag-
ing a novel composite truth standard referred to as correct localization
rate. In 208 men with uninformative conventional imaging results and
a median prostate-specific antigen level of 0.8 ng/mL, the detection
efficiency among 3 central reviewers was 59%–66%, with a correct
localization rate of 84.8%–87.0%. Most importantly, 63.9% of the
patients had changes in management after 18F-DCFPyL PET. In sev-
eral separate prospective studies evaluating 18F-DCFPyL-PET in bio-
chemical recurrence, the overall detection rate was found to be 80.2%
and increased with rising prostate-specific antigen (11–15). Biochemi-
cal recurrence is likely to be the most common indication for 18F-
DCFPyL PET, and most scans will have positive findings if they are
read with the appropriate level of sensitivity.
An indication of increasing interest among many clinicians is

the identification of oligometastatic disease to guide metastasis-
directed therapy. A post hoc analysis of the prospective ORIOLE
trial found that those men who had all 18F-DCFPyL–avid lesions
treated by stereotactic body radiation therapy had improved
progression-free survival and distant-metastasis–free survival rela-
tive to those men who had only a subset of avid lesions treated
(16). Careful communication between the interpreting radiologist
or nuclear medicine physician and the oncology team will be nec-
essary to ensure that maximum value for detecting and treating oli-
gometastatic disease is realized.

18F-DCFPYL PET VERSUS OTHER PSMA-TARGETING PET
RADIOPHARMACEUTICALS

PSMA-targeted PET imaging can be performed with multiple
compounds. Overall, for prostate cancer biochemical recurrence,

Received Aug. 1, 2021; revision accepted Sep. 9, 2021.
For correspondence or reprints, contact Andrei Iagaru (aiagaru@stanford.

edu).
Published online Sep. 16, 2021.
COPYRIGHT© 2022 by the Society of Nuclear Medicine andMolecular Imaging.
DOI: 10.2967/jnumed.121.262989

18F-DCFPYL PET AFTER APPROVAL ! Song et al. 855



PSMA-targeted PET imaging demonstrated a detection rate and posi-
tive predictive value higher than those of any other imaging modality
(CT, bone scanning, MRI, 11C-choline PET, 18F-fluciclovine PET)
(17–20). 68Ga-PSMA-11 is the most widely studied PSMA agent.
Clinical trials of 68Ga-PSMA-11 (21–23) or 18F-DCFPyL (8,10)
with large cohorts have shown excellent and comparable detection
rates in both prostate cancer staging and biochemical recurrence.
Few studies directly compared 18F-DCFPyL and 68Ga-PSMA-11.
Hammes et al. found no differences in uptake between 18F-DCFPyL
and 68Ga-PSMA-11 in bone tissue not affected by osseous metastasis
in 21 patients with biochemical recurrence, suggestive of similar
negative predictive value (24). In a small cohort of 14 patients with
biochemical recurrence, 18F-DCFPyL PET detected more lesions
than 68Ga-PSMA-11 did, with a significantly higher mean SUVmax

and tumor-to-background ratio (25). The higher SUVmax of detected
lesions on 18F-DCFPyL PET could be clinically relevant in detecting
small lesions such as lymph nodes. One advantage of 18F-DCFPyL
over 68Ga-PSMA-11 is that 18F-DCFPyL can be commercially pro-
duced and distributed, making it widely available to prostate cancer
patients, potentially leading to a paradigm change in clinical manage-
ment of prostate cancer. However, cyclotron-produced 68Ga will
allow for wider availability of 68Ga-PSMA-11 as well. An in-depth
review of other 18F-labeled PSMA targeting agents was previously
published (26).

IMAGING PROTOCOLS

Both PET/CT and PET/MRI systems have been used for
18F-DCFPyL PET imaging. For prostate cancer patients, the same
protocol has been used for both primary staging and biochemical
recurrence. Patients do not need to fast before 18F-DCFPyL injection.
They are instructed to drink water (1–2 glasses) to ensure adequate
hydration before receiving the 18F-DCFPyL, and they are encour-
aged to void frequently for the first few hours after 18F-DCFPyL
administration to reduce radiation exposure. No diuresis is necessary,
although for some patients it may be helpful to clear radioactive
urine out of the ureters to decrease equivocal findings.
A fixed 18F-DCFPyL dose of 333 MBq has been used. Images

are typically acquired from the mid thighs to vertex. For PET/CT,
either low-dose CT or diagnostic CT with intravenous or oral con-
trast medium is performed for attenuation correction and anatomic
correlation at the start of the 18F-DCFPyL acquisition. For PET/
MRI, pelvic multiparametric MRI is performed after 18F-DCFPyL
administration, with simultaneous pelvic PET acquired between
45 and 60 min. Fast whole-body MRI is then performed, followed
by a whole-body PET acquisition between 60 and 120 min.
No differences in lesion uptake were observed between patients

who fasted at least 6 h before 18F-DCFPyL injection and patients
who did not fast, although fasting resulted in higher uptake in the
submandibular gland, liver, and spleen (27). Forced diuresis with
furosemide reduced the intensity of 18F-DCFPyL uptake in the
ureters, kidneys, and bladder, especially at 120 min after injection
with late diuresis at 85 min (28). However, forced diuresis could
interrupt the PET acquisition or require catherization in patients
with incontinence, leading to a risk of infection and urinary dis-
comfort and slowing the technologist workflow. Wondergem et al.
found that 18F-DCFPyL PET/CT detected more lesions with sig-
nificantly higher lesion uptake at 120 min than at 60 min after
18F-DCFPyL administration in 65 prostate cancer patients (29).
The choice between 60 and 120 min for the interval between injec-
tion and imaging will have to be a nuanced decision based on

logistical considerations (e.g., number of available dosing rooms
or PET center workflow limitations) versus the apparent improved
yield for subtle lesions at a more delayed time point, especially for
pelvic lymph node and prostate bed detection.

IMAGE INTERPRETATION

18F-DCFPyL has intense physiologic uptake in normal tissues
such as the salivary glands, lacrimal glands, kidneys, ureters, and
bladder, as well as moderate uptake in the liver, spleen, and proximal
bowel. Knowledge of normal-tissue distribution and uptake is impor-
tant since aggressive windowing may be required to detect small
lesions within and adjacent to normal tissues with high uptake.
Because of 18F-DCFPyL excretion through the urinary system, lesion
detection in the prostate bed and pelvis may be limited, especially in
primary staging, and readers will need to be diligent in appropriately
windowing and using multiplanar reformatted images to maximize
sensitivity for subtle local tumors or recurrences.
Typical patterns of local recurrence and metastatic spread of

prostate cancer include the prostate bed; the regional lymph nodes,
with extension to the retroperitoneal and extrapelvic lymph nodes;
osseous metastases; and other soft-tissue metastases such as the
lungs, adrenal glands, liver, or dura when widespread metastatic
disease has occurred. Mild uptake in atypical locations for prostate
cancer metastases should be interpreted with caution. In addition,
caution is needed when interpreting 18F-DCFPyL uptake in bone
lesions, especially solitary bone lesions, since PSMA uptake has
been shown in both posttraumatic foci and many benign bone
lesions. Generally, 18F-DCFPyL is considered superior to bone
scanning for lesion detection (18), and 18F-DCFPyL has sensitivity
nearly identical to that of 18F-NaF, although the specificity of
these findings was not assessed (30).

PEARLS AND PITFALLS

Although PSMA-based PET imaging has high positive predic-
tive values, PSMA is known to be expressed in normal tissues
at physiologic levels, in benign processes, and in some other
malignancies. Interpretation of 18F-DCFPyL PET finding should
therefore be done with consideration of patient history, findings
on other imaging modalities, and common pitfalls. Although
a complete discussion of potential interpretive pitfalls is beyond
the scope of this text, the reader is encouraged to review
more extensive discussions (31,32). An in-depth discussion of
PSMA PET in nonprostate malignancies has been previously pub-
lished (33).
The peripheral ganglia are one of the most common sites for

18F-DCFPyL accumulation; up to 97% of patients can have uptake
in at least one peripheral ganglion, often in the lumbar and cervical
dorsal root ganglia, the cervicothoracic and stellate ganglia, or the
celiac ganglia. Most peripheral ganglia are located at anatomic sites
clearly separated from common nodal stations, except the celiac
ganglia, which can be misinterpreted as retroperitoneal lymph
nodes. The celiac ganglia are near the celiac trunk origin and are
typically linear, with mild 18F-DCFPyL uptake, whereas metastatic
lymph nodes are usually round with high 18F-DCFPyL uptake.
Another common pitfall for PSMA PET is uptake in healing

fractures or benign bone lesions. In fact, Chen et al. showed that
most solitary rib lesions with PSMA uptake on 68Ga-PSMA-11
PET have mild uptake and are benign (34). Other commonly
encountered benign bone lesions such as Paget disease, fibrous
dysplasia, hemangioma, and avascular necrosis have been reported
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to have uptake with 18F-DCFPyL or 68Ga-PSMA-11. Correlation
with findings on other imaging modalities such as radiography,
CT, or MRI using bone marrow sequences is crucial for correctly
identifying these benign lesions.
Pulmonary metastases in prostate cancer can occur, often with late

metastatic disease, although there is a cohort of men with an underly-
ing genetic profile that predisposes to recurrence in the lung. Several
case reports have shown PSMA uptake in a selection of benign pul-
monary pathologies, such as granulomatous disease and sarcoidosis,
bronchiectasis, tuberculosis, and pneumoconiosis. PSMA uptake in
isolated, symmetric pulmonary lesions without other typical sites of
prostate cancer metastasis needs to be interpreted with caution and
correlated with patient history, the results of other imaging modali-
ties, and histologic sampling in select cases.
The fact that PSMA PET radiopharmaceuticals have no increased

uptake in the central nervous system may facilitate the detection of
brain metastases. However, 68Ga-PSMA-11 uptake in subacute
stroke may mimic brain metastasis. Other benign neurogenic tumors
with PSMA uptake include meningioma, schwannoma, paragan-
glioma, and neurofibroma.
Benign soft-tissue pathologies were also reported to have

increased 18F-DCFPyL uptake, such as splenic hemangioma, adre-
nal adenoma, cylindroma, and elastofibroma dorsi.
Besides benign pathologies, PSMA uptake is increased in other

malignancies, often related to accumulation of PSMA in neovascu-
lar endothelial cells, as opposed to tumor epithelial cells. Several
case reports and case series have described 18F-DCFPyL uptake in
renal cell carcinoma, follicular lymphoma, differentiated thyroid
cancer, and primary peripheral primitive neuroectodermal tumors.
Knowing the patient history and the metastatic pattern of different
malignancies can help establish the differential diagnosis of these
lesions.

STRUCTURED REPORTING FOR 18F-DCFPYL PET

Structured reports with standardized formats, categorization of
findings, and interpretations are essential to improve communica-
tion with referring clinicians and promote consistency. The report
should be clear, concise, complete, and clinically relevant. The
final report should identify the patient and indicate the reason for
the study, such as primary staging, evaluation of biochemical
recurrence, or evaluation of treatment response. Relevant clinical
history should be noted, including whether the patient has other
malignancies or recent treatment with antihormonal therapy and
whether imaging studies are available for comparison; if such
studies are available, the procedure should be noted, including the
radiopharmaceutical activity, whether intravenous or oral contrast
medium was used, if applicable, and the imaging acquisition pro-
tocol. The findings should include the anatomic location, size, and
intensity of PET uptake, preferably in SUVmax relevant to a
normal-tissue reference such as blood pool, liver, or parotid gland
uptake, as well as associated CT or MRI findings such as bone
sclerosis. The final impression should have reasonable and clini-
cally relevant conclusions and appropriate recommendations.
Several guidelines and interpretation standards have been pro-

posed for PSMA-based PET reporting to improve accuracy and
reproducibility among readers. The European Association of
Nuclear Medicine and the Society of Nuclear Medicine and Molec-
ular Imaging issued joint procedure guidelines and standardized
interpretation criteria for prostate cancer imaging (35,36) proposing
that all areas of increased radiotracer uptake higher than adjacent

background uptake, in sites not expected to show physiologic
uptake, are to be reported as anomalous. Anomalous sites of uptake
are categorized as pathologic, anomalous, uncertain, nonpathologic,
or normal on the basis of anatomic location, degree of uptake, and
relevant clinical information. The final summary should identify
the study results as normal or abnormal, and the question asked in
the study indication should be addressed directly.
The Prostate Cancer Molecular Imaging Standardized Evalua-

tion (PROMISE) criteria (37) proposed that lesions with an
SUVmean higher than that of liver are considered typical of prostate
cancer. Each lesion is classified as positive, negative, or equivocal,
and then a molecular imaging TNM classification is provided with
consideration of clinical information and other imaging findings.
The final diagnosis is positive, equivocal, or negative, with a
5-point-scale diagnostic level of certainty. The Food and Drug
Administration recently approved aPROMISE, a machine learning
tool developed to assist with image classification and reporting.
The PSMA Reporting and Data System (RADS) (38) proposed

that lesions be classified into a 5-point scale, with higher numbers
representing increasing likelihood of prostate cancer. The classifi-
cation is based on the level of PSMA uptake, lesion sites that are
typical or atypical of metastatic prostate cancer, and findings on
corresponding anatomic imaging. The overall scan score is derived
from the corresponding highest PSMA-RADS score assigned to
individual detected lesions. This approach is likely most useful for
patients with a limited number of lesions, such as in biochemical
recurrence or oligometastatic disease.
Toriihara et al. compared these 3 proposed criteria in terms of

interreader, intrareader, and intercriteria agreement and found
good reproducibility of the 3 criteria in evaluating 68Ga-PSMA-11
PET. However, there are interreader disagreements that suggest
the need for further work to harmonize or improve the criteria
(39). More recently, the European Association of Nuclear Medi-
cine proposed standardized reporting guidelines, E-PSMA (40),
based on a modified Delphi consensus process. Individual findings
are classified as benign, probably benign, or equivocal; probable
prostate cancer; or definite evidence of prostate cancer on the basis
of PSMA uptake and an anatomic site of disease typical or atypi-
cal of prostate cancer. In addition, PSMA PET findings are classi-
fied as prostate and prostate bed, regional lymph nodes, or distant
metastases on the basis of the molecular imaging TNM regional
classification.

FUTURE DEVELOPMENTS

Recently, the phase III VISION trial showed that 177Lu-PSMA-
617 significantly improved radiographic progression-free survival in
patients with metastatic castration-resistant prostate cancer (41).
68Ga-PSMA-11 PET was used in the trial to screen PSMA-positive
patients dependent on uptake relative to liver. Screening 18F-
DCFPyL PET for 177Lu-PSMA-617 treatment is expected to provide
similar sensitivity and specificity on the basis of prior clinical trials
of these 2 agents, though additional clinical confirmation may be
needed. Future use will likely include 18F-DCFPyL biopsy guidance
in men with suspected prostate cancer. 18F-DCFPyL PET may be
used to identify or better contour small tumors than does standard-
of-care MRI and guide nonconventional focal therapies such as high-
intensity focused ultrasound and cryosurgery in local recurrence after
radiotherapy in the absence of metastatic disease (42). In the setting
of castration-resistant prostate cancer, Fendler et al. showed that
PSMA PET was able to detect distant metastases in 54.5% of
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patients whose disease was classified as nonmetastatic by conven-
tional imaging (43). Other indications for 18F-DCFPyL PET may
potentially include assessing treatment response after systemic ther-
apy (44).

CONCLUSION

PSMA-targeted PET with 18F-DCFPyL will be transformative
within the prostate cancer imaging domain, as it is the first widely
commercially available PSMA PET agent with approval from a
major regulatory body. Radiologists and nuclear medicine physi-
cians who will interpret 18F-DCFPyL PET scans should be aware
of the clinical data that have driven approval, as well as the poten-
tial interpretive pitfalls associated with this novel type of PET
scan. Important points for interpreting physicians and referring
clinicians to be aware of include, first, that 18F-DCFPyL has mod-
erate sensitivity but very high specificity for the identification of
involved pelvic lymph nodes in patients undergoing primary stag-
ing; second, that 18F-DCFPyL has excellent detection efficiency in
patients with biochemical recurrence, even at low prostate-specific
antigen values; and third, that 18F-DCFPyL PET may be helpful in
guiding therapy for patients with oligometastatic disease. Uptake
of 18F-DCFPyL in benign lesions, as well as in the neovasculature
of nonprostate malignancies, should be understood, and all sites of
uptake on a 18F-DCFPyL PET scan should be interpreted in the
context of the clinical scenario and known routes of spread of met-
astatic disease. Structured reporting frameworks are valuable in
improving interpretive reliability and consistency.
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In recent years, quinoline-based fibroblast activation protein
(FAP) inhibitors (FAPIs; e.g., FAPI-04 and FAPI-46) have shown
promising results in the diagnosis of cancer and various other dis-
eases, making them the hot spot of much productive research (1).
However, one major issue is that these FAPI molecules have a rel-
atively short tumor retention time, which may hamper the use of
FAPI molecules for targeted radionuclide therapy applications. In
this issue of The Journal of Nuclear Medicine, a novel dimeric
FAPI molecule, 68Ga-DOTA-2P(FAPI)2, was designed and syn-
thesized by Zhao et al. (2). This intriguing work moves the field
forward by addressing an important issue in the development and
optimization of FAPI-based tracers, that is, how to increase uptake
and tracer retention in tumors for potential therapeutic or theranos-
tic applications. Taking advantage of the multivalency effect, the
dimeric FAPI tracer 68Ga-DOTA-2P(FAPI)2 demonstrated signifi-
cantly higher tumor uptake in mouse tumor models than did 68Ga-
FAPI-46. More importantly, results from patient-derived xenograft
models, healthy volunteers, and cancer patients also indicated that
68Ga-DOTA-2P(FAPI)2 has better tumor uptake and longer
tumor retention time than 68Ga-FAPI-46. Therefore, 68Ga-DOTA-
2P(FAPI)2 could be a promising tracer for both diagnostic imaging
and targeted radionuclide therapy (when 68Ga is replaced by thera-
peutic isotopes such as 177Lu, 90Y, or 225Ac) in malignant tumors
with high FAP expression.
In general, FAPI-based radiotracers are a promising avenue for

research in nuclear medicine. On the basis of the currently available
data for lesion detection, the sensitivity of most FAPI-based PET/
CT for all lesions falls in the range of 85%–100%, which is compa-
rable to or even superior to that of 18F-FDG PET/CT (3,4). FAPI-
based tracers are especially superior for detecting gastrointestinal
cancer, nasopharyngeal cancer, liver cancer, peritoneal carcinoma-
tosis, and brain tumors. As part of this study (2), 68Ga-DOTA-
2P(FAPI)2 PET/CT imaging in 3 cancer patients (1 with thyroid

cancer, 1 with nasopharyngeal cancer, and 1 with hepatocellular
carcinoma) showed a rapid and stable accumulation of the tracer in
tumorous lesions. Tumor uptake of 68Ga-DOTA-2P(FAPI)2 in
most lesions was significantly higher than that of 68Ga-FAPI-46,
leading to clearer visualization of primary lesions and metastases.
However, the relatively high level of physiologic uptake of

68Ga-DOTA-2P(FAPI)2 that was observed in the blood pool, thy-
roid, liver, and pancreas was not the case in previous FAPI-based
PET/CT imaging. The high background uptake of 68Ga-DOTA-
2P(FAPI)2 in these normal organs may result in relatively low
tumor-to-background ratios, which may affect the lesion detection
rate of 68Ga-DOTA-2P(FAPI)2 PET/CT in these organs. Therefore,
from our perspective, monomeric FAPI-based tracers (e.g., 68Ga-
FAPI-04 and FAPI-46) are still recommended for diagnostic imaging
purposes because of the rapid blood clearance and low background
uptake, whereas DOTA-2P(FAPI)2 may be more suitable for
labeling with 177Lu, 90Y, or 225Ac for future therapeutic applica-
tions. For the latter, the delayed blood pool radioactivity of
radiolabeled DOTA-2P(FAPI)2 may contribute to a relatively
high bone marrow toxicity. As such, dosimetry estimation for
major organs should be carefully investigated for safety dose
limitation, when DOTA-2P(FAPI)2 is labeled with 177Lu or 90Y
or, potentially, a-emitters (e.g., 225Ac or 213Bi).
The applications of FAPI-based PET tracers are certainly not lim-

ited to lesion detection. Many investigators and stakeholders in the
field would agree that the two other most advisable uses are the selec-
tion of cancer patients for treatments involving FAP-targeted radionu-
clide therapy and the quantitative and noninvasive monitoring of
patients receiving such therapies. Considering that the next logical
step is to explore the therapeutic efficacy of 177Lu-DOTA-2P(FAPI)2,
68Ga-DOTA-2P(FAPI)2 or 68Ga-FAPI-46 PET/CT should certainly
be investigated for precisely selecting the patients who will most
likely benefit from FAP-targeted radionuclide therapy. Regarding
therapeutic response monitoring, several studies have reported that
68Ga-FAPI-04 PET/CT may be useful for evaluating the treatment
response to chemotherapy (5,6). However, another study revealed
that fibrosis induced by radiation exhibited high uptake of 68Ga-
FAPI-04 (7). Thus, FAPI-based PET/CT might be problematic in dif-
ferentiating between residual or recurrent disease and postradiation
inflammatory reactions. Consequently, the real potential of FAPI-
based PET/CT in therapeutic response monitoring needs to be studied
and confirmed with well-designed clinical investigations.
In the radioligand binding study, the half-maximal inhibitory con-

centration (IC50) values for the monomeric and dimeric FAPI were
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comparable (2.0661.84 nM vs. 3.6861.82 nM) (2). To our knowl-
edge, if the dimerization can allow for simultaneous binding to 2
FAPs, then it should be observed (i.e., reflected by significantly dif-
ferent IC50 values) in this in vitro assay. However, increased avidity
was not observed, meaning that only 1 FAPI is actually binding to
FAP at any given time. We speculate that the distance between the 2
FAPI molecules in DOTA-2P(FAPI)2 may not be enough to enable
simultaneous binding. Nonetheless, the binding of 1 FAPI motif to
FAP will increase the local concentration of a second FAPI motif in
the vicinity. The locally enhanced FAPI concentration may explain
the higher tumor uptake and retention of 68Ga-DOTA-2P(FAPI)2
than that of 68Ga-FAPI-46. To further improve FAP-targeting capa-
bility, the distance between 2 (or more) FAPI molecules needs to be
determined, optimized, and leveraged so that they can enable simul-
taneous binding of multiple FAPs. To the best of our knowledge, no
dimer or multimer of FAPI has been reported to date, making this
the first example. However, we predict that increasingly more such
studies will soon appear in the literature.
This elegant and comprehensive study (2), which spans the entire

translational spectrum of new tracer synthesis, in vitro characteriza-
tion, preclinical investigation in patient-derived xenograft models,
and pilot studies in healthy volunteers and cancer patients, is a
prime example of translational research in the modern era. The head-
to-head comparison between 68Ga-DOTA-2P(FAPI)2 and

68Ga-FAPI-
46 was also thorough, including blocking and histology studies to
confirm FAP specificity in vivo, which provided invaluable informa-
tion. The encouraging results of this work strongly suggest that future
investigation into the anticancer therapeutic applications of a 177Lu-
labeled FAPI dimer or multimer such as 177Lu-DOTA-2P(FAPI)2 in
patient-derived xenograft models is warranted, to explore whether
multivalency could enhance the therapeutic efficacy when compared
with a 177Lu-labeled FAPI monomer (e.g., FAPI-46 or FAPI-04). If
this investigation is proven to be successful, pilot clinical studies of
177Lu-DOTA-2P(FAPI)2 or other optimized multimeric FAPI ligands
can follow.
In comparison to 177Lu-FAPI-46, which has been clinically tested

(8), a 177Lu-labeled dimeric FAPI will likely be more efficacious,
because of its higher uptake and longer retention time in the tumor
tissue. Additionally, it could even compare with 177Lu-FAP-2286, a
novel FAP-targeting molecule with a cyclic peptide binding motif,
which was reported to have a longer tumor retention time by Baum
et al. (9) and hence could be useful to treat diverse adenocarcinomas.
In addition, shortening the interval between treatments, increasing
the radioactivity dose administered, or using a-emitters (e.g., 225Ac,
213Bi, or 211At) may further enhance the therapeutic efficacy of
FAP-targeted radionuclide therapy. Recently, Xu et al. (10) reported
2 albumin binder-conjugated FAPI molecules derived from FAPI-
04, which is another strategy to improve tumor uptake and retention
time for therapeutic or diagnostic applications. Named as TEFAPI-
06 and TEFAPI-07, both molecules have been successfully labeled
with 68Ga, 86Y, and 177Lu (10). Comparison of dimeric FAPI ligands
to these molecules, and perhaps the combination of albumin binders

and multimerization of FAPI ligands, are both possible promising
avenues for future research.

Without any doubt, FAPI-based imaging and therapy of cancer
and various other diseases has been a highly vibrant research field
over the last several years. New preclinical and clinical studies
appear in the literature virtually every week. We look forward to
future studies and rapid translation of the most promising FAPI
ligands into the clinical arena to benefit (cancer) patients. The
recent development and commercial availability of PET/CT sys-
tems with a long axial field of view and total-body imaging capa-
bility can also play an important role in the development and
translation of novel FAPI-based PET tracers, since it can enable
unprecedented, facile evaluation of the whole-body distribution
and pharmacokinetic profiles of radiotracers.
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Cancer-associated fibroblasts (CAFs) are crucial components of the
tumor microenvironment. Fibroblast activation protein (FAP) is overex-
pressed in CAFs. FAP-targeted molecular imaging agents, including
the FAP inhibitors (FAPIs) 04 and 46, have shown promising results in
tumor diagnosis. However, these molecules have a relatively short
tumor-retention time for peptide-targeted radionuclide therapy applica-
tions. We aimed to design a 68Ga-labeled FAPI dimer, 68Ga-DOTA-
2P(FAPI)2, to optimize the pharmacokinetics and evaluate whether this
form is more effective than its monomeric analogs. Methods: 68Ga-
DOTA-2P(FAPI)2 was synthesized on the basis of the quinoline-based
FAPI variant (FAPI-46), and its binding properties were assayed in
CAFs. Preclinical pharmacokinetics were determined in FAP-positive
patient-derived xenografts using small-animal PET and biodistribution
experiments. The effective dosimetry of 68Ga-DOTA-2P(FAPI)2 was
evaluated in 3 healthy volunteers, and PET/CT imaging of 68Ga-FAPI-
46 and 68Ga-DOTA-2P(FAPI)2 was performed on 3 cancer patients.
Results: 68Ga-DOTA-2P(FAPI)2 was stable in phosphate-buffered
saline and fetal bovine serum for 4 h. The FAPI dimer showed high affin-
ity and specificity for FAP in vitro and in vivo. The tumor uptake of
68Ga-DOTA-2P(FAPI)2 was approximately 2-fold stronger than that of
68Ga-FAPI-46 in patient-derived xenografts, whereas healthy organs
showed low tracer uptake and fast body clearance. The effective dose
of 68Ga-DOTA-2P(FAPI)2 was 1.19E202 mSv/MBq, calculated using
OLINDA. Finally, the PET/CT scans of the 3 cancer patients revealed
higher intratumoral uptake of 68Ga-DOTA-2P(FAPI)2 than of 68Ga-FAPI-
46 in all tumor lesions (SUVmax, 8.1–39.0 vs. 1.7–24.0, respectively;
P , 0.001). Conclusion: 68Ga-DOTA-2P(FAPI)2 has increased tumor
uptake and retention properties compared with 68Ga-FAPI-46, and it
could be a promising tracer for both diagnostic imaging and targeted
therapy of malignant tumors with positive expression of FAP.

Key Words: fibroblast activation protein; cancer-associated fibro-
blasts; FAPI dimer; patient-derived xenografts; PET imaging
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Cancer-associated fibroblasts (CAFs) are crucial components
of the tumor microenvironment and can constitute over half the mass
in various types of tumor. According to previous reports, CAFs play
important roles in tumor growth, immune suppression, and cancer
invasion (1,2). Thus, CAFs may be promising targets for tumor diag-
nosis and therapy. Fibroblast activation protein (FAP) is overexpressed
in the CAFs of numerous epithelial carcinomas and weakly expressed
in healthy tissues, therefore representing an attractive target for cancer
research. The past few years have witnessed an expansion of research
on FAP-targeted molecular imaging in tumor diagnosis (3–5).
Recently, there has been growing application of FAP targeting,

from diagnostic imaging to peptide-targeted radionuclide therapy
(PTRT) (6–10). However, the reports on PTRT are based mainly on
peptides of the FAP inhibitors (FAPIs) 04 and 46, which showed a
relatively short tumor-retention time in preclinical models and human
subjects (10–12). Another FAPI variant, FAP-2286, has been studied
in PTRT to improve tumor-retention time (13). Moreover, mouse
models used to evaluate the pharmacokinetics of FAPI variants were
cancer cell–derived xenografts in previous research (7,10,11). When
xenotransplanted, cancer cell-derived xenografts adequately recruit
mouse fibroblasts during tumor growth; thus, they are highly suitable
for direct tracer comparisons (14). However, patient-derived xeno-
grafts (PDXs), established by direct implantation of fresh surgical tis-
sue fragments into immunodeficient mice, could be more attractive
because they retain the tumor environment and molecular signature of
the corresponding parental tumor compared with that of cancer cell-
derived xenografts (15). However, the potential of PDXs for PET
imaging of CAFs has rarely been investigated.
The polyvalency effect has been applied to develop multimeric pep-

tides to enhance the tumor-targeting efficacy of the tracers and
improve the quality of in vivo imaging (16,17). Moreover, adding an
amphiphilic polyethylene glycol linker (PEGylation) has been widely
used to improve the in vivo kinetics of various pharmaceuticals
(16,18). In the present study, we designed and synthesized a novel
FAPI dimer with 2 mini-PEG spacers (11-amino-3,6,9-trioxaundeca-
noic acid, with 3 ethylene oxide units) between the 2 FAPI motifs in
the homodimeric peptides, denoted as DOTA-2P(FAPI)2. The novel
dimeric FAP-targeted molecule was labeled with the positron-emitting
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radionuclide 68Ga (68Ga-DOTA-2P(FAPI)2) for PET imaging. We pre-
sent the results of 68Ga-DOTA-2P(FAPI)2 testing in PDX models,
healthy volunteers, and cancer patients. We hypothesized that the
dimeric FAPI is more effective than monomeric analogs in terms of
tumor uptake and tumor-retention time.

MATERIALS AND METHODS

Chemistry and Radiochemistry
The vender information concerning chemicals, cells, reagents,

synthesis procedure, high-performance liquid chromatography, liquid
chromatography-mass spectrometry, and the flow diagram of DOTA-
2P(FAPI)2 is provided in the supplemental materials and Supplemental
Figure 1 (supplemental materials are available at http://jnm.snmjournals.
org).

FAPI variants were radiolabeled by adjusting a mixture of 50 mg
(56.4 nmol) of FAPI-46 or 50 mg (25.3 nmol) of DOTA-2P(FAPI)2,
and 4 mL of 68Ga solution (1.3 GBq in 0.6 M HCl) to pH 3.3–3.6
with 1 mL of sodium acetate (0.25M in water; total volume of reac-
tion, 5 mL). After being heated to 100"C for 15 min, the product was
isolated by a C18 Sep-Pak cartridge (WAT020515; Waters) using eth-
anol (0.5 mL) as the eluent. Quality control of the radiosynthesis was
performed using ultraviolet and radio–high-performance liquid chro-
matography (details presented in the supplemental materials).

The radiolabeled compound was incubated in phosphate-buffered
saline and fetal bovine serum (FBS) at 37"C for 1, 2, and 4 h to mea-
sure the in vitro stability. Then, 0.5 mL of acetonitrile was added to
remove plasma proteins from the serum after the sample was centri-
fuged at 1, 2, and 4 h. Finally, the radiochemical purities were ana-
lyzed using radio–high-performance liquid chromatography.

PDX Model Establishment
Written informed consent was obtained from all patients, and the

research protocol was approved by the Clinical Research Ethics Com-
mittee of the First Affiliated Hospital of Xiamen University (ID KYZ-
2017-001). All animal care and experimental procedure were reviewed
and approved by the Animal Care and Use Committee of the Xiamen
University Laboratory Animal Center (ID XMULAC20170063). The
establishment of PDX models was based on our previous protocols,
detailed in the supplemental materials (19).

Western Blot and Histopathologic Staining
Western blot analysis was performed in CAFs and the Huh7 cell

line to select cells expressing FAP. CAFs or Huh7 cells were cultured
in RPMI 1640 or Dulbecco modified Eagle medium containing 10%
FBS at 37"C in 5% CO2. Western blotting and histopathologic stain-
ing were performed as described in the supplemental materials accord-
ing to our previous protocol (20).

Radioligand Binding Studies
Radioligand binding studies included cell uptake, cell uptake block-

ing, and FAP binding assay. CAFs expressing FAP were seeded in
24-well plates with 1640 medium containing 10% FBS and cultivated
for 48 h to a density of approximately 80% before the experiments.
The medium was replaced with 1640 medium without FBS. 68Ga-
DOTA-2P(FAPI)2 or 68Ga-FAPI-46 or 68Ga-DOTA-2P(FAPI)2 with
11.3 nmol of unlabeled FAPI-46 (for the blocking experiment) was
added to the 24-well plates and incubated for the scheduled times (10,
30, 60, 90, and 120 min). The FAP-binding assays were performed by
simultaneous exposure to unlabeled FAPI variants (1.27 3 1024 to
10213 M for 68Ga-DOTA-2P(FAPI)2; 2.83 3 1024 to 10213 M for
68Ga-FAPI-46) and radiolabeled compounds for 60 min. The inhibi-
tory concentration of 50% was calculated by fitting the data by nonlin-
ear regression using GraphPad Prism. In each step of the experiments,
the cells were washed twice with 1 mL of phosphate-buffered saline.

Finally, CAFs were lysed with 0.5 mL of 1 M NaOH for radioactivity
counting (counts per minute), examined in a g-counter. Each indepen-
dent experiment was repeated 3 times.

PET Imaging and Biodistribution Study in Hepatocellular
Carcinoma (HCC)-PDX Models

The products of 68Ga-DOTA-2P(FAPI)2 and 68Ga-FAPI-46 were
diluted to a concentration of 74 MBq/mL, and 7.4 MBq (bout 0.1 mL)
of 68Ga-DOTA-2P(FAPI)2 or 68Ga-FAPI-46 were intravenously
injected into HCC-PDXs (n 5 3 for each group). All PET scans were
conducted using an Inveon small-animal PET scanner (Siemens Pre-
clinical Solution). Dynamic and static PET imaging procedures are
provided in the supplemental materials.

In the biodistribution study, the products of 68Ga-DOTA-2P(FAPI)2
and 68Ga-FAPI-46 were diluted to a concentration of 14.8 MBq/mL.
HCC-PDX mice were injected with the same batch of 1.48-MBq
68Ga-DOTA-2P(FAPI)2 and killed at different times (1 and 4 h after
injection; n 5 3 for each time point). The main organs and tumors
were isolated, weighed, and analyzed. The biodistribution in the 68Ga-
FAPI-46 group (1.48 MBq) and the blocking group (68Ga-DOTA-
2P(FAPI)2 [1.48 MBq] with 30 nmol of unlabeled FAPI-46) was also
evaluated for comparison. The radioactivity (counts per minute) was
measured with a g-counter.

PET Imaging in Healthy Volunteers and Cancer Patients
The clinical study was registered at ClinicalTrials.gov (NCT04941872).

The Clinical Research Ethics Committee of the First Affiliated Hospital of
Xiamen University approved the study, and all subjects gave written
informed consent. Safety data were collected before and 4 h after injection
of 68Ga-DOTA-2P(FAPI)2, including vital signs (blood pressure, heart
rate, respiratory frequency, and temperature) and adverse events. The scan
and reconstruction procedures are presented in the supplemental materials
according to a previously described protocol (21). Time–activity curve fit-
ting and subsequent dose calculations were performed using OLINDA/
EXM, version 1.1 (22).

Statistical Analysis
All quantitative data are expressed as mean 6 SD. All statistical

analyses were conducted using SPSS, a statistical analysis software
program (version 22.0; IBM). One-way ANOVA, Student t-testing,
and Wilcoxon matched-pairs signed-rank testing were used to compare
means. Statistical significance was set at a P value of less than 0.05.

RESULTS

Synthesis and Radiolabeling
The dimer of FAPI-46 with 2 PEG3 groups and the chelator

DOTA were synthesized (Fig. 1; Supplemental Fig. 1). Subsequently,
2 radioligands were prepared as controls and tests: 68Ga-FAPI-46, first
reported by Loktev et al. (3), and 68Ga-DOTA-2P(FAPI)2, the dimer
of FAPI-46. 68Ga-DOTA-2P(FAPI)2 and

68Ga-FAPI-46 were radiola-
beled at an average specific activity of 37 and 16.5 GBq/mmol,
respectively, with more than 95% radiochemical purity after purifica-
tion (Supplemental Figs. 2A and 2B).
The stability of 68Ga-DOTA-2P(FAPI)2 was evaluated in phos-

phate-buffered saline and FBS at 1, 2, and 4 h after incubation.
High-performance liquid chromatography analysis results showed
that 68Ga-DOTA-2P(FAPI)2 had high stability for up to 4 h, with
no significant demetalation observed in either phosphate-buffered
saline (92.78%) or FBS (97.80%) (Supplemental Figs. 2C and 2D).

Cell-Based Experiments
The binding properties of FAPI variants were first verified and eval-

uated in a FAP-expressing cell line. Western blotting results revealed
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that FAP was highly expressed in CAFs and negatively expressed in
Huh7 cells (Fig. 2A). Since FAP is expressed on the CAF surface,
68Ga-DOTA-2P(FAPI)2 and

68Ga-FAPI-46 could bind to FAP rapidly.
Uptake of 68Ga-FAPI-46 reached approximately 1.5% after 10 min of
incubation and then slightly increased until 120 min. The uptake pat-
tern of 68Ga-DOTA-2P(FAPI)2 was similar; however, the uptake value
was approximately double. Regarding the cell uptake–blocking experi-
ment, the FAPI-46 precursor could significantly block binding
between 68Ga-DOTA-2P(FAPI)2 and FAP (Fig. 2B). The mean6 SD
and error of the inhibitory concentrations of 50% were 2.06 6

1.84 nM and 1.06 nM, respectively, for the monomer and 3.686 1.82
nM and 1.05 nM, respectively, for the dimer (Figs. 2C and 2D). The
comparable inhibitory concentrations of 50% for DOTA-2P(FAPI)2
and FAPI-46 suggest that the dimerization of the FAPI structure has a
minimal effect on the receptor-binding avidity.

HCC-PDX Establishment and Validation
Two different groups of HCC-PDXs were successfully estab-

lished, denoted as HCC-PDX-1 and HCC-PDX-2. The 2 groups
had different clinical data (patient 1: male, T1aN0M0, poorly dif-
ferentiated HCC; patient 2: male, T1bN0M0, moderately

differentiated HCC), both with high levels of FAP expression
(Supplemental Fig. 3). Both groups showed histopathologic char-
acteristics (FAP, Ki-67, and hematoxylin and eosin; Supplemental
Fig. 3) consistent with their corresponding primary HCC and were
chosen as the experimental models to evaluate the in vivo behavior
of 68Ga-DOTA-2P(FAPI)2.

Small-Animal PET Studies
In HCC-PDX-1, both radiotracers were absorbed strongly by the

tumor at 0.5 h after injection, and the uptake decreased relatively
slowly until 4 h (Fig. 3). However, tumor uptake of 68Ga-DOTA-
2P(FAPI)2 was significantly higher than that of 68Ga-FAPI-46. The
detailed percentage injected dose (%ID)/g in tumor for both tracers
from small-animal PET are shown in Supplemental Figure 4A. Other
organs demonstrated low nonspecific binding that quickly decreased
(Supplemental Figs. 4B and 4E), resulting in a low background signal
and favorable tumor-to-background ratios. For a comprehensive
investigation of the early pharmacokinetics of 68Ga-DOTA-
2P(FAPI)2, 60-min dynamic PET was performed on HCC-PDX-1.
The tumor accumulation of 68Ga-DOTA-2P(FAPI)2 was rapid, and
the time dependency of the FAPI dimer uptake was similar to that of
other FAPI tracers. In contrast, the heart, kidney, and liver uptake
showed sharp elimination (Fig. 3). Regarding 68Ga-DOTA-2P(FAPI)2
PET in HCC-PDX-2, tumor accumulation was rapid. Slightly
decreased tumor uptake was observed from 30 min to 1 h, and it then
remained constant between 1 and 4 h (Fig. 4A; Supplemental Fig. 5),
similarly to that in HCC-PDX-1. The 60-min dynamic PET was also
performed on HCC-PDX-2 (Supplemental Fig. 6).
Target specificity was evaluated by simultaneous administration

of unlabeled FAPI-46 as a competitor with 68Ga-DOTA-2P(FAPI)2.
Tumor uptake 1 h after injection was greatly suppressed by blocking
in HCC-PDX-1 and HCC-PDX-2, and radiotracer clearance in most
organs was faster than that without blocking (Fig. 4B). The uptake
values of the tumor and key organ with or without competitor are
presented in Supplemental Figures 4F and 5F.

Organ Distribution in HCC-PDX-1
The biodistribution of 68Ga-FAPI-46 in HCC-PDX-1 was deter-

mined by ex vivo counting in tissues collected 1 and 4 h after injec-
tion (Fig. 5A). At 1 h after injection, 68Ga-FAPI-46 accumulated
mainly in the tumor (4.60 6 1.12 %ID/g) and kidney (4.42 6 0.97
%ID/g), and the tumor-to-kidney ratio was 1.05 6 0.18. Four hours
after injection, 68Ga-FAPI-46 in the blood, heart, liver, lung,

FIGURE 1. Chemical structure of DOTA-2P(FAPI)2.

FIGURE 2. (A) FAP expression in Huh7 cells and CAFs assayed using
Western blotting. (B) Cell uptake assay of 68Ga-DOTA-2P(FAPI)2,

68Ga-
FAPI-46, and blocking experiment on CAFs (n 5 3). (C) Inhibition of 68Ga-
FAPI-46 binding to FAP on CAFs by unlabeled FAPI-46 (2.83 3 1024 to
10213 M; n 5 3). (D) Inhibition of 68Ga-DOTA-2P(FAPI)2 binding to FAP on
CAFs by unlabeled FAPI-46 (1.273 1024 to 10213 M; n5 3).

FIGURE 3. Representative static PET imaging of 68Ga-DOTA-2P(FAPI)2
(left top) and 68Ga-FAPI-46 (left bottom) in HCC-PDX-1, and dynamic
time–activity curves of 68Ga-DOTA-2P(FAPI)2 (right) in heart, kidney, liver,
muscle, and tumor tissues.
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and spleen decreased sharply, whereas tumor uptake was steady
(3.81 6 0.18 %ID/g).
The biodistribution of 68Ga-DOTA-2P(FAPI)2 was also assessed

in the same PDX model by comparison (Fig. 5B). Consistently
with the PET findings, 68Ga-DOTA-2P(FAPI)2 demonstrated
higher uptake in the tumor than did 68Ga-FAPI-46, 1 h after injec-
tion (8.97 6 0.32 vs. 4.60 6 1.12 %ID/g, P 5 0.003) and 4 h after
injection (7.61 6 0.64 vs. 3.81 6 0.18 %ID/g, P 5 0.001). The
organ uptake of 68Ga-DOTA-2P(FAPI)2 was slightly greater than
that of 68Ga-FAPI-46 both 1 and 4 h after injection. As a result,
68Ga-DOTA-2P(FAPI)2 had a higher tumor-to-kidney ratio than
did 68Ga-FAPI-46 (1.60 6 0.26 vs. 1.05 6 0.18, P 5 0.039, 1 h
after injection), although the difference was not significant 4 h after
injection (1.33 6 0.29 vs. 0.95 6 0.09, P 5 0.093).
Regarding the blocking group, a dramatic decrease in radioac-

tivity was detected in most organs (Fig. 5B), and the tumor uptake
decreased most significantly (8.97 6 0.32 vs. 1.07 6 0.19 %ID/g

1 h after injection, P , 0.001, Student t
test; 7.61 6 0.64 vs. 1.146 0.15 %ID/g 4
h after injection, P 5 0.002, Student t test).
Additional biodistribution and PET stud-

ies were performed to rule out the effect of
molar activity on comparative experiments
between FAPI dimer and FAPI-46. The
amount of precursor administered was
23mg (25.9 nmol) for FAPI-46 and 50 mg
(25.3 nmol) for DOTA-2P(FAPI)2, result-
ing in the same specific activity for 68Ga-
FAPI-46 and 68Ga-FAPI dimer. Under
these circumstances, the results from the
biodistribution study demonstrated that
68Ga-FAPI dimer had higher tumor uptake
than did 68Ga-FAPI-46 (8.45 6 2.19 vs.
4.03 6 0.69 %ID/g; P 5 0.029, Student
t test, Supplemental Fig. 7). Similar results
were observed from the PET imaging
study (Supplemental Fig. 8).

Adverse Events
All observed vital signs (including blood

pressure, heart rate, and body temperature)
remained normal during the injection and
at the 4-h follow-up. No individuals
reported any adverse events.

Dosimetry Estimate
The dosimetry reports and a representative figure for 3 healthy

volunteers are shown in Table 1 and Figure 6, respectively. There
was no time dependency of tracer uptake, showing that the tracer
distribution was not obviously changing after 10 min. The effective
dose of 68Ga-DOTA-2P(FAPI)2 was 1.19E202 mSv/MBq, calcu-
lated using OLINDA. The organ with the highest effective dose
was the thyroid (3.11E203 mSv/MBq), followed by the liver
(1.65E203 mSv/MBq) and lungs (1.36E203 mSv/MBq). Overall,
the effective dose of 68Ga-DOTA-2P(FAPI)2 was comparable to
the effective doses of 68Ga-FAPI-02 (1.80E202 mSv/MBq) and
68Ga-FAPI-04 (1.64E202 mSv/MBq) (4) and higher than the
effective dose of 68Ga-FAPI-46 (7.80E203 mSv/MBq) (23).

68Ga-DOTA-2P(FAPI)2 PET Imaging in Cancer Patients
68Ga-FAPI-46 and 68Ga-DOTA-2P(FAPI)2 PET/CT scans were per-

formed after 60 min of intravenous adminis-
tration in 3 patients: one with nasopharyngeal
nonkeratinized undifferentiated carcinoma and
wild diffuse bone metastases after chemora-
diotherapy and immunotherapy; one with pap-
illary thyroid carcinoma and wild diffuse
lymph node metastases after total thyroidec-
tomy and multiple cycles of radioiodine treat-
ment; and one with HCC, who was treatment-
naïve. Representative PET images of these 3
patients after administration of 68Ga-FAPI-46
and 68Ga-DOTA-2P(FAPI)2 are shown in Fig-
ure 7 and Supplemental Figures 9 and 10. In
the patient with metastatic thyroid cancer,
68Ga-DOTA-2P(FAPI)2 accumulated mainly
in the tumor, pancreas, submandibular glands,
and blood pool. Interestingly, the activity of

FIGURE 4. (A) Representative static PET imaging of 68Ga-DOTA-2P(FAPI)2 and 68Ga-FAPI-46 in
HCC-PDX-2. (B) Representative static PET imaging of 68Ga-DOTA-2P(FAPI)2 in HCC-PDX-1 and
HCC-PDX-2 with and without simultaneous injection of unlabeled FAPI-46 as competitor 1 h after
administration.

FIGURE 5. (A) Ex vivo biodistribution of 68Ga-FAPI-46 in HCC-PDX-1, 1 and 4 h after injection (n5

3/group). (B) Ex vivo biodistribution of 68Ga-DOTA-2P(FAPI)2 in HCC-PDX-1, 1 and 4 h after injec-
tion, with and without coadministration of unlabeled FAPI-46 as blocking agent (n5 3/group).
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FAPI dimer in the blood pool remained at a high level (SUVmax, 8.3) 4
h after injection. All tumor lesions were clearly visible because of the
favorable tumor-to-background ratios. In the lesion-to-lesion compari-
son, the dimer uptake in 21 lesions (from 3 patients) was higher than
monomer uptake (SUVmax 1 h after injection, 8.1–39.0 vs. 1.7–24.0,
respectively; P , 0.001 by Wilcoxon matched-pairs signed-rank test;
mean SUVmax, 15.3 vs. 23.9; Supplemental Table 1). In addition, the
68Ga-2P(FAPI)2 uptake in tumors was slightly decreased from 1 to 4
h (SUVmax 1 h after injection, 8.1–39.0; SUVmax 4 h after injection,
6.6–35.0).

DISCUSSION

With a burst of preclinical and clinical research on quinoline-
based FAPI variants, 2 main hurdles remain: improving the tumor
retention time and finding the appropriate preclinical models. Since
FAP is overexpressed mainly in CAFs and not in tumor cells, the
tumor cell-line transfected with human or murine FAP could not
reflect the tumor microenvironment (3,7). In contrast, PDXs can
reliably reproduce a patient’s parental tumor for histopathology
and genetics (15). Therefore, PDXs are suitable models for study-
ing tumor biology, including the microenvironment and patient
sensitivity to target agents. Despite an increasing number of case

studies (6–9) and 2 clinical trials with a small patient population
(13,24) for FAP-based PTRT, basic research on this topic is rare
(10). In the present study, PDXs derived from HCC could maintain
the principal histopathologic characterization of the human tumor,
confirming the robustness of this model for testing the properties of
the new FAPI variant.
With FAPI being a pan-cancer target, labeling of FAPI mono-

mers with different imaging isotopes has shown impressive results
in several tumor diagnoses (3–5,25); however, the pharmacokinet-
ics with fast clearance from blood and short retention in tumors
are problematic for PTRT application. Thus, structural modifica-
tion of FAPI for optimizing tumor uptake and tumor retention
time for PTRT is another key research direction.
On the basis of the polyvalent effect, multimeric peptides can

help improve tumor-targeting efficacy and generate higher-quality
in vivo imaging. This strategy has been widely used in the develop-
ment of multimeric Arg-Gly-Asp (RGD) peptides (16,17). Indeed,
given that the distance between 2 FAPI motifs in DOTA-
2P(FAPI)2 may not be long enough, it is unlikely that they would
bind to 2 adjacent FAP sites simultaneously. However, the binding
of one FAPI motif to FAP will significantly increase the local con-
centration of a second FAP motif in the vicinity of FAP sites. The
locally enhanced FAPI concentration may explain the increased
tumor uptake of radiolabeled FAPI dimers compared with their
monomeric analogs. Similar findings were observed in the studies
of radiolabeled RGD dimers (26). Nonetheless, although tetrameric
and octameric peptides possess higher receptor-binding affinity and
higher tumor uptake than their dimeric and monomeric counter-
parts, they also have substantially higher background activity, espe-
cially in the kidney (27). Therefore, dimeric peptides seem to be an
optimal choice because of their increased tumor uptake and favor-
able pharmacokinetics (27). PEGylation is another widely used
strategy to improve the in vivo pharmacokinetics of radiotracers.
According to previous reports of studies in which PEGylated RGD
peptides were labeled with different isotopes, PEGylation improved
the labeling yield and in vivo pharmacokinetics (16,18). However,

TABLE 1
68Ga-DOTA-2P(FAPI)2 Dosimetry Summary of Effective

Doses Using OLINDA/EXM, Version 1.1

Target organ
Mean

(mSv/MBq)
SD

(mSv/MBq)

Adrenal glands 7.98E205 3.04E205

Brain 3.16E205 1.96E205

Breasts 6.36E205 1.09E205

Gallbladder wall — —

Lower large intestine wall 9.22E204 2.33E204

Small intestine 5.18E205 1.84E205

Stomach wall 7.12E204 3.16E205

Upper large intestine wall 2.79E205 1.13E205

Heart wall — —

Kidneys 1.01E204 4.96E205

Liver 1.65E203 4.12E204

Lungs 1.36E203 4.59E204

Muscle 4.19E205 2.07E205

Ovaries 5.94E204 1.06E204

Pancreas 7.61E204 8.05E204

Red marrow 1.12E203 1.33E204

Osteogenic cells 6.47E205 6.87E206

Skin 1.22E205 2.32E206

Spleen 1.58E204 9.12E205

Thymus 9.64E206 4.47E206

Thyroid 3.11E203 4.68E204

Urinary bladder wall 1.04E203 5.22E204

Uterus 1.27E205 6.00E206

Effective dose equivalent 1.69E202 1.92E203

Effective dose 1.19E202 9.45E204

FIGURE 6. 68Ga-DOTA-2P(FAPI)2, 10, 30, 60, and 180 min after injec-
tion, in healthy volunteers (top), and SUVmean of healthy organs at different
time points (bottom).
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PEGylation also induces hydrophilicity and increases kidney
uptake, partially explaining the high initial kidney uptake compared
with other FAPI derivatives. In this study, we designed and synthe-
sized a novel FAPI dimer with 2 mini-PEG spacers between the
FAPI motifs in homodimeric peptides. The in vitro binding assays
demonstrated that DOTA-2P(FAPI)2 had specific and high binding
affinity to FAP expressed on CAFs, revealing that the polyvalent
strategy did not compromise its FAP-binding affinity.
After radiolabeling with 68Ga, the FAPI dimers exhibited improved

in vivo pharmacokinetics and enhanced tumor uptake compared with
the FAPI monomer. Dynamic PET scans in the 2 HCC-PDX groups
showed prominent tumor uptake and predominant organ clearance. After
the tracers were applied to static PET scans, 68Ga-DOTA-2P(FAPI)2
demonstrated higher tumor uptake than 68Ga-FAPI-46 at all time points
examined in both PDXs. In the small-animal PET imaging study, higher
initial (30 min after injection) kidney and liver uptake was observed for
68Ga-DOTA-2P(FAPI)2 than for FAPI-monomers, including 68Ga-
FAPI-04, 68Ga-FAPI-46, and 18F-FGlc-FAPI (14). However, the kidney
and liver uptake was quickly eliminated at 60 min after injection in PET
imaging and the biodistribution study. The high initial kidney uptake
and rapid renal clearance may be attributed to the insertion of 2 PEG
groups, which improved the hydrophilic properties (16,18). Nevertheless,
the main organ uptake should be carefully estimated for safety-dose lim-
itations when FAPI dimer is labeled with 177Lu for targeted radionuclide
therapy. The FAP specificity of 68Ga-DOTA-2P(FAPI)2 was strongly
confirmed by effective uptake inhibition in the presence of unlabeled
FAPI-46 in cell-uptake, PET, and biodistribution experiments.
It was reported that the FAP-blocking dose (cold mass of FAPI)

in one mouse was 30 nmol (7,11). Since the specific activity of
FAPI dimer and FAPI-46 was 37 GBq/mmol and 16.5 GBq/mmol,
respectively, in this study, a dose of 7.4 MBq of 68Ga-FAPI-46
(0.45 nmol, hot and cold mass) or 68Ga-FAPI dimer (0.2 nmol, hot
and cold mass) per mouse for PET imaging may have minimal
impact on tumor uptake. Therefore, there is no effect of the differ-
ent injected cold mass of the radiotracers that might have caused
the significant differences in tumor uptake. Moreover, additional
PET imaging and biodistribution experiments have been per-
formed to rule out the effect of molar activity on all comparative
experiments of dimeric and monomeric inhibitors.
The encouraging results of the in vitro and mouse studies led to

the clinical translation of FAPI dimer into human subjects. The
radiation dose deposition of 68Ga-DOTA-2P(FAPI)2 in healthy
organs was estimated using the PET data of 3 healthy volunteers

at 4 time points. The average effective whole-body dose was
1.19E202 mSv/MBq. This estimate is comparable to the previ-
ously reported effective doses of 68Ga-FAPI-02 and 68Ga-FAPI-04
(1.80E202 and 1.64E202 mSv/MBq, respectively), and higher
than that of 68Ga-FAPI-46 (7.80E203 mSv/MBq) (4,23).
Regarding clinical diagnosis, 68Ga-DOTA-2P(FAPI)2 PET/CT

imaging in the patients showed a rapid and stable accumulation of
the dimer in tumorous lesions, consistent with the results of animal
experiments. Tumor uptake in most lesions was significantly
higher with 68Ga-DOTA-2P(FAPI)2 than with 68Ga-FAPI-46,
leading to visualization of primary lesions and metastases more
clearly. Interestingly, retention of the tracer in the patient blood
pool remained high 4 h after injection, in contrast to mouse find-
ings. The prolonged retention in the blood pool may make DOTA-
2P(FAPI)2 an attractive tracer for PTRT applications. Although
the PET/CT results were encouraging in patients, high physiologic
uptake in the thyroid and pancreas should be noted. Nevertheless,
DOTA-2P(FAPI)2 labeling with 68Ga demonstrated favorable data
in cells, mice, and patients. For future development, especially for
antitumor therapeutic applications, labeling of the ligand with ther-
apeutic radionuclides such as 177Lu and 90Y should be considered
to compare the FAPI dimer with the monomer.

CONCLUSION

68Ga-DOTA-2P(FAPI)2 provides better tumor uptake and longer
tumor retention than does 68Ga-FAPI-46 and could be a promising
tracer for both diagnostic imaging and targeted radionuclide ther-
apy in malignant tumors with positive FAP expression. Further
work to optimize the pharmacokinetics of DOTA-2P(FAPI)2 and
evaluate its antitumor efficacy after labeling with therapeutic iso-
topes should be envisaged.
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KEY POINTS

QUESTION: How can tumor uptake and retention of the FAP-
targeting molecular agents be optimized?

PERTINENT FINDINGS: In a pilot clinical cancer imaging study,
68Ga-DOTA-2P(FAPI)2 was synthesized as a FAPI dimer and
tested for its pharmacokinetic properties. Its tumor uptake was
higher than that of monomeric FAPIs in vitro, in vivo, and in cancer
patients.

IMPLICATIONS FOR PATIENT CARE: Because 68Ga-DOTA-
2P(FAPI)2 shows improved tumor uptake and retention properties,
it could be a promising candidate tracer for both diagnostic imag-
ing and targeted therapy of malignant tumors with positive FAP
expression.

FIGURE 7. 68Ga-FAPI-46, 1 h after injection, and 68Ga-DOTA-2P(FAPI)2,
1 and 4 h after injection, in patient with metastatic thyroid cancer. Hema-
toxylin and eosin (H&E) staining and FAP immunohistochemistry staining
showed high FAP expression in tumor stroma (3100).
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123/131I-metaiodobenzylguanidine (MIBG) scintigraphy has shown a
high specificity for imaging pheochromocytoma and paraganglioma,
but with low sensitivity because of low spatial resolution. 124I-MIBG
PET may be able to overcome this limitation and improve the staging
of patients with (suspected) pheochromocytoma. Methods: We ana-
lyzed the sensitivity, specificity, and positive and negative predictive
values of 124I-MIBG PET in 43 consecutive patients with suspected
(recurrence of) pheochromocytoma using histopathologic (n5 25) and
clinical validation (n518) as the standard of truth. Furthermore, we
compared the detection rate of 124I-MIBG PET versus contrast-
enhanced (CE) CT on a per-patient and per-lesion basis in 13 addi-
tional patients with known metastatic malignant pheochromocytoma.
Results: 124I-MIBG PET/CT was positive in 19 (44%) of 43 patients
with suspected pheochromocytoma. The presence of pheochromo-
cytoma was confirmed in 22 (51%) of 43. 124I-MIBG PET/CT sensitiv-
ity, specificity, and positive and negative predictive values were 86%,
100%, 100%, and 88%, respectively. 124I-MIBG PET was positive in
11 (85%) of 13 patients with malignant pheochromocytoma. Com-
bined 124I-MIBG PET and CE CT detected 173 lesions, of which 166
(96%) and 118 (68%) were visible on 124I-MIBG PET and CE CT,
respectively. Conclusion: 124I-MIBG PET detects pheochromocy-
toma with high accuracy at initial staging and a high detection rate at
restaging. Future assessment of 124I-MIBG PET for treatment guid-
ance, including personalized 131I-MIBG therapy, is warranted.

KeyWords: 124I-MIBGPET; pheochromocytoma; theranostics
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Metaiodobenzylguanidine (MIBG), or iobenguane, is an ana-
log of the adrenergic neurotransmitter norepinephrine and shows
uptake in sympathetically innervated tissues such as the heart
and salivary glands and tumors that express norepinephrine

transporters (1). Because of high accumulation and retention in
sympathicomedullary tissue, 123I/131I-MIBG scintigraphy has been
used for decades in the imaging of pheochromocytoma and para-
ganglioma, as well as in many neural crest tumors, with reported
sensitivities and specificities of between 80% and 100% (2–4).
The sensitivity is hampered considerably by a low spatial resolu-
tion, making the assessment of small lesions particularly challeng-
ing (5). Because of superior technology and workflows, PET
expanded rapidly (6) and is now the standard imaging modality
for most cancer entities, including pretherapeutic imaging in
patients with neuroendocrine tumors (7) and prostate cancer (8,9).
In patients with pheochromocytoma and paraganglioma, somato-
statin receptor–targeted PET (10–12) and 18F-flubrobenguane (13)
have shown a high specific uptake and a high sensitivity. However,
124I-MIBG PET comes with several potential advantages.
The similarity in its biodistribution to that of 123I-MIBG allows

for the translation of current concepts for image interpretation
(e.g., SIOPEN [International Society of Paediatric Oncology Euro-
pean Neuroblastoma] and curie), protocols, and medications estab-
lished by use of 123I-MIBG scintigraphy (14,15).
Furthermore, 124I-MIBG PET potentially combines the high spe-

cificity of MIBG imaging with the high sensitivity (5,16) and better
quantification of PET tracers (17–19) and thereby addresses major
shortcomings of current g-emitting compounds.
In addition, the long 124I half-life (4.18 d) allows for the assess-

ment of pharmacokinetics by performing imaging and blood tests
at multiple time points (18,20–23). Following the theranostic
principle, the sister compound 131I-labeled MIBG is applied for
radionuclide therapy. In light of the recent Food and Drug Admin-
istration approval of 131I-MIBG (24) for the treatment of unresect-
able, locally advanced, and metastatic pheochromocytoma and
paraganglioma, pretherapeutic 124I-MIBG PET can provide valu-
able information on absorbed doses to the tumor and organs at risk
and thereby lay the foundation for personalized dosimetry and
activity escalation. The potential of the theranostic pair 124I/131I to
improve efficacy and mitigate toxicity has previously been shown
in the treatment of patients with differentiated thyroid cancer
(20,21,23,25) and in a case report on 124I/131I-MIBG (18).
The aim of this retrospective study was to assess the diagnostic

performance of 124I-MIBG PET in patients with suspected pheo-
chromocytoma and in patients with metastatic malignant
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pheochromocytoma (MMP) before 131I-MIBG therapy. With this
intent, we analyzed the optimal imaging time point with regard to
tumor uptake, the accuracy in comparison to CT, and the rate of
upstaging by use of 124I-MIBG PET in patients with MMP.

MATERIALS AND METHODS

Study Design and Participants
We screened our institutional database for patients who, between

March 2005 and March 2017, underwent 124I-MIBG PET/CT for sus-
pected recurrence of adrenal pheochromocytoma and who had suffi-
cient follow-up data for validation. The primary endpoint in these
patients was the diagnostic performance, defined as sensitivity, specif-
icity, and negative and positive predictive value. Validation was
performed histopathologically or—when histopathology was not avail-
able—by an experienced, board-certified endocrinologist on the basis
of clinical and laboratory parameters. Secondary endpoints were the
diagnostic power of quantitative assessment using SUVpeak for differ-
entiating between patients for whom the suspected pheochromocytoma
was confirmed versus those for whom it was ruled out. A subgroup
analysis was performed for patients who met the criteria for an inde-
terminate adrenal mass (size . 10 mm and Hounsfield units [HU] .
10 on non–contrast-enhanced [NC] CT).

For a second analysis, we included patients with known metastatic
MMP. The primary metric in this cohort was the lesion detection rate
of 124I-MIBG PET using the sum of all detected lesions in conjunction
with coacquired contrast-enhanced (CE) CT as the reference standard.
The protocol was approved by the Ethics Commission of the Univer-
sity of Duisburg–Essen medical faculty (protocol 20-9656-BO).

124I-MIBG Synthesis
124I-MIBG was manually prepared by the substitution of non–

carrier-added 124I-iodine to MIBG. The labeling was performed via
copper(I)-assisted isotopic iodine/iodine exchange. 124I-iodine was
purchased from PerkinElmer LAS in the form of sodium iodide (124I)
as 0.02N NaOH solution. Glacial acetic acid (Merck KGaA) was used
as the solvent for all other reactants. Typically, 100–130 MBq of the
124I solution were transferred into a testing tube, 10 mL of a sodium
disulfite solution (4 mg/mL) were added, and the mixture was reduced
to dryness using a rotating evaporator. A 40-mL volume of a solution
containing 100 mg of metaiodobenzylguanidine (Sigma-Aldrich) and
1.5 mL of Cu(I)Cl (0.1 M; Merck KGaA) was added to the residue.
The mixture was then heated in the stoppered testing tube at 160"C
for 10 min. After the subsequent reduction to dryness, the raw product
was resolved in 80–100 mL of hydrochloric acid (0.01 M, aqueous;
Sigma-Aldrich) and the volume was injected into a high-performance
liquid chromatography system (Waters) for purification. The semipre-
parative high-performance liquid chromatography was performed iso-
cratically using a LiChroCART 250-4 column (Purospher RP-18,
5mm; Merck) with radioactivity and ultraviolet detection (254 nm),
the eluent being an aqueous solution of NaH2PO4 (1.38 g/L) and ace-
tonitrile, 9:1 (v/v). The product peak (retention time, 13 min; activity
channel) was collected in a round-bottom flask, and the volume was
reduced to dryness and formulated in 5 mL of phosphate-buffered
saline. The volume was collected into a syringe and passed through a
0.22-mm filter (Millex GV; Millipore) directly into a sterile vial (Cis-
Bio), yielding 50–70 MBq of formulated 124I-MIBG. Quality control
testing of the product was performed using a high-performance liquid
chromatography system identical to that for the semipreparative run.
Purity was determined to be between 98% and 100%

Imaging Protocol
PET/CT was performed on a Siemens Duo (n5 40, 71%), Siemens

Biograph mCT (n5 15, 27%), or Siemens Biograph mMR (n5 1,

2%) at 4 h (n5 26), 1 d (n5 53), 2 d (n5 33), and 4 or 5 d (n5 11)
after the administration of a mean activity of 49.8 (interquartile range,
48.3–53.0) MBq of 124I-MIBG. The emission time was 3 min 30 s per
bed position for PET/CT and 8 min for PET/MRI. Attenuation correc-
tion was performed with the coacquired CT or MRI scan.

Image Analysis
SUVpeak was measured in the 5 lesions displaying the highest tracer

uptake for each MMP patient at all imaging time points, with the aim
of identifying the imaging time point with the highest average SUVpeak

and tumor-to-background ratio, with SUVmean liver as the reference
background.

The 124I-MIBG PET/CT images of all preoperative or recurrent pheo-
chromocytomas at this time point were then read by a masked central
reader, and pathologic findings were categorized by anatomic region
(adrenal gland, bones, or viscera, including distant lymph nodes). The
size, SUVpeak, and HU of the adrenal masses on the NC CT images
were measured. The CE CT and 124I-MIBG PET/CT images were ano-
nymized separately and read by a masked reader, with at least 2 wk
elapsing between reading sessions to avoid recall bias.

Statistical Analysis
The accuracy of 124I-MIBG PET is reported by descriptive statistics.

For an indeterminate adrenal mass, separate analyses were performed
using the NC CT criteria (.10 HU and .10 mm) versus combined
124I-MIBG PET and NC CT criteria (124I-MIBG PET–positive or adre-
nal mass .10 HU and .10 mm). The detection rate for patients with
MMP was defined as the fraction of 124I-MIBG PET–positive lesions
among all lesions for CE CT and 124I-MIBG PET/CT combined. Statis-
tical analysis was performed using SPSS Statistics, version 26 (IBM
Corp.). Mann–Whitney U testing was performed to determine the sta-
tistical significance of SUVpeak between patients with and without
pheochromocytoma. A receiver-operating-characteristic curve, with
area under the curve as a metric, was used to determine the predictive
potential of SUVpeak for the diagnosis of pheochromocytoma, after the
exclusion of 1 patient for whom images were acquired 2 d after the
administration of 124I-MIBG. The Youden J statistic was used to iden-
tify the optimal cutoff for the diagnosis of pheochromocytoma based
on the SUVpeak for all patients and separately for patients with an inde-
terminate adrenal mass.

RESULTS

Patient Cohort
Fifty-six consecutive patients were eligible. In 43 of 56 patients

124I-MIBG PET was performed for suspected pheochromocytoma
because of an elevated catecholamine metabolite level, an unclear
renal mass, or the clinical appearance; 4 of these were examined
because of suspected recurrence after initial resection. Patient
characteristics are given in Table 1. The mean patient age was
51.8 y (range, 20–74 y); 25 patients (58%) were female, and 18
(42%) were male. Three patients (7%) had multiple endocrine neo-
plasia type IIA, and one (2%) had neurofibromatosis type 1. The
mean levels for metanephrine and normetanephrine were 180.9 pg/
mL (range, 15–1,377 pg/mL) and 313.8 pg/mL (range, 28–2,358
pg/mL), respectively.
In 13 patients, 124I-MIBG PET/CT was performed for known

MMP. The mean patient age was 50.9 y (range, 17–80 y). Seven
(54%) of these 13 patients were female, and 6 (46%) were male.
An overview of the MMP patient characteristics is provided in

Table 2.
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124I-MIBG Tumor Uptake
The mean SUVpeak across all lesions was 13.0, 13.3, 12.0, and

9.2 after 4 h, 1 d, 2 d, and 4 or 5 d, respectively. The tumor-to-
background ratio at 4 h, 1 d, 2 d, and 4 or 5 d was 1.4, 6.2, 4.9,
and 7.6, respectively. Because of the highest tumor SUVpeak and
the highest number of available data points 1 d after 124I-MIBG

injection, this time point was used for the subsequent accuracy
analyses. In 3 patients, for whom 124I-MIBG PET/CT was not per-
formed 1 d after injection, 2-d images were used instead. Figure 1
shows the mean SUVpeak across all measured lesions and the
mean tumor-to-background ratio over time.

124I-MIBG PET Accuracy for Suspected Pheochromocytoma
124I-MIBG PET was positive in 19 (44%) of 43 patients with

suspected pheochromocytoma and negative in 24 (56%). In 1 of
the 19 patients with positive findings on 124I-MIBG PET, a local
lymph node metastasis was detected. Twenty-five of the 43 patients
had adrenal masses with a density of more than 10 HU on NC CT;
in 22 of these, the respective masses were more than 10 mm.
The suspicion of pheochromocytoma was confirmed by the ref-

erence standard in 22 (51%) of the 43 patients and ruled out in
21 (49%). Histopathology was available in all cases with con-
firmed pheochromocytoma and in 3 (14%) of 21 cases in which
the presence of pheochromocytoma was ruled out. Of the 22
patients with pheochromocytoma, 21 (95%) had unilateral
involvement and 1 (5%) had bilateral involvement. In 18 (42%) of
the 43 patients, the presence of pheochromocytoma was excluded
on the basis of clinical records and repeated assessment of serum
and urine catecholamine metabolites.
An overview of the diagnostic performance of 124I-MIBG PET

is provided in Table 3. Imaging was positive in 19 of 22 patients
with confirmed pheochromocytoma and negative in 21 of 21
patients in whom the presence of pheochromocytoma was ruled
out, resulting in a sensitivity and specificity of 86% and 100%,
respectively.
In all patients with positive findings on 124I-MIBG PET, pheo-

chromocytoma was histopathologically confirmed, whereas 3 pa-
tients with a negative 124I-MIBG PET result would later be
diagnosed with pheochromocytoma, leading to a positive predictive
value and negative predictive value of 100% and 88%, respectively.
NC CT was available for 36 patients. Of the 25 patients with

adrenal masses greater than 10 HU, pheochromocytoma was con-
firmed in 18 and ruled out in 7; of the 11 patients with adrenal
masses less than 10 HU, pheochromocytoma was confirmed in 1
and ruled out in 10, leading to a sensitivity, specificity, positive
predictive value, and negative predictive value of 95%, 59%, 72%,
and 91%, respectively.
Using an additional size threshold of 10 mm did not affect sen-

sitivity but improved specificity, positive predictive value, and
negative predictive value to 76%, 82%, and 93%, respectively.
Combined 124I-MIBG PET and NC CT criteria improved the sen-

sitivity to 100%, specificity to 76%, negative predictive value to

100%, and positive predictive value to 84%.
Pheochromocytomas had a significantly

higher SUVpeak than did unaffected adrenal
glands (11.8 vs. 3.5, P , 0.001). The area
under the curve for the SUVpeak-based
identification of pheochromocytoma was
0.88, with the optimal cutoff being 5.4.
Subgroup analysis of all patients with adre-
nal lesions having a density higher than 10
HU showed an area under the curve of
0.90 (sensitivity, 68%; specificity, 100%)
for classification into pheochromocytoma
versus nonpheochromocytoma. Separate
subgroup analyses of all patients with an

TABLE 1
Characteristics of Patients Who Underwent 124I-MIBG PET

for Suspected Pheochromocytoma

Characteristic Data

Mean age (y) 51.8 (range, 20–74)

Sex (n)

Male 18 (42%)

Female 25 (58%)

Catecholamine metabolites (pg/mL)

Normetanephrines (plasma) 313.8 (28–2,358)

Metanephrines (plasma) 180.8 (15–1,377)

Mean size of adrenal mass (mm) 30 (range, 6–82)

Associated genetic syndrome (n)

Multiple endocrine neoplasia IIA 3 (7%)

Neurofibromatosis 1 (2%)

TABLE 2
Characteristics of Patients Who Underwent 124I-MIBG PET

for Known Metastatic MMP

Characteristic Data

Mean age (y) 50.9 (range, 17–81)

Sex (n)

Male 6 (46%)

Female 7 (54%)

Tumor sites per patient (n)

Adrenal gland 3 (23%)

Regional lymph nodes 5 (38%)

Bones 6 (46%)

Visceral, including distant
lymph nodes

6 (46%)

FIGURE 1. Simple error bar with 95% CI plotting mean tumor SUVpeak (A) and tumor
SUVpeak/tumor SUVmean (B) for all measured lesions in 124I-MIBG PET–positive MMP patients (n 5

11) over time.
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indeterminate adrenal mass (HU . 10 and size . 10 mm; n5 22)
showed an SUVpeak of 8.5 versus 2.9 (P , 0.001), resulting in an
area under the curve of 0.90 (sensitivity, 72%; specificity, 100%)
with an optimal cutoff of 7.0. Figure 2 gives an overview of the
SUVpeak of patients for whom pheochromocytoma was confirmed
versus those for whom it was ruled out.

124I-MIBG PET Detection Rate for Metastatic
Pheochromocytoma
In the 13 patients with known MMP lesions, increased focal

124I-MIBG uptake was observed in 11 (85%). Combined CE CT
and 124I-MIBG PET detected 173 lesions, of which 166 (96%)
showed increased 124I-MIBG uptake, whereas 118 lesions (67%)
were detected on standalone CE CT. This led to upstaging from
M1a to M1c disease in 1 patient (8%) and migration from oligo-
metastatic disease (.5 tumor sites) (26) in 3 (23%).
In 5 of these patients, additional 68Ga-DOTATOC PET/CT was

performed. 68Ga-DOTATOC–positive/124I-MIBG PET–negative
lesions were found in 2 patients, and 68Ga-DOTATOC–negative/
124I-MIBG PET–positive lesions were found in 1 patient. In the
remainder, 68Ga-DOTATOC PET and 124I-MIBG PET yielded
identical results with regard to lesion detection, but tumor-specific
uptake was higher on 124I-MIBG PET. Figure 3 shows an example
MMP patient with positive 124I-MIBG PET/CT results.

DISCUSSION

The present study reports high 124I-MIBG PET accuracy at ini-
tial staging and a high detection rate at restaging in the—so far, to

our knowledge—largest published cohort of patients with (sus-
pected) pheochromocytoma.
Image acquisition 1 d after 124I-MIBG PET demonstrated the

highest SUVpeak, and subsequent analyses were performed at this
time point.
The reported sensitivity of the present study is comparable to

that reported for 123/131I-MIBG scintigraphy studies, and the specif-
icity is close to the higher end of reported values (4,27–30). Sensi-
tivity similar to that of 123/131I-MIBG is unexpected, as the spatial
resolution of PET imaging when compared with scintigraphy might
translate into a higher accuracy. Interestingly, patients with false-neg-
ative 124I-MIBG PET results did not have particularly small pheo-
chromocytomas (3.0, 2.2, and 4.0 cm) when compared with the
mean size of all resected pheochromocytomas (3.5 cm), implying
that biology and norepinephrine transporter expression, rather than
spatial resolution, are critical for lesion detection.
In line with the published literature, NC CT–based assessment

has shown a high sensitivity, with only 1 false-negative finding,
but at the expense of a low specificity.
Because 124I-MIBG PET enables coacquisition of CE CT, NC CT,

or MRI, the diagnostic performance might be improved over that of
123I-MIBG scintigraphy, taking advantage of the high specificity of
functional imaging and the high sensitivity of morphologic imaging.
Therefore, complementary information from 124I-MIBG PET might be
of added value in the workup of unclear adrenal lesions when prior
diagnostic imaging is inconclusive and to rule out or confirm meta-
static spread before local treatment. In our cohort, visual interpretation
of 124I-MIBG images was superior to semiquantitative assessment for
the diagnosis of pheochromocytoma. Further studies should assess the

potential diagnostic value of 124I-MIBG kinet-
ics in the diagnostic workup of adrenal lesions
suggestive of pheochromocytoma. Because of
an increase in tumor-to-background ratio over
time, images acquired at late time points
might aide the differentiation of tumor uptake
from physiologic uptake in equivocal lesions.

124I-MIBG PET/CT has also shown a
high diagnostic performance in patients with
MMP, demonstrating additional lesions com-
pared with standalone CE CT in 7 (54%) of
13 patients, with TNM upstaging in 1 patient
(8%) and stage migration from oligometa-
static disease (26) to disseminated disease in

TABLE 3
Diagnostic Performance of 124I-MIBG PET, NC CT, and Combined 124I-MIBG PET and NC CT in Patients

Modality Tumor present Tumor absent Diagnostic metrics

Scan1 Scan2 Scan1 Scan2 Sen Spe PPV NPV Acc

124I-MIBG PET 19 3 0 21 86% 100% 100% 88% 93%
124I-MIBG PET (NC CT available) 17 2 0 17 89% 100% 100% 89% 94%

HU . 10 18 7 1 10 95% 59% 72% 91% 78%

HU . 10; size . 10 mm 18 4 1 13 95% 76% 82% 93% 86%
124I-MIBG PET 1 NC CT 21 0 4 13 100% 76% 83% 100% 89%

Sen 5 sensitivity; Spe 5 specificity; Acc 5 accuracy.

FIGURE 2. Adrenal SUVpeak for all patients (A) and patients with indeterminate adrenal masses
(B) for whom pheochromocytoma was confirmed vs. those for whom it was ruled out.
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3 (23%). The high detection rate may impact patient staging, imple-
mentation of local treatment, and response assessment of systemic or
local treatment. Detection of additional tumor sites might also prevent
locoregional therapies in disseminated disease when little benefit is to
be expected.
In light of the 2018 Food and Drug Administration approval of

131I-MIBG radionuclide therapy for MIBG-positive unresectable,
locally advanced or metastatic pheochromocytoma and paragan-
glioma, 124I-MIBG PET/CT furthermore carries great potential
for radionuclide therapy planning.
The long half-life or superior quantification of 124I-MIBG PET/

CT when compared with 123/131I-MIBG scintigraphy facilitates an
improved assessment of uptake intensity and kinetics (18,20,31–34).
Pretherapeutic dosimetry of tumor lesions and organs at risk enables
personalized dosimetry with the goal of maximizing tumor response
while keeping toxicity levels acceptable. The potential of personal-
ized dosimetry for 131I therapy has previously been described in the
context of differentiated thyroid cancer (25,35,36), but data on pheo-
chromocytoma are scarce (18,34,37). In our cohort, 85% of patients
with known MMP were MIBG-positive. In 2 patients with at least 1
124I-MIBG–negative lesion, intense 68Ga-DOTATOC uptake was
observed in all lesions, underpinning the theranostic potential of
68Ga-/177Lu-/90Y-labeled somatostatin analogs (38). Prior small ret-
rospective studies identified radiopeptide as a potential treatment
option, leading to response rates of up to 50% and disease control
rates of up to 100% (39–42).
Limitations of this study include the retrospective design and

the small sample, as well as the absence of an adrenal-specific CT
protocol and MR tomography.

CONCLUSION

124I-MIBG PET detects pheochromocytoma with high accuracy
at the initial work-up of adrenal masses and at restaging of meta-
static disease. Accuracy was similar to that previously reported
for 123/131I-MIBG scintigraphy. Future studies on the impact of
124I-MIBG PET on locoregional treatment and personalized
131I-MIBG therapy, as well as a head-to-head comparison with
123/131I-MIBG scintigraphy, are warranted.
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KEY POINTS

QUESTION: What is the diagnostic performance of 124I-MIBG
PET in patients with known or suspected pheochromocytoma?

PERTINENT FINDINGS: 124I-MIBG PET has a higher accuracy
than NC CT in suspected pheochromocytoma and detects addi-
tional lesions in patients with known metastatic
pheochromocytoma.

IMPLICATIONS FOR PATIENT CARE: 124I-MIBG PET is a prom-
ising imaging technique that can provide information additional to
that from cross-sectional imaging and thereby complement the
diagnostic workup in patients with known or suspected
pheochromocytoma.
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18F-FDG PET/CT plays an important role in locating the primary tumor
for patients with head and neck cancer of unknown primary (HNCUP).
Nevertheless, in some cases it can be challenging to locate the primary
malignancy on 18F-FDG PET/CT scans. Because 68Ga-radiolabeled
fibroblast activation protein inhibitor (FAPI) PET/CT has promising
results in detecting different tumor entities, our study aimed to evaluate
the performance of 68Ga-FAPI PET/CT for detecting the primary tumor
in HNCUP patients with negative 18F-FDG findings.Methods: Eighteen
patients (16 men and 2 women; median age, 55 y; age range, 24–72 y)
with negative 18F-FDG findings were enrolled in this study. All patients
underwent 18F-FDG and 68Ga-FAPI PET/CT within 1 wk. Biopsy and
histopathologic examinations were performed in the sites with positive
68Ga-FAPI PET/CT findings. Results: 68Ga-FAPI PET/CT detected the
primary tumor in 7 of 18 patients (38.89%). Among these 7 patients, pri-
mary tumor sites included the nasopharynx (n5 1), palatine tonsil (n5

2), submandibular gland (n5 2), and hypopharynx (n5 2). The primary
tumors showed moderate to intensive uptake of 68Ga-FAPI (mean
SUVmax, 8.79; range, 2.60–16.50) and excellent tumor–to–contralateral
normal-tissue ratio (mean SUVmax ratio, 4.50; range, 2.17–8.21). In
lesion-based analysis, 65 lymph nodes and 17 bonemetastatic lesions
were identified. The mean SUVmax of lymph node metastases was
9.05 6 5.29 for 18F-FDG and 9.08 6 4.69 for 68Ga-FAPI (P 5 0.975);
the mean SUVmax of bone metastases was 8.11 6 3.00 for 18F-FDG
and 6.966 5.87 for 68Ga-FAPI (P5 0.478). The mean tumor-to-back-
ground ratios of lymph node and bone metastases were 10.656 6.59
versus 12.80 6 8.11 (P 5 0.100) and 9.08 6 3.35 versus 9.14 6 8.40
(P 5 0.976), respectively. Conclusion: We present the first evidence,
to our knowledge, of a diagnostic role of 68Ga-FAPI PET/CT in
HNCUP. Our study demonstrated that 68Ga-FAPI PET/CT has the
potential to improve the detection rate of primary tumor in HNCUP
patients with negative 18F-FDG findings. Moreover, 68Ga-FAPI had a
performance in assessing metastases similar to that of 18F-FDG.

Key Words: 68Ga-FAPI; head and neck; cancer of unknown primary;
metastases

J Nucl Med 2022; 63:875–881
DOI: 10.2967/jnumed.121.262790

Head and neck cancer of unknown primary (HNCUP) is defined
as a metastatic disease in the cervical lymph nodes with an unidenti-
fiable primary tumor (1), even after a thorough diagnostic workup
according to the National Comprehensive Cancer Network (2) and
American Society of Clinical Oncology guidelines (3). HNCUP con-
stitutes 1%–5% of all head and neck cancers (4,5). Squamous cell
carcinoma (SCC) is the most common pathologic type of HNCUP,
and approximately 90% of these cases are associated with human
papillomavirus (1). The most frequent primary site of HNCUP is the
oropharynx, accounting for 80%–90% (6). However, factors such as
small tumor volume, hidden location, slow growth rate, and tumor
involution hinder primary site identification (7). The absence of pri-
mary tumor identification may result in uncertain treatment decisions
and increasing psychologic burden for patients with HNCUP (8).
Medical imaging plays an important role in oncology, particularly

in tumor location (9). Conventional imaging modalities, CT and
MRI, can provide plentiful anatomic information about primary and
metastatic malignancies. However, the detection rates of the pri-
mary site for these 2 imaging modalities range from 9% to 23% in
HNCUP (10–12). PET/CT, a typical molecular imaging modality,
outperforms CT and MRI in identifying the primary tumor, with a
detection rate of 25%–69% using 18F-FDG (13–16). Nevertheless,
some limitations hamper the application of 18F-FDG PET/CT in
primary tumor identification for HNCUP (17,18). First, physiologic
18F-FDG uptake can be seen in any lymphatic structure (especially
Waldeyer’s ring), salivary glands, and brown fat. Second, uptake
in the symmetric vocal cords and neck muscles is commonly seen
if the patient talks or coughs during the uptake period. Third, infec-
tion and chronic inflammation (e.g., nasopharyngitis, amygdalitis,
and gingivitis) can also result in high 18F-FDG uptake. These limita-
tions may lead to false-positive findings, with a rate of 16%–25%
(4,13,16). Last, false-negative 18F-FDG uptake can be seen in small,
mucinous, well-differentiated, and necrotic lesions (18). Therefore,
novel specific radiopharmaceuticals with low background uptake in
the head and neck, which may better improve the detection rate of
the primary tumor in HNCUP, are in urgent need.
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Cancer-associated fibroblasts (CAFs), accounting for high pro-
portion of most solid tumor mass, play a vital role in tumor
growth, migration, and progression (19). The major feature dis-
criminating CAFs from normal fibroblasts is the overexpression of
fibroblast activation protein (FAP) (20). The presence of FAP was
observed on a variety of epithelial and mesenchymal malignancies
(21,22). Recently, 68Ga-radiolabeled fibroblast activation protein
inhibitor (FAPI), a novel FAP-targeted PET tracer, has shown great
value in the diagnosis of diverse carcinomas (23,24). Furthermore,
studies (25,26) have demonstrated that 68Ga-FAPI revealed high
uptake in primary tumors and low background noise in the head
and neck region. These promising findings indicate that 68Ga-FAPI
could serve as a potential alternative to 18F-FDG for the assessment
of head and neck cancers.
Thus, the aim of this study was to investigate the value of

68Ga-FAPI PET/CT for identifying the primary tumor of
18F-FDG–negative HNCUP.

MATERIALS AND METHODS

Patient Selection
For patients whose primary tumor could not be identified by thorough

medical history, clinical examination, medical imaging (e.g., contrast-
enhanced CT, contrast-enhanced MRI, ultrasound, and 18F-FDG PET/CT),
and endoscopy, 68Ga-FAPI PET/CT was recommended, based on the
decision of a multidisciplinary team in head and neck cancer (Fig. 1A).
In addition to patients in whom 18F-FDG findings were negative for
localizing the primary tumor, 68Ga-FAPI PET/CT was also recom-
mended to patients in whom 18F-FDG findings were positive for localiz-
ing the primary tumor who had undergone a biopsy that resulted in a
negative finding. To further investigate the role of 68Ga-FAPI PET/CT
in HNCUP, inclusion criteria were as follows: adult patients (age . 18
and , 80 y); pathology-confirmed metastatic cervical carcinoma by
fine-needle aspiration; conventional imaging modalities (e.g., contrast-
enhanced CT, contrast-enhanced MRI, or ultrasound) could not provide
positive finding of primary tumor; both 18F-FDG and 68Ga-FAPI PET/CT
were performed. The exclusion criteria were patients with lymphomas
or non–head and neck original cancers, confirmed by immunohisto-
chemistry; patients with both positive 18F-FDG and 68Ga-FAPI PET/CT
findings for primary tumors, including anaplastic thyroid carcinoma,
lymphoepithelioma-like carcinoma, and biopsy-negative but clinically
diagnosed nasopharyngeal carcinoma; patients with 2 or more malignant

tumors history; and patients unwilling to undergo 18F-FDG or 68Ga-
FAPI PET/CT. 18F-FDG PET/CT reported negatively for localization of
primary tumor in patients with HNCUP would be regarded as negative
18F-FDG PET/CT findings. This prospective study was approved by
Fudan University Shanghai Cancer Center Institutional Review Board
(ID 2004216-25) conducted in accordance with the 1964 Declaration of
Helsinki and its later amendments or comparable ethical standards, and
all subjects signed an informed consent form.

Radiopharmaceuticals and PET/CT Scanning Procedure
18F-FDG was produced automatically using the Explora FDG4 mod-

ule with cyclotron (Siemens CTI RDS Eclips ST) in our center. DOTA-

FAPI-04 (Jiangsu Huayi Technology Co., Ltd.) was radiolabeled with
68Ga solution (elution from the 68Ge generator IGG100, Eckert & Zie-

gler) according to the procedure of Lindner et al. (27). The radiochemical

purities of 18F-FDG and 68Ga-FAPI were both more than 95%.
18F-FDG PET/CT was performed first, and 68Ga-FAPI PET/CT imag-

ing was then performed within 1 wk. For 18F-FDG PET/CT scanning,
patients fasted at least 6 h, maintaining venous blood glucose levels under
10 mmol/L before 18F-FDG administration. This fasting process was not
necessary for 68Ga-FAPI PET/CT scanning. After injection of with
260.64 6 40.81 MBq of 18F-FDG or 143.71 6 16.19 MBq of 68Ga-
FAPI, patients were kept in a quiet environment for approximately
60 min before examination. All images were obtained on a Biograph
mCT Flow scanner (Siemens Medical Solutions). PET image datasets
were reconstructed iteratively using an ordered-subset expectation max-
imization iterative reconstruction by applying CT data for attenuation
correction. Two experienced nuclear medicine physicians indepen-
dently analyzed and interpreted the images masked, and they reached a
consensus in the case of inconsistency.

Increased radioactivity of primary and metastatic lesions compared
with the muscle background uptake was defined as being positive, verified
by biopsy or follow-up. For quantitative analysis, maximum or mean of
SUV (SUVmax or SUVmean) normalized to body weight was manually
computed for primary and metastatic lesions and healthy tissues by draw-
ing a 3-dimensional volume of interest. Meanwhile, the SUVmax ratio for
primary tumor was defined as the quotient of the SUVmax of primary
tumor and the contralateral normal tissue, and tumor-to-background ratio
(TBR) for primary and metastatic lesions was calculated according to the
formula TBR5 tSUVmax/bSUVmean, where tSUVmax is the SUVmax of the
tumor lesion, and bSUVmean is the SUVmean of muscle. The size of primary
andmetastatic lesions wasmeasured by CT.

Statistical Analysis
All statistical analyses were performed using

SPSS 25.0 (IBM). Means with SDs or medians
with ranges were used to describe continuous
characteristics. To compare the uptake of 18F-
FDG and 68Ga-FAPI in metastatic lesions, 2-sam-
ple t tests were used. Two-tailed P values less
than 0.05 were considered statistically significant.

RESULTS

Patients
A total of 32 patients were enrolled con-

secutively from our center from June 2020 to
February 2021, and 18 patients were included
for further analysis according to the inclu-
sion and exclusion criteria (Fig. 1B). The
basic clinical characteristics are presented
in Table 1. Among the included 18 patients
(16 men and 2 women; median age, 55 y;

FIGURE 1. Flowchart of diagnostic workup (A) and patient selection (B). “YES” means the primary
tumor was identified by these techniques and further confirmed by pathology, and “NO” indicates
these techniques could not identify the primary tumor. *68Ga-FAPI PET/CT could also identify the
primary tumor in these patients.
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age range, 24–72 y), 2 (11.11%) were infected with Epstein-Barr
virus, 6 (33.33%) were infected with human papillomavirus, 16
(88.89%) were pathologically diagnosed with cervical lymph node
SCC, and 2 (11.11%) had adenocarcinoma.

Comparison of 18F-FDG and 68Ga-FAPI PET/CT in
Metastatic Lesions
A total of 65 lymph node and 17 bone metastases were detected

by both 18F-FDG and 68Ga-FAPI PET/CT (Fig. 2, Table 2, and Sup-
plemental Table 1 [supplemental materials are available at http://jnm.
snmjournals.org]). Both tracers showed intensive uptake in lymph
node and bone metastases. The mean SUVmax of lymph node metas-
tases was 9.05 6 5.29 for 18F-FDG and 9.08 6 4.69 for 68Ga-FAPI

(P 5 0.975). The TBR for 68Ga-FAPI was a slightly higher than that
for 18F-FDG (12.80 6 8.11 vs. 10.65 6 6.59, respectively); how-
ever, the difference was not significant (P 5 0.100). For bone
metastases, the mean SUVmax was 8.11 6 3.00 for 18F-FDG and
6.96 6 5.87 for 68Ga-FAPI (P 5 0.478), and the mean TBR values
were 9.08 6 3.35 and 9.14 6 8.40 (P 5 0.976), respectively.
Generally, no significant uptake difference was observed between
18F-FDG and 68Ga-FAPI in lymph node and bone metastases,
indicating that 68Ga-FAPI PET/CT had a performance similar to
that of 18F-FDG PET/CT in assessing metastases of head and
neck cancers.

68Ga-FAPI PET/CT Imaging Results of Primary Tumors
Primary tumors in 7 of 18 (38.89%) patients with 18F-FDG–

negative results were identified by 68Ga-FAPI PET/CT and patho-
logically confirmed by subsequent biopsy. 68Ga-FAPI PET/CT showed
a higher detection rate in adenocarcinoma (2/2, 100%) than in SCC
(5/16, 31.25%). Primary sites included the nasopharynx (n5 1), pala-
tine tonsil (n5 2) (Fig. 3), submandibular gland (n 5 2) (Fig. 4), and
hypopharynx (n5 2) (Supplemental Fig. 1 and Table 3).
American Joint Committee on Cancer (AJCC) TNM stages for

the 7 patients with 18F-FDG–negative results ranged from I to
IVC (eighth edition of the AJCC TNM staging system) (28). The
smallest primary tumor size detected by 68Ga-FAPI PET/CT was
5 3 3 mm. The mean SUVmax of

68Ga-FAPI for primary tumors
was 8.79 (range, 2.60–16.50), and the mean TBR value was 11.50
(range, 2.36–27.50). When compared with the contralateral normal
tissue, the primary tumor showed a remarkably higher uptake of
68Ga-FAPI, with a mean SUVmax ratio of 4.50 (range, 2.17–8.21).

TABLE 1
Patients Characteristics

Patient Sex Age (y) EBV-DNA status HPV status p16 status
Pathologic type of cervical

lymph node

1 M 52 P U U SCC

2 M 63 N P P SCC

3 M 58 N P P SCC

4 M 50 N U U AC

5 M 41 U P P AC

6 M 55 N U U SCC

7 M 54 N N N SCC

8 M 72 N U U SCC

9 M 61 N P N SCC

10 M 47 N N P SCC

11 M 62 N N N SCC

12 F 55 P N N SCC

13 M 63 N U U SCC

14 F 67 N U U SCC

15 M 40 N P P SCC

16 M 24 N N N SCC

17 M 55 N U U SCC

18 M 51 U P P SCC

EBV-DNA 5 Epstein-Barr virus DNA; HPV 5 human papillomavirus; P 5 positive; U 5 unknown; N 5 negative; AC 5 adenocarcinoma.

FIGURE 2. Box plots of SUVmax (A) and TBR (B) on 18F-FDG versus
68Ga-FAPI PET/CT.
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DISCUSSION

Identifying the primary tumor remains a concern for patients
with HNCUP, though the development in imaging, endoscopy,
and pathology techniques has progressed quickly. When no posi-
tive findings are obtained using noninvasive procedures, invasive
diagnostic procedures such as tonsillectomy are then performed;
these invasive procedures have a risk of bleeding or infection (5).
Thus, noninvasive methods may be needed for improving the
detection rate of primary tumor in HNCUP patients. This study
investigated the performance of 68Ga-FAPI PET/CT in identifying
the primary tumor of 18F-FDG–negative HNCUP. Our results
demonstrated that 68Ga-FAPI can dramatically improve the detec-
tion rate of primary tumor in HNCUP patients compared with 18F-
FDG. Furthermore, 68Ga-FAPI may show a performance similar
to 18F-FDG in assessing metastases.
In the current study, the detection rate of the primary tumor by

68Ga-FAPI PET/CT was 38.89% (7/18). Notably, these patients all
exhibited false-negative 18F-FDG PET/CT findings. Sites of false-
negative 18F-FDG PET/CT findings included the nasopharynx, pal-
atine tonsil, submandibular gland, and hypopharynx; these sites are
different from previously reported observations that the tonsil was

the most frequent false-negative location (16). Recently, Serfling
et al. (26) reported 68Ga-FAPI PET/CT showed a better visual
detection of the malignant primary in Waldeyer’s tonsillar ring
than 18F-FDG PET/CT. However, the representative cases could
provide positive findings of the primary site by 18F-FDG PET/CT
alone in terms of HNCUP. Another study demonstrated that an
SUVmax ratio of 18F-FDG uptake between tonsils of $1.6 could
be regarded as malignancy and used to guide biopsy (29). In this
study, 2 patients were diagnosed with palatine tonsil carcinoma
by tonsillectomy. Puzzlingly, 18F-FDG PET/CT revealed no visual
difference between right and left palatine tonsils in both cases. Fur-
thermore, the SUVmax ratios of

18F-FDG uptake were all approxi-
mately equivalent to 1.00 (1.07 and 1.04 for patients 2 and 3,
respectively), which was mistaken as physiologic uptake. By con-
trast, 68Ga-FAPI PET/CT showed intensive uptake in the tumor site
and low uptake in the normal site, resulting in a visual difference
(SUVmax ratio 5 3.46 and 8.21, respectively). In line with our
results, Syed et al. (25) demonstrated high 68Ga-FAPI avidity
within tumorous lesions and low background uptake in healthy tis-
sues of the head and neck region, again emphasizing the potential
role of 68Ga-FAPI PET/CT in detecting palatine tonsil carcinoma,
particularly in patients with 18F-FDG–negative results.

TABLE 2
Comparison of Metastatic Lesions on 18F-FDG and 68Ga-FAPI PET/CT in 18 Patients with HNCUP

Metastases Range of
metastases
size (mm)

18F-FDG 68Ga-FAPI P

Patient Location No. SUVmax TBR SUVmax TBR SUVmax TBR

1 LN 3 7–8 5.27 6 1.29 4.39 6 1.07 2.27 6 0.91 2.06 6 0.82

2 LN 2 7–20 6.55 6 0.92 7.28 6 1.02 7.10 6 0.42 5.92 6 0.35

3 LN 2 10–16 8.10 6 1.84 9.00 6 2.04 14.40 6 0.85 20.57 6 1.21

4 LN 16 7–22 10.78 6 3.13 11.98 6 3.48 13.69 6 4.19 22.81 6 6.98

Bone 1 N/A 8.00 8.89 18.20 30.33

5 LN 8 4–8 2.70 6 1.07 3.38 6 1.33 9.41 6 2.40 11.77 6 3.00

Bone 1 N/A 8.60 10.75 20.20 25.25

6 LN 2 17–22 5.60 6 4.24 8.00 6 6.06 5.35 6 0.92 5.94 6 1.02

7 LN 1 17 7.60 8.44 12.80 14.22

8 LN 1 38 25.60 36.57 15.20 19.00

9 LN 4 7–17 15.78 6 1.61 13.15 6 1.34 3.83 6 1.32 4.25 6 1.47

10 LN 1 27 7.30 9.13 3.10 2.58

11 LN 2 13–20 15.35 6 3.61 19.19 6 4.51 5.60 6 2.69 8.00 6 3.84

12 LN 3 13–21 10.80 6 5.17 18.00 6 8.62 5.63 6 3.82 8.05 6 5.46

13 LN 1 10 6.20 8.86 8.60 9.56

14 LN 8 5–11 6.81 6 4.30 11.35 6 7.17 7.60 6 3.31 8.44 6 3.68

15 LN 1 5 2.10 2.63 2.90 3.63

16 LN 3 12–26 12.63 6 2.29 14.04 6 2.55 11.87 6 3.27 14.83 6 4.08

Bone 15 N/A 8.08 6 3.19 8.98 6 3.55 5.33 6 3.86 6.66 6 4.83

17 LN 3 10–19 8.80 6 1.28 8.00 6 1.16 7.60 6 0.50 15.20 6 1.00

18 LN 4 4–18 11.08 6 9.02 11.08 6 9.02 7.58 6 3.51 9.47 6 4.39

Sum LN 65 4–26 9.05 6 5.29 10.65 6 6.59 9.08 6 4.69 12.80 6 8.11 0.975 0.100

Bone 17 N/A 8.11 6 3.00 9.08 6 3.35 6.96 6 5.87 9.14 6 8.40 0.478 0.976

PET semiquantitative parameters were presented as means with SD.
TBR 5 tumor-to-background ratio; LN 5 lymph node; N/A 5 not applicable.
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In addition to high-grade physiologic uptake in the head and neck,
small lesion size was the major reason for the false-negative 18F-FDG
findings due to the partial-volume effect and low tumor glucose
metabolic activity (30,31). In the current study, 18F-FDG PET/CT
missed 3 of 7 primary tumors because of their small size (diameter,
10 mm). Encouragingly, 68Ga-FAPI PET/CT revealed moderate
uptake (SUVmax 5 2.60, 3.20, and 3.60 for patients 1, 6, and 7,
respectively) and a clearly visual difference (SUVmax ratio 5 2.17,
2.91, and 3.27, respectively) in these primary tumors with small
size, which was consistent with previous research (24). 68Ga-FAPI
uptake is primarily based on the expression of FAP on CAFs in a

solid tumor microenvironment, and even
small T1 stage primary tumors could show a
moderate FAP expression (26). Thus, to
reduce the false-negative results by 18F-FDG
PET/CT, 68Ga-FAPI could serve as an alter-
native tracer for identifying small primary
tumors.
Most of the research focuses on SCC, as

it is the most frequent pathologic type of
HNCUP (3–5). However, other pathologic
types, such as adenocarcinoma and neuro-
endocrine carcinoma, may cause diagnostic
difficulties in clinical practice because of the
lack of information regarding these patho-
logic types. Moreover, for cervical metastatic
adenocarcinoma, diagnostic resection of the
salivary gland is not recommended even
after thorough noninvasive investigations.
Furthermore, salivary gland cancers show
a paucity of 18F-FDG avidity (32), which
was proven again in our study (patients 4
and 5). Several non–18F-FDG radiopharma-
ceuticals, for example, 18F-fluorothymidine,
68Ga-DOTA-somatostatin analogs, and 18F-
fluoromisonidazole, are recommended for
detecting the primary tumor of HNCUP

(33). However, these tracers are too specific to identify all types of
head and neck cancers. Promisingly, recent studies have demon-
strated 68Ga-FAPI can evaluate a broad spectrum of malignancies,
including adenocarcinoma, neuroendocrine carcinoma, and well-
differentiated carcinoma (23,24). In this study, 68Ga-FAPI showed
intensive uptake in the submandibular gland (SUVmax 5 16.50 and
15.80, respectively), providing sufficient information following sur-
gery. Notably, 68Ga-FAPI had a higher detection rate in adenocar-
cinoma (2/2, 100%) than SCC (5/16, 31.25%) of HNCUP,
indicating that 68Ga-FAPI was more sensitive to adenocarcinoma.
However, further research with larger sample sizes is needed to

verify this result.
Regarding the detection of regional and

distant metastases, the performance of 68Ga-
FAPI PET/CT varies among different studies
(24,26). In our study, 68Ga-FAPI PET/CT
showed a performance (P . 0.05) similar to
that of 18F-FDG PET/CT in detecting both
lymph node and bone metastases. Because
radiation therapy is one of the most impor-
tant modalities of treating HNCUP, the
advantages of 68Ga-FAPI PET/CT in both
primary tumors and metastases may play a
vital role in gross tumor volume delineation.
There are some limitations in this study.

The main limitation is the relatively small
number of patients and that the number of
pathologic types is imbalanced. In the
future, larger population cohort studies with
more cancer types need to be considered.
Additionally, immunohistochemistry for FAP
expression of primary tumors and metastases
is lacking. Hence, FAPI imaging and FAP
expression control studies are also necessary
in the future.

FIGURE 3. PET/CT scans with 18F-FDG (A) and 68Ga-FAPI (B) in 63-y-old male patient (patient 2)
with metastatic SCC of right neck. 18F-FDG PET/CT was negative for detection of primary. Increased
uptake of 18F-FDG was detected in palatine tonsils of both right and left sides (A, black and
white dashed circles; SUVmax 5 6.40 and 6.00, respectively), resulting an SUVmax ratio of 1.07.
On 68Ga-FAPI PET/CT, there was asymmetric fullness with intensive uptake in right palatine tonsil
(B, red arrow; SUVmax 5 8.30), whereas low background uptake was seen in left palatine tonsil
(SUVmax ratio 5 3.46). Subsequent tonsillectomy confirmed SCC. Black and white arrows indicate
metastatic lymph nodes.

FIGURE 4. PET/CT scans with 18F-FDG (A) and 68Ga-FAPI (B) in a 41-y-old male patient (patient 5)
with metastatic adenocarcinoma of right neck. 18F-FDG PET/CT was negative for detection of pri-
mary. On 68Ga-FAPI PET/CT, there was intensive uptake in right submandibular gland (B, red arrow;
SUVmax 5 15.80), whereas low background uptake was seen in left submandibular gland (SUVmax

ratio5 6.87). Subsequent surgery confirmed salivary ductal carcinoma. Black and white arrows indi-
cate metastatic lymph nodes.
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CONCLUSION

This study demonstrated that 68Ga-FAPI PET/CT can improve the
detection rate of the primary tumor in HNCUP patients with negative
18F-FDG findings. Furthermore, for evaluating metastatic lesions,
68Ga-FAPI PET/CT showed a performance similar to that of 18F-FDG
PET/CT. Because an improved detection rate is necessary in HNCUP,
future research on more patients with HNCUP should be consid-
ered to evaluate the clinical value of 68Ga-FAPI PET/CT.
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KEY POINTS

QUESTION: Does 68Ga-FAPI PET/CT have value for identifying the
primary tumor in HNCUP patients with 18F-FDG–negative results?

PERTINET FINDINGS: In this prospective study, 68Ga-FAPI PET/
CT improved the detection rate (38.89%) of the primary tumor in
HNCUP patients with negative 18F-FDG findings.

IMPLICATIONS FOR PATIENT CARE: Our study provides a new
strategy for identifying the primary tumor in patients with HNCUP,
which may change their treatment decisions.
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Pretreatment Levels of Soluble Tumor Necrosis Factor
Receptor 1 and Hepatocyte Growth Factor Predict Toxicity
and Overall Survival After 90Y Radioembolization: Potential
Novel Application of Biomarkers for Personalized
Management of Hepatotoxicity
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Liver function may be negatively affected by radiation for treatment
of hepatic malignancy. Pretreatment blood cytokine levels are
biomarkers for prediction of toxicity and survival after external-
beam radiation therapy. We hypothesized that cytokines may also pre-
dict outcomes after radioembolization, enabling a biomarker-driven
personalized approach to treatment.Methods: Pretherapy blood sam-
ples from patients enrolled on a prospective protocol evaluating 90Y
radioembolization for management of intrahepatic malignancy were
analyzed for 2 cytokines selected on the basis of prior studies in ste-
reotactic body radiotherapy, soluble tumor necrosis factor receptor 1
(sTNFR1) and hepatocyte growth factor (HGF), via enzyme-linked
immunosorbent assay, and key dosimetric parameters were derived
from posttreatment 90Y PET/CT imaging. Toxicity was defined as a
change in albumin–bilirubin score from baseline to follow-up (3–6 mo
after treatment). Associations of cytokine levels, dose metrics, and
baseline liver function with toxicity and overall survival were assessed.
Results: Data from 43 patients treated with 90Y radioembolization for
primary (48.8% [21/43]) or secondary (51.2% [22/43]) malignancy were
assessed. Examined dose metrics and baseline liver function were not
associated with liver toxicity; however, levels of sTNFR1 (P 5 0.045)
and HGF (P 5 0.005) were associated with liver toxicity in univariate
models. Cytokines were the only predictors of toxicity in multivariable
models including dose metrics and prior liver-directed therapy.
sTNFR1 (hazard ratio, 12.3; 95% CI, 3.5–42.5, P , 0.001) and HGF
(hazard ratio, 7.5; 95% CI, 2.4–23.1, P , 0.001) predicted overall sur-
vival, and findings were similar when models were controlled for
absorbed dose and presence of metastatic disease. Conclusion: Pre-
treatment cytokine levels predict liver toxicity and overall survival.
These pathways can be targeted with available drugs, an advantage
over previously studied dose metrics and liver function tests. Interven-
tions directed at the TNFa-axis should be considered in future studies
for prevention of liver toxicity, and HGF should be explored further to
determine whether its elevation drives toxicity or indicates ongoing
liver regeneration after prior injury.

KeyWords: inflammation; cytokines; liver; toxicity

J Nucl Med 2022; 63:882–889
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R adioembolization with microspheres containing 90Y is an
established approach for treatment of malignancies involving the
liver (1). A pretreatment 99mTc-macroaggregated albumin scan is
used to assess for enteric and pulmonary shunting before treatment
with glass microspheres administered to achieve a dose to the tar-
geted liver of 80–150 Gy (2). This approach currently relies on cal-
culations that include perfused liver mass and pulmonary shunt
fraction, but recent data suggest that the use of more personalized
dosimetry can result in improved response rates with low rates of
toxicity (3–7).
Side effects of radioembolization have been well characterized

and include lung toxicity, gastrointestinal toxicity, and hepatotoxic-
ity (8). Multiple studies have found that baseline liver function and
dosimetry predict hepatotoxicity after radioembolization, suggest-
ing that both should be considered for risk reduction (6,7,9,10). In
contrast, our group and others have previously found that unin-
volved liver absorbed dose does not correlate with toxicity (11,12).
Though there remains some debate as to the importance of dose for
toxicity prediction, it is important to consider other factors that
show promise for prediction of liver toxicity after stereotactic
body radiotherapy (SBRT) that might be applied to benefit patients
receiving radioembolization.
Studies of liver toxicity after SBRT have shown that pretreatment

levels of hepatocyte growth factor (HGF) and tumor necrosis factor
receptor 1 (TNFR1) in soluble form (sTNFR1) predict hepatic injury
after treatment (13–15). Additionally, baseline cytokine levels and
inflammation-related lab values predict overall survival, suggesting
even broader potential application of pretreatment lab-based studies
(14,16). However, the linkage between these markers and overall
survival has multiple potential explanations (e.g., relationships
between markers and baseline liver status, risk of liver toxicity,
local disease progression, systemic disease, or comorbid condi-
tions). We have previously proposed that select cytokines portend
an inflammatory state that could be targeted with the goal of reduc-
ing toxicity after radiation (13). Prior studies of hepatotoxicity and
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survival after radioembolization have focused on dose metrics and
liver function assessment, but some have considered blood cytokine
levels (17–19). To date, no study—to our knowledge—has simulta-
neously considered dose metrics, liver function, and biomarkers. We
hypothesized that hepatotoxicity and overall survival after 90Y radio-
embolization may be predicted by baseline cytokine levels and that
these biomarkers might guide personalized treatment.

MATERIALS AND METHODS

Study Population, Sample Collection, and Storage
Individuals with hepatic malignancy slated to receive treatment via

90Y radioembolization (TheraSphere; BTG International Ltd.) at the Uni-
versity of Michigan University Hospital (March 2017 to February 2020)
who met eligibility criteria (ability to undergo imaging, follow-up at
the University of Michigan, and informed consent) were enrolled pro-
spectively into an Institutional Review Board–approved research study
(UMCC 2016.090; HUM00118705) that included a blood draw and
90Y PET/CT imaging. Participants provided written informed consent.
Blood samples were collected before radioembolization; serum and
plasma were prepared and stored (280"C) until analysis, which was per-
formed in March 2020 in 1 batch after the last patient was enrolled.

Treatment
Before 90Y treatment, each patient underwent a 99mTc-macroaggre-

gated albumin scan to assess for shunting. The treating team adhered to
standard guidelines for delivery of 80–150 Gy to the entirety of the
treated liver lobe (40/43 lobar treatments; 3/43 selective treatments).
Dose selection but not treatment strategy (selective vs. lobar) depended
on disease histology, lung shunt, and baseline liver function. To achieve
target doses, administered activities 0.5–12.6 GBq were delivered using
microspheres with specific activity 107–1542 Bq/sphere.

Imaging and Segmentation
Posttreatment 90Y PET/CT imaging reconstruction, registration, and

segmentation were as described previously (12) and are summarized
here. PET/CT imaging was performed within about 2 h (average, 2.5 h;
range, 1–5 h) of radioembolization, with an acquisition time of about
30 min over a field encompassing the liver and portions of the thorax.
Lesion contours segmented on pretreatment diagnostic CT or MRI by
an experienced radiologist were transferred to 90Y PET/CT after rigid
registration (MIM Software), with fine adjustment of location, guided
by PET and CT, when misregistration was evident. A total of 1–5
lesions larger than 2 cm3 were segmented per patient. For the current
study, liver segmentation was performed on the CT portion of PET/CT
using deep learning–based tools (MIM Software). The liver volume
minus the sum of segmented lesions (including a 1-cm expansion zone
around each lesion to account for PET resolution) constituted the non-
tumoral liver volume that included the noninjected lobe (Fig. 1).

Dose Variables
Voxel dosimetry was performed by coupling the quantitative 90Y PET/

CT images with explicit Monte Carlo radiation transport as described pre-
viously (12). Voxels within lesions and nontumoral liver were scaled by
volume-dependent recovery coefficients for a mean-value partial-volume
correction (12). The following liver dose metrics were collected for the
entire nontumoral liver volume: mean liver physical absorbed dose (MLD),
mean liver biologically effective dose (BED; a/b, 2.5 Gy; cell repair cons-
tant, 0.28 h21 (6)), BED to radiation delivered at 2 Gy/fraction, maximum
dose to the coldest xx% (DCxx), and maximum dose to the coldest
700 cm3 (DC700cc). DCxx and DC700cc were expressed as BED for
DCxx (BEDCxx) and for DC700cc (BEDC700cc), respectively (20). As a
surrogate for macroscopic nonuniformity, we calculated (DC10 2 DC90)/
DC50 and DC10 2 DC90. Some patients received multiple treatments.

When time between treatment was 90 d or less, dose values were generated
using the summed PET/CT dose map from both treatments (Supplemental
Fig. 1; supplemental materials are available at http://jnm.snmjournals.org).
In this case, before summation the 2 dose maps were aligned on the basis
of a CT–CT rigid registration (MIM Software) with manual fine-tuning.
Summation of dosimetric data for treatments given no more than 90 d apart
was performed because it was felt that 90 d constitutes a first portion of the
radiation response likely lasting at least 7–9 mo as shown in the literature
on radiation-induced liver injury and in studies of hypertrophy after radio-
embolization (21,22). Therefore, it is less likely that this 90-d period would
be sufficient for significant recovery to occur before the second injury.
Dose metrics from the first treatment were used if time between treatments
was more than 90 d.

Toxicity Assessment
Previous work has established albumin–bilirubin (ALBI) score [0.66 3

log10bilirubin (mmol/L) 2 0.085 3 albumin (g/L)] as a measure of liver
function (23). The difference between ALBI score at baseline and a follow-
up assessment at 3–6 mo was defined as DALBI. A positive DALBI is
indicative of worsening liver function, considered the toxicity outcome in
the current work. Additionally, relevant laboratory-based assessments were
collected using Common Terminology Criteria for Adverse Events, version
5, within 6 mo of treatment for alanine aminotransferase, aspartate amino-
transferase, alkaline phosphatase, and total bilirubin.

Cytokine Quantification
HGF (serum) and sTNFR1 (plasma) were quantified in appropriate

specimens using Quantikine enzyme-linked immunosorbent assay kits
(R&D Systems): DRT100 (sTNFR1) and DHG00B (HGF). Assays
were performed according to manufacturer recommendations without
variation. After assay development, absorbance data were collected
and analyzed using a Synergy HT plate reader and Gen5 software,
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FIGURE 1. Example baseline MRI (A) and 90Y PET/CT (B) after treatment
(3.2 GBq) are shown. Lesion contours (green) were defined on MRI and
applied to coregistered PET/CT. Nontumoral liver (red) accounts for 1-cm
expansion around lesions to address PET resolution. Dose map (C) and
DVH (D) are provided for treatment with MLD 24 Gy and DC90 48 Gy.
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respectively, (BioTek Instruments). Cytokine concentrations were
determined through comparison to standards.

Statistical Methods
Correlations among the nontumoral liver dose metrics were mea-

sured using the Pearson correlation coefficient (r). Cytokine values
were log-transformed because of outliers. Univariate associations of
DALBI and each of the dose metrics, HGF, and sTNFR1 were
assessed using scatterplots. On the basis of the scatterplots, linear
trends were identified. Univariate linear models with dose metrics,
cytokines, or baseline disease factors were constructed. Multivariable
models using the cytokines, dose metrics, and clinical factors were
constructed. The association between cytokines and overall survival
was assessed. Kaplan–Meier curves of overall survival stratified by
median values of each cytokine were constructed and compared using
the log-rank test. Univariate Cox proportional hazards models were fit
to quantify the effect of cytokines on risk of death. The Harrell c-index
was used to quantify the predictive accuracy of survival models. Analyses
were completed using R, version 4.0.3.

RESULTS

Overview
Data were available from 43 patients with a median age 65.0 y

(range, 37.0–82.0) treated with 90Y radioembolization for hepato-
cellular carcinoma (37.2% [16/43]), cholangiocarcinoma (11.6%
[5/43]), or metastatic (51.2% [22/43]) malignancy (Table 1). Most
patients (62.8% [27/43]) had a pretreatment Child–Pugh score of
5. Toxicity outcome assessments included 34/43 (79.1%) patients
with available DALBI. The median follow-up for toxicity was
6.0 mo. Most patients (82.4% [28/34]) had a positive DALBI, sig-
nifying worsening liver function. Six-month Common Terminol-
ogy Criteria for Adverse Events, version 5, grade toxicity data for
liver-associated laboratory studies are provided in Supplemental
Table 1. Median follow-up for survival was 10.9 mo, and 25 of 43
patients died during follow-up.

Absorbed Dose and Toxicity
Dose metrics are summarized in Table 1. Assessments included

evaluation of relationships between dose metrics themselves and
relationships between dose metrics and DALBI. Strong pairwise
correlations were noted for MLD, BED, and BED to radiation
delivered at 2 Gy/fraction (r . 0.8, Supplemental Table 2).
BEDC10, BEDC30, BEDC90, and BEDC700cc also strongly cor-
related with DC10, DC30, DC90, and DC700cc, respectively (r .

0.96, Supplemental Table 2). Simple linear fits demonstrated the
greatest positive associations between 3 dose metrics in particular
(MLD, DC700cc, and DC90) and DALBI (Supplemental Fig. 2);
however, none of these associations were statistically significant
(Table 2). Only MLD and DC90 were selected for multivariable
modeling because of strong relationships that were noted between
dose metrics and the identification of a subset of metrics, including
MLD and DC90, with the strongest associations with DALBI.
The effect of dose heterogeneity on toxicity was also examined,
and neither of 2 measures of dose uniformity that we evaluated,
(DC10 2 DC90)/DC50 or DC10 2 DC90, were associated with
toxicity (Table 2).

Cytokines and Toxicity
Higher baseline levels of sTNFR1 and HGF were associated

with a larger DALBI (Fig. 2). Formal models were constructed to
characterize relationships between cytokine levels at baseline and
toxicity as measured by DALBI. Baseline HGF (P 5 0.005) and

sTNFR1 (P 5 0.045) were significantly associated with greater
liver toxicity (Table 2). Metastatic disease, baseline ALBI score,
baseline cirrhosis, number of prior liver-directed therapies, and
number of prior systemic therapies were not significantly associ-
ated with toxicity.

TABLE 1
Summary of Patient Characteristics, Radiation Dose, and

Outcomes

Variable Summary

n 43

Age at 90Y (y) 65.0 (37.0–82.0)

Female sex 17 (39.5)

White race 38 (88.4)

Baseline cirrhosis 16 (37.2)

Cancer details —

Primary 21 (48.8)

HCC 16 (37.2)

Metastatic 22 (51.2)

Treatment history —

Prior liver-directed therapy 15 (34.9)

Prior systemic therapy 26 (60.0)

Two 90Y treatments 14 (32.6)

Baseline liver scores —

Child–Pugh —

5 27 (62.8)

6 11 (25.6)

7 1 (2.3)

8 Not applicable

9 1 (2.3)

Unavailable 3 (7.0)

MELD-NA 9.0 (6.4–18.7)

Baseline ALBI 22.70 (23.38 to 21.28)

Dose metrics (Gy) —

Mean dose 50.2 (1.2–132.1)

Mean BED 145.1 (1.3–770.5)

DC10 0.9 (0.0–40.0)

DC90 128.7 (1.7–345.1)

DC700cc 15.7 (0.2–203.1)

Baseline cytokines (pg/mL) —

sTNFR1 1,736.5 (924.4–5,518.0)

HGF 2,557.7 (1,328.1–6,876.2)

Outcomes —

Toxicity follow-up (mo) 6.0 (3.0–6.0)

DALBI (n 5 34) 0.3 (20.3 to 1.9)

Positive DALBI (n 5 34) 28 (82.4)

Overall survival follow-up (mo) 10.9 (1.2–41.8)

Number of deaths 25 (58.1)

Continuous factors are summarized as median and range; and
categoric factors are summarized as number and percentage.
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After discovering that a subset of the selected cytokines predicted
toxicity, multivariable toxicity models incorporating select dose met-
rics, cytokines, and clinical covariates were constructed (Table 3).
HGF (P , 0.002) and sTNFR1 (P , 0.030) were significant predic-
tors of toxicity, when models were adjusted for baseline ALBI score,
receipt of prior liver-directed therapy, and either MLD or DC90.
Models with DC700cc demonstrated similar findings (Supplemental
Table 3). Relationships among cytokines were assessed to determine
whether they provide independent information. Baseline HGF and
sTNFR1 correlated positively (r 5 0.50, Supplemental Table 4);
when a multivariable toxicity model including both cytokines was
constructed, only HGF was significant (Supplemental Table 5).

Cytokines and Overall Survival
After determining that cytokine levels were associated with toxic-

ity, we examined cytokines for prediction of overall survival. Baseline
sTNFR1 (P 5 0.010; Fig. 3A) and HGF (P 5 0.011; Fig. 3B) above

the median for each cytokine were associated with worse survival.
Median overall survival was 33.3 mo (95% CI [10.9, not applicable
(NA)]) and 10.9 mo (95% CI [5.9, NA]) for those with baseline
sTNFR1 concentration below versus above the median, respectively
(Table 4). Median overall survival was 33.3 mo (95% CI [10.9, NA])
and 9.8 mo (95% CI [6.4, NA]) for those with baseline HGF concen-
trations below versus above the median, respectively (Table 4).
Continuous models found that elevated levels of sTNFR1 (HR, 12.3;

P , 0.001; c-index, 0.71) and HGF (HR, 7.5; P , 0.001; c-index,
0.69) were significantly associated with increased risk of death (Table
5). No dose metrics predicted survival (Supplemental Table 6). In mul-
tivariable models adjusting for DC90 or MLD and metastatic disease,
sTNFR1 and HGF were strong predictors of survival (P, 0.001).

DISCUSSION

In the current study, we show that baseline elevations in HGF
and sTNFR1 levels predict liver toxicity and overall survival
after 90Y radioembolization for management of hepatic malig-
nancy, validating our previous findings in the setting of SBRT
(13,14). Levels of these soluble signaling molecules appear to
be more important for prediction of toxicity than radiation dose
and even baseline liver function in patients with both primary
and secondary hepatic malignancy. With additional studies,
these biomarkers could be used to guide patient care in the pre-
treatment setting by providing valuable prognostic information
regarding both toxicity and overall survival. As signaling
through both entities is targetable, our findings support future
trials of interventions in the pretreatment setting for prevention
of hepatotoxicity after radioembolization.
Many have implicated TNFa as a potential mediator of inflam-

matory signals that result in liver injury (24,25). TNFR1 is a

TABLE 2
Univariate Linear Models for DALBI

Model Covariate Coefficient R2 95% CI LB 95% CI UB P

1 MLD 0.001 0.004 20.004 0.006 0.737

2 BED 0.000 0.0001 20.001 0.001 0.951

3 DC10 0.001 0.0002 20.017 0.018 0.940

4 DC30 20.001 0.001 20.009 0.007 0.866

5 DC90 0.001 0.028 20.001 0.003 0.348

6 DC700cc 0.001 0.004 20.002 0.003 0.734

7 DC10 2 DC90 20.001 0.029 20.003 0.001 0.333

8 (DC10 2 DC90)/DC50 0.001 0.013 20.002 0.005 0.524

9 Log(sTNFR1) 0.477 0.119 0.029 0.925 0.045

10 Log(HGF) 0.572 0.222 0.201 0.944 0.005

11 Pre-90Y liver therapies (n) 20.020 0.002 20.171 0.130 0.792

12 Cirrhosis 0.195 0.044 20.122 0.513 0.236

13 Metastatic 20.082 0.008 20.400 0.236 0.615

14 Baseline ALBI score 0.014 0.0001 20.385 0.413 0.947

15 Baseline Child–Pugh 5 6 0.077 0.005 20.307 0.462 0.696

Baseline Child–Pugh 5 7 20.006 20.968 0.956 0.990

16 Pre-90Y systemic therapies (n) 20.087 0.042 20.232 0.058 0.247

LB 5 lower bound; UB 5 upper bound.

0.0

0.5

1.0

1.5

2.0

7.0 7.5 8.0 8.5
log(sTNFR1)

!A
LB

I

A

0.0

0.5

1.0

1.5

2.0

7.2 7.6 8.0 8.4
log(HGF)

!A
LB

I

B

FIGURE 2. Scatterplots of log-transformed sTNFR1 (A) and HGF (B) vs.
DALBI. Solid red line represents simple linear fit.
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ubiquitously expressed plasma membrane–associated molecule
that transduces extracellular signals into the intracellular environ-
ment (26). The soluble form of TNFR1 (sTNFR1) is released con-
stitutively, but sTNFR1 shedding increases with exposure to
TNFa (27–29). Elevated sTNFR1 levels are associated with liver
inflammation (30). Two key preclinical studies linked radiation to
liver injury mediated by the TNFa axis. First, when hepatocytes
were irradiated in the presence of TNFa, higher levels of apoptotic
cell death were observed (31). Second, hepatocyte apoptosis was
prevented in irradiated cells when they were treated with antisense
oligonucleotides against TNFR1 in the presence of TNFa (32).
Therefore, sTNFR1 represents a stable analyte for assessment of
TNFa signaling that has previously been linked to liver toxicity
after SBRT (13) and for the first time has been linked to liver tox-
icity after 90Y radioembolization in the current study.
HGF was also predictive of liver toxicity after SBRT, as previ-

ously shown by our group and others (14,15). The mechanism

through which one might explain these relationships is less clear.
c-MET, the major downstream signaling target of HGF, is a recep-
tor tyrosine kinase (33), and HGF signaling through this molecule
is mitogenic, driving regeneration after liver injury or resection
(34–36). However, there is some disagreement in the literature
as to whether c-MET promotes hepatocyte recovery or fibrosis
(37,38). HGF-MET signaling has also been linked to unfavorable
tumor characteristics, including metastasis and invasion (33).
Our finding that sTNFR1 and HGF predicted liver toxicity after

90Y radioembolization presents multiple potential opportunities for
personalized medicine. Food and Drug Administration–approved
small-molecule inhibitors targeting the TNFa axis and c-MET, the
signaling partner of HGF (39,40), should be considered in future
clinical trials for prevention of toxicity. The fact that these signal-
ing entities (sTNFR1 and HGF) might be targeted for potential
therapeutic gain constitutes a major advantage over biomarkers or
scores that can direct only treatment adaptation or avoidance.

However, further study of HGF is needed
before targeting this entity to ensure that
HGF is driving toxicity and not simply ele-
vated in the setting of liver recovery (18).
The impact of dose on liver toxicity after

radioembolization has been widely dis-
cussed in the 90Y literature (6). We did not
note associations between dose and toxic-
ity, though others have shown the presence
(10) or absence (11,12) of such relation-
ships. One explanation for this difference is
that our sample included a nearly even
mixture of those with primary and sec-
ondary malignancy with generally good
liver function. Additionally, our sample
size was small. Despite our findings, we

TABLE 3
Multivariable Linear Models for DALBI

Model Covariate Coefficient 95% CI LB 95% CI UB P

1 MLD 0.003 20.002 0.008 0.319

Log(sTNFR1) 0.622 0.099 1.145 0.027

Baseline ALBI score 20.166 20.583 0.251 0.442

Prior liver-directed therapy 20.026 20.362 0.311 0.883

2 MLD 0.003 20.001 0.008 0.181

Log(HGF) 0.709 0.285 1.133 0.003

Baseline ALBI score 20.143 20.514 0.229 0.458

Prior liver-directed therapy 0.079 20.246 0.405 0.636

3 DC90 0.002 20.0004 0.004 0.124

Log(sTNFR1) 0.628 0.132 1.125 0.019

Baseline ALBI score 20.081 20.493 0.331 0.702

Prior liver-directed therapy 20.034 20.359 0.290 0.837

4 DC90 0.002 20.00003 0.004 0.064

Log(HGF) 0.706 0.306 1.106 0.002

Baseline ALBI score 20.045 20.414 0.324 0.813

Prior liver-directed therapy 0.065 20.245 0.375 0.686

LB 5 lower bound; UB 5 upper bound.
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FIGURE 3. Kaplan–Meier curves for overall survival stratified by median value of sTNFR1 (A) and
HGF (B) with log-rank P value.
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encourage continued efforts toward more personalized dosimetry to
balance disease control and toxicity given positive results in recent
studies (5,9).
Relationships between signaling molecules and overall survival

are more difficult to explain than the toxicity relationships reviewed
above. It is important to consider nonliver or nononcologic disease
states along with liver disease, cancer status, and treatment toxicity
as potential explanations for both increases in cytokines and worse
survival. Regardless of the potential mechanistic explanations, these
relationships are significant and should be evaluated in future studies
with the goal of applying their prognostic power to guide clinical
decision making.
There are several weaknesses of this work that we would like to

note. The study was relatively small and was conducted at a single
institution, suggesting that analyses might have been underpow-
ered and that a limited number of treatment scenarios might have
been captured. Though care was taken in registration of images
and segmentation, it is not possible to eliminate the impact of mis-
registration on dosimetric calculations. The impact of

misregistration and the use of rigid registration for dose accumula-
tion are limitations of the study. Though beyond the scope of this
study, additional studies are needed to determine the value of
deformable registration for 90Y and if changes in technique (e.g.,
higher exposure, use of contrast) of the CT of PET/CT are neces-
sary to yield accurate deformable maps from a diagnostic quality
scan to CT of PET/CT that is performed without contrast and with
low mAs. Respiratory motion effects might also impact dosimetric
calculations, though mean nontumoral liver dose, which is the
dose metric we focus on in the current paper, has been shown to
be insensitive to respiratory motion up to 4 cm in a simple phan-
tom study (41). Furthermore, although we evaluated macroscale
level heterogeneity indices, the impact of dose deposition nonuni-
formity at the microscale level (42,43) was not evaluated because
of the challenges of doing this with resolution capabilities of PET.
Despite these limitations, this study validates prior work in SBRT
demonstrating the importance of cytokines for toxicity prediction
after liver irradiation. When combined with prior work demon-
strating relationships between disease response and 90Y PET

TABLE 5
Univariate and Multivariable Cox Proportional Hazards Model Results for Overall Survival

Model Covariate HR 95% CI LB 95% CI UB P c-index

1 Log(sTNFR1) 12.27 3.54 42.53 ,0.001 0.71

2 Log(HGF) 7.48 2.42 23.08 ,0.001 0.69

3 MLD (Gy) 0.99 0.98 1.01 0.403 0.58

4 DC90 (Gy) 0.99 0.99 1.00 0.383 0.55

5 Log(sTNFR) 18.76 4.95 71.14 ,0.001 0.71

Metastatic 2.27 0.87 5.93 0.093

DC90 (Gy) 0.99 0.99 1.00 0.521

6 Log(HGF) 15.32 3.93 59.74 ,0.001 0.72

Metastatic 2.98 1.01 8.81 0.049

DC90 (Gy) 0.99 0.99 1.00 0.516

7 Log(sTNFR) 19.32 5.12 72.86 ,0.001 0.70

Metastatic 2.36 0.92 6.05 0.075

MLD (Gy) 0.99 0.98 1.01 0.348

8 Log(HGF) 15.60 4.05 60.14 ,0.001 0.72

Metastatic 3.22 1.05 9.90 0.042

MLD (Gy) 0.99 0.98 1.01 0.426

LB 5 lower bound; UB 5 upper bound.

TABLE 4
Median Overall Survival Estimates, 95% CIs, and Number of Deaths by Median Values of Each Cytokine

Cytokine Median overall survival (mo) 95% CI LB 95% CI UB Deaths (n) Deaths (n)

sTNFR1 # median 33.3 10.9 NA 10 45.5

sTNFR1 . median 10.9 5.9 NA 15 71.4

HGF # median 33.3 10.9 NA 9 40.9

HGF . median 9.8 6.4 NA 16 76.2

LB 5 lower bound; UB 5 upper bound.
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dosimetry (12), the findings of the current study hold great prom-
ise for personalized treatment planning. This study will inform
larger clinical studies in the SBRT and radioembolization spaces
to select and validate biomarker cut points to facilitate their use in
patient selection and to test approaches to directly target processes
driving liver damage in those at higher risk for toxicity.

CONCLUSION

HGF and sTNFR1 levels before 90Y radioembolization predict
both posttreatment hepatotoxicity and overall survival. These find-
ings support larger studies to identify cutoffs for signaling mole-
cules, a clinical trial of TNF axis inhibitors for prevention of liver
toxicity, and further preclinical examination of the relationship
between HGF and liver toxicity. These data will facilitate the
development of novel biomarker-based approaches for prediction
and intervention to address hepatotoxicity after radioembolization,
an improvement over using only dosimetry and liver function
assessments that have been the focus of hepatotoxicity prevention
efforts to date.
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KEY POINTS

QUESTION: Do baseline cytokine levels predict liver toxicity or
overall survival in those treated with 90Y radioembolization for
hepatic malignancy to enable a novel biomarker-driven personal-
ized approach to treatment?

PERTINENT FINDINGS: Pretreatment HGF and sTNFR1 levels
predicted liver toxicity and overall survival, while 90Y PET/
CT–derived absorbed dose metrics did not.

IMPLICATIONS FOR PATIENT CARE: With further study and
validation, HGF or sTNFR1 might be used for pretreatment
patient stratification or treatment adaptation to avoid toxicity.
Interventional trials of TNFa axis–modifying agents and c-MET
inhibitors should be considered.
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Fibroblast activation protein inhibitor (FAPI) PET/CT is a new tool in the
diagnostic workup of cancer. With a growing volume of applications,
pitfalls and common findings need to be considered for 68Ga-FAPI
PET/CT image interpretation. The aim of this study was to summarize
common findings and report pitfalls in 68Ga-FAPI PET/CT. Methods:
Ninety-one patients underwent whole-body PET/CT with either FAPI-04
(n 5 25) or FAPI-46 (n 5 66). Findings were rated in a consensus ses-
sion of 2 experienced readers. Pitfalls and common findings were
defined as focal or localized uptake above the background level and
categorized as unspecific or nonmalignant and grouped into degenera-
tive, muscular, scarring/wound-healing, uterine, mammary gland, and
head-and-neck findings. The frequency of findings was reported on a
per-patient and per-group basis, and SUVmax, SUVmean, and SUVpeak
were measured. Results: Non–tumor-specific uptake was found in
81.3% of patients. The most frequent finding was uptake in degenera-
tive lesions (51.6%), with a mean SUVmax of 7.7 6 2.9, and head-and-
neck findings (45.1%). Except for the salivary glands, the uptake values
did not differ between 10 and 60 min after injection in most findings.
Uterine uptake was found inmost women (66.7%), with a mean SUVmax

of 12.2 6 7.3, and uptake correlated negatively with age (SUVmax,
r5 20.6, P, 0.01; SUVpeak, r5 20.57, P, 0.01; SUVmean, r5 20.58,
P , 0.01). Conclusion: Pitfalls include non–tumor-specific 68Ga-FAPI
uptake in degenerative lesions, muscle, the head and neck, scarring,
the mammary glands, or the uterus. Here, we summarize the find-
ings to help readers avoid common mistakes at centers introduc-
ing 68Ga-FAPI PET/CT.

Key Words: cancer imaging; FAPI; fibroblast activation protein; PET;
pitfalls

J Nucl Med 2022; 63:890–896
DOI: 10.2967/jnumed.121.262808

Fibroblast-activation protein (FAP) is a protein commonly
expressed in cancer-associated fibroblasts, which are present in the
stroma of 80%–90% of all cancers. Mediators produced by carcinoma-
associated fibroblasts influence tumor cells on many levels by promot-
ing tumor angiogenesis, migration, and proliferation (1,2). In normal

fibroblasts, the structurally similar enzyme dipeptidyl peptidase 4 is
expressed, whereas FAP is not expressed (3,4). On this basis, a metaa-
nalysis of 15 studies proved that FAP overexpression in solid tumors is
associated with a poor outcome and is distinctly present in tumor cells
compared with normal tissue (5). Therefore, FAP has become a highly
promising target for novel cancer therapeutics and diagnostics.
In 2018, Loktev et al. showed that DOTA-containing FAP

inhibitors (FAPIs) can be coupled with 68Ga and used for PET
imaging of multiple tumor entities, such as breast, colon, lung, and
pancreatic cancer (6). Since then, clinical evidence has been grow-
ing for FAP-targeted PET.

TABLE 1
Patient Characteristics

Characteristic Data

Overall 91

Age (y)

Mean 57.4 (SD, 13.3)

Median 58.0 (range, 18.0–83.0)

Sex

Female 42 (46.2%)

Male 49 (53.8%)

Oncologic diagnosis 76

Pancreatic cancer 28 (36.8%)

Sarcoma 16 (21.1%)

Lung cancer 10 (13.2%)

Other 22 (28.9%)

Nononcologic diagnosis 15

CAD 10 (66.7%)

Atrial fibrillation 3 (20.0%)

Other 2 (13.3%)

FAP radiotracer

FAPI04 25 (27.5%)

FAPI46 66 (72.5%)

CAD 5 coronary artery disease.
Data are number followed by percentage in parentheses,

except for age.
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It was recently shown that 68Ga-FAPI PET can identify tumor
lesions in various malignancies, with clinically beneficial tracer
kinetics and lower tracer-to-background ratios than for 18F-FDG
(7–10). Furthermore, 68Ga-FAPI showed a biodistribution similar
to that of 18F-FDG, with lower background uptake (7). Because
tracer kinetics are independent from blood glucose levels, dietary
arrangements are not needed for adequate imaging. Although
promising data on this new radiotracer are increasing, false-positive
results have been increasingly observed as well, such as in fibrotic
or scar tissue (7). Recently, cases of nonmalignant diseases with
FAPI uptake have been emerging, leading to questioning of the ini-
tially proclaimed tumor specificity (11–17).
After the introduction of a novel radiotracer, various potential

pitfalls emerge over time and need to be summarized for the
imaging community. Challenging findings have been reported in
the past, such as for prostate-specific membrane antigen PET,
for which a variety of false-positive findings have been found
(18,19).
The aim of this study was to evaluate the frequency and inten-

sity of common unspecific uptake patterns or pitfalls in 68Ga-FAPI
PET/CT in oncologic and nononcologic patients. We present data
from our single-center retrospective study.

MATERIALS AND METHODS

Patients
One hundred five patients who underwent

clinically indicated 68Ga-FAPI PET/CT with
either FAPI-04 or FAPI-46 between October
2018 and July 2020 were screened for eligibil-
ity. Only patients who had undergone whole-
body PET/CT were included in the analysis,
which led to the exclusion of 14 patients.
All patients were referred for 68Ga-FAPI PET/
CT by treating physicians because of diagnos-
tic challenges in oncologic and nononcologic
diseases. All reported investigations were
conducted in accordance with the Helsinki
Declaration and with national regulations. The
retrospective analysis was approved by the
local Ethics Committee (permits 20-9485-BO
and 20-9777-BO). Radiolabeling and adminis-
tration of 68Ga-FAPI-04 and 68Ga-FAPI-46
complied with national and regional regula-
tions for unproven interventions.

Image Acquisition
PET scans were obtained on a PET/CT system (Biograph mCT or

Vision; Siemens). Two scans were performed approximately 10 and
60min after injection. The injected activity of 68Ga-FAPI was 149.7 6

37.9 MBq. All PET images were iteratively reconstructed (Vision: 4 itera-
tions, 5 subsets, 220 3 220 matrix, gaussian filtering of 5 mm; mCT: 3
iterations and 21 subsets) with time-of-flight information, using the dedi-
cated software of the manufacturer (syngo MI.PET/CT; Siemens). Low-
dose CT was acquired for attenuation correction (30mAs, 120 keV, 512
3 512 matrix, 3-mm slice thickness) in cases of CT imaging.

Image Evaluation
Unspecific or nontumor findings were defined as findings not related

to the respective disease or the purpose of the scan. Findings were rated
in a consensus session by 2 experienced nuclear medicine physicians,
with availability of all clinical and imaging information, and were
reported along with SUV, SUVmax, SUVpeak, and SUVmean 10 min and
60 min after tracer injection. Equivocal findings that could not clearly
be discriminated from tumor or malignant lesions were not measured.
Findings were grouped in major categories: degenerative findings, scar-
ring and wound healing, focal or localized muscle uptake, mammary
gland uptake, uterine uptake, and head-and-neck uptake (e.g., salivary
glands, extraocular muscles, and dental foci).

FIGURE 1. Patient selection flowchart.

TABLE 2
Pitfalls Listed Separately for Categories and Groups

Pitfall All (n 5 91) FAPI-04 (n 5 25) FAPI-46 (n 5 66) P

Unspecific or non–tumor-specific findings 74 (81.3%) 17 (68.0%) 57 (86.4%) 0.06

Bone degenerative lesions 47 (51.6%) 8 (32.0%) 39 (59.1%) 0.41

Focal or localized muscle uptake 26 (28.6%) 7 (28.0%) 19 (28.8%) 0.99

Scarring or wound healing 18 (19.8%) 4 (16.0%) 14 (21.2%) 0.77

Mammary glands 7 (7.7%) 2 (8.0%) 5 (7.6%) 0.99

Uterus (n 5 36) 24 (66.7%) 7 (19.4%) 17 (47.2%) 0.99

Head and neck (dental uptake, salivary glands, nasal mucosa) 41 (45.1%) 11 (44.0%) 30 (45.5%) 0.99

Data are number followed by percentage in parentheses.

68GA-FAPI PET PITFALLS ! Kessler et al. 891



SUV parameters were calculated by 3-dimensional volumes of
interest using e.soft software (Siemens) at a 50% isocontour. The
unspecific background in the blood pool (aortic vessel content), liver,
and muscle was quantified with a circular 2-cm-diameter sphere.

Statistical Analysis
Statistical analyses were performed using

Prism (version 9.1.0; GraphPad Software).
Quantitative values were expressed as mean 6

SD or as median and range when appropriate.
Data were tested for a gaussian distribution
using Shapiro–Wilk testing. When there was a
gaussian distribution, paired Student t testing
was used. Nonparametric data were compared
using a Mann–Whitney U test. For bivari-
ate correlation analyses, Spearman or Pear-
son correlation coefficients were calculated.
For comparison of distribution, contingency
testing using the Fisher exact test was used.
All statistical tests were performed 2-sided,
and a P value of less than 0.05 was consid-
ered to indicate statistical significance.

RESULTS

Patient characteristics are given in Table 1.
In total, 91 patients were included in the
analysis, primarily with a diagnosis of can-
cer (83.5%). Twenty-five patients (27.5%)

were scanned with 68Ga-FAPI-04, and 66 patients (82.5%) were
scanned with 68Ga-FAPI-46 (Fig. 1).
In most patients (81.3%), there was at least one reported find-

ing that was rated as not related to the respective disease and

FIGURE 2. Degenerative lesions, associated mostly with joints and osteophytes. (A and B)
Increased uptake of lumbar facet joints (A) and craniotemporal joint (B). (C) Uptake values showing
wide range of intensity and significant increase in SUVmax (6.3 6 2.5 vs. 7.7 6 2.9, P 5 0.04) from
10 to 60 min after injection. MIP5maximum-intensity projection.

TABLE 3
Radioligand Uptake in Pitfall Lesions at 60 Minutes After Injection

Pitfall lesion SUVmax SUVpeak SUVmean

Degenerative lesions

Mean 7.7 (2.9) 4.3 (1.8) 4.3 (1.8)

Median 8.0 (3.1–17.3) 4.2 (2.1–11.5) 4.1 (1.1–9)

Focal or localized muscle uptake

Mean 6.1 (2.2) 4.2 (1.4) 3.6 (1.5)

Median 5.45 (2.14–10.6) 3.8 (1.6–7.4) 3.25 (1.27–7.1)

Scarring and wound healing

Mean 7.7 (3.3) 4.8 (1.9) 4.6 (1.9)

Median 7.6 (2.42–13.3) 5.0 (1.92–7.5) 4.7 (1.62–7.0)

Mammary glands

Mean 4.5 (1.5) 2.6 (0.8) 2.7 (0.8)

Median 4.3 (2.3–7.25) 2.5 (1.5–3.9) 2.6 (1.2–3.8)

Uterine uptake

Mean 12.2 (7.3) 9.6 (5.7) 7.5 (4.7)

Median 10.2 (4.2–31.2) 7.3 (3.8–24.6) 5.6 (2.2–19.3)

Salivary glands

Mean 3.2 (0.2) 2.4 (0.2) 2.1 (0.3)

Median 3.1 (3.1–3.5) 2.4 (2.3–2.6) 2.1 (1.8–2.3)

Pancreatic uptake

Mean 9.7 (6.0) 6.5 (4.9) 6.3 (4.0)

Median 8.8 (3.0–17.0) 5.45 (2.0–12.3) 5.75 (1.8–10.9)

Data in parentheses are SD or range.
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therefore categorized as unspecific. Comparison of distributions
showed no statistically significant differences in findings between
68Ga-FAPI-04 and 68Ga-FAPI-46 (Table 2). A detailed description of
uptake locations for degenerative, muscle, and scar/wound healing is
given in Supplemental Table 1 (supplemental materials are avail-
able at http://jnm.snmjournals.org). Uptake values for the catego-
ries are shown in Table 3, and 68Ga-FAPI-04 and 68Ga-FAPI-46
uptake for the respective categories is additionally discriminated in
Supplemental Table 2. Here, we will discuss the findings and pit-
falls by category.

Degenerative Pitfalls
Common pitfall findings were degenera-

tive lesions, mostly associated with joints
and vertebral bones (51.6%), with no
significant difference between 68Ga-
FAPI-04 and 68Ga-FAPI-46 (P 5 0.41)
(Table 2). The lesions showed focal uptake
with a mean SUVmax of 7.7 6 2.9 (Table
3). Figure 2 depicts a case of uptake in
the facet joints of the lumbar vertebrae
with degenerative features on CT (Fig. 2A),
as well as a case of focal uptake in the
left temporomandibular joint (Fig. 2B).
SUV parameters showed a significant
increase in SUVmax (mean SUVmax, 6.3 6

2.5 vs. 7.7 6 2.9, P 5 0.04) but no differ-
ence between early and late imaging time-
points for SUVmean and SUVpeak (mean
SUVpeak, 3.8 6 1.6 vs. 4.3 6 1.8, P 5 0.19;
mean SUVmean, 3.76 1.7 vs. 4.36 1.8, P5

0.14) (Fig. 2C).

Scarring/Wound Healing and
Muscle Uptake
Focal or localized muscle uptake was

observed in 28.6%, with a mean SUVmax

of 6.1 6 2.2, and uptake in scars or
wound-healing processes was found in

19.8%, with a mean SUVmax of 7.7 6 3.3
(Tables 2 and 3). Sites with a predilection
for muscle uptake were larger muscle
groups such as the quadriceps femoris mus-
cle, latissimus dorsi muscle, triceps muscle,
and autochthone muscles. SUV parameters
did not differ between early and late imag-
ing either in muscle uptake findings (mean
SUVmax, 5.06 1.3 vs. 6.16 2.2, P5 0.06)
or in scarring and wound-healing processes
(mean SUVmax, 5.4 6 2.4 vs. 7.7 6 3.3,
P5 0.08) (Fig. 3).

Head-and-Neck Pitfalls
In 41 patients (45.1%), uptake could be

found in the head and neck, most frequently
localized in the extraocular muscles, the sal-
ivary glands, the oral or nasal mucosa, or
focally in the teeth (Fig. 4, top panel). The
salivary glands showed a significant
decrease in uptake from early to late imag-
ing timepoints (SUVmax, 6.0 6 1.2 vs. 3.2

6 0.2; SUVmean, 4.4 6 0.8 vs. 2.4 6 0.2; SUVpeak, 3.76 0.7 vs. 2.1
6 0.3 [P , 0.05]). Uptake in the extraocular muscle and teeth
was stable between 10 and 60 min after injection (Fig. 4, mid-
dle and bottom panels).

Uterine and Mammary Findings
Intense, variable uptake in the uterus occurred in 66.7% of

all female patients (n 5 36; posthysterectomy patients excluded)
(SUVmax 60 min after injection, 12.2 6 7.3; range, 4.2–31.2).
Younger women, in particular, showed higher uptake in the uterus,
with a negative correlation between SUV parameters and age
(SUVmax, r 5 20.6, P , 0.01; SUVpeak, r 5 20.57, P , 0.01;

FIGURE 4. Head-and-neck findings. Salivary glands show significant decrease in uptake from 10
to 60 min after injection (P, 0.05). Few patients have increased uptake in extraocular muscles. Den-
tal foci are often reported most likely linked to chronic inflammatory processes. MIP 5 maximum-
intensity projection; p.i.5 after injection

FIGURE 3. Scarring, wound healing, and muscle uptake. (A) Focal uptake along access route after
surgical or interventional procedures can be observed, such as after tumor resection of round cell sar-
coma of right abdominal wall. (B) Localized, isolated increased uptake is observed in larger muscles
and tendon insertions. (C) Both findings show stable uptake values over 60 min. MIP 5 maximum-
intensity projection; p.i.5 after injection.
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SUVmean, r 5 20.58, P , 0.01) (Fig. 5). As depicted in Figure 6,
few patients (7.7%) showed increased uptake in the mammary
glands; uptake was stable over 60 min, with a mean SUVmax of 4.5
6 1.5 at 60 min after injection. Age ranged from 24 to 67 y in these
female patients.

DISCUSSION

FAP-directed 68Ga-FAPI PET/CT is a novel modality intro-
duced for imaging of various entities. Recent studies have dem-
onstrated comparable or even increased detection rates in
comparison with 18F-FDG PET/CT, such as in pancreatic cancer,
sarcoma, and hepatic malignancies (9,10,20). In the interpretation
of 68Ga-FAPI PET/CT scans, the readers—especially at centers to
which this technology was recently introduced—need to be
informed about common findings and potential pitfalls. This picto-
rial analysis aimed to summarize 68Ga-FAPI PET/CT uptake

patterns and common interpretation pit-
falls that were recorded in our retro-
spective database.

Further, we aimed to report uptake inten-
sity, location, and frequency of occurrence.
In our opinion, such a report is of great
importance in avoiding misdiagnosis, as
this novel modality will soon become more
widespread.

We found that unspecific or nontarget
uptake can be observed in degenerative,
traumatic, inflammatory, and physiologic
processes, and we were able to show that
non–tumor-specific or unspecific uptake is
present in most patients at a variety of loca-
tions, but especially in degenerative spine
conditions. In our cohort, uterine uptake
was noted in 66.7% of women and showed
a decrease in intensity with age. Hypotheti-
cally, this is due to the decreased FAP
expression of the endometrium after meno-
pause, as is supported by proteomic data

and PET data on the FAP expression of the endometrium before and
after menopause (16,21,22). This decreased expression might pose
an important pitfall and limitation in the use of 68Ga-FAPI PET/
CT for local staging of gynecologic cancers and should be take
into consideration, but larger cohorts are needed to verify this
finding.
Furthermore, we observed in nearly half of patients non–tu-

mor-related uptake in the head-and-neck region. Interestingly,
the salivary glands showed a decrease in tracer retention within
the first hour after injection, but a thorough literature review
did not reveal the underlying mechanism. This observation
might reflect unspecific tracer accumulation, which should be
considered when patients with head-and-neck cancer are being
imaged; these tumors might benefit from use of later imaging
timepoints. Additionally, intense uptake in the extraocular muscles
was noted in 9% of the patients; however, these patients had no
medical history of major ocular disorders and, to date, no specific

data on FAP expression in these muscles is
available.
Previous studies demonstrated decreas-

ing uptake in pancreatitis and other, unspe-
cified, inflammatory diseases (9,17,23). In
contrast, in our study dental foci of active
inflammation showed increased uptake
over time, possibly due to unspecific uptake
in surrounding edema.
Numerous studies provide data on FAP

overexpression in carcinoma-associated
fibroblasts and in various other processes,
such as fibrosis, inflammatory atheromata,
and osteoarthritis (24–27). FAP is overex-
pressed by myofibroblasts in tissue remod-
eling, wound healing, and fibrotic tissue
(28). This phenomenon has already been
found by our group and others that stud-
ied patients after myocardial infarction
using 68Ga-FAPI PET/CT (29–31). In
those patients, 68Ga-FAPI uptake matched

FIGURE 6. Mammary gland findings. Rarely, patients showed increased uptake in mammary
tissue (7.7%). Uptake was reported in middle-aged women and one man with gynecomastop-
athy. Additionally, other non–tumor-specific uptake around shoulder and hip joints can
be seen, as well as tracer accumulation in urinary tract. MIP 5 maximum-intensity projection;
p.i. 5 after injection.

FIGURE 5. Uterine findings. Of female patients (posthysterectomy patients excluded), 66.7%
showed fibroblast activation of uterus. Uterine uptake has moderate to strong negative corre-
lation with age (SUVmax, r 5 20.6, P , 0.01; SUVpeak, r 5 20.57, P , 0.01; SUVmean, r 5

20.58, P , 0.01), possibly linked to menopausal shrinkage. MIP 5 maximum-intensity projec-
tion; p.i. 5 after injection.
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the affected myocardium, most likely due to ongoing remodeling
processes, and agrees with scientific evidence on fibroblast
activation after ischemia (32,33).
Pitfalls may originate from specific uptake through an increased

FAP expression level and mechanisms of unspecific uptake, includ-
ing edema, tracer extravasation, and some inflammatory disorders.
Future studies should aim to thoroughly validate positive 68Ga-FAPI
PET/CT findings via immunohistochemical FAP expression (10,34).
Our study comes with several limitations. Our single-center

analysis consisted of a heterogeneous cohort with various onco-
logic and nononcologic diseases and at different disease stages.
In addition, we analyzed 2 different FAPI tracers, which might
have different frequencies of certain pitfalls, although such
differences were not observed in our cohort. Lastly, the list of
common findings we have reported here is not intended to be
exhaustive and cannot give proper answers about the underly-
ing pathophysiologic processes. Future studies should eluci-
date disease- and tracer-specific pitfalls and common findings.
Because the implementation of 68Ga-FAPI PET is expanding,
it is important to share pitfalls and common findings now,
especially for centers that have recently introduced this new
technology.

CONCLUSION

Here, we have reported non–tumor-specific 68Ga-FAPI uptake—
especially in degenerative lesions, wound healing, muscles, and the
uterus—as a potential pitfall in the interpretation of 68Ga-FAPI PET/
CT images. This report will help readers improve the accuracy of
image interpretation at centers that have recently begun using
68Ga-FAPI PET/CT. Our work can be seen as an initial guide to
the reporting of 68Ga-FAPI PET/CT, a novel and rapidly expanding
imaging modality.
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KEY POINTS

QUESTION: Is there an association between 68Ga-FAPI uptake
intensity and FAP expression in bone and soft-tissue sarcomas,
and what is the diagnostic performance of 68Ga-FAPI PET in sar-
coma patients?

PERTINENT FINDINGS: We observed an association between
68Ga-FAPI uptake intensity and immunohistochemical FAP
expression in sarcomas and showed 68Ga-FAPI PET to have high
accuracy in sarcoma patients.

IMPLICATIONS FOR PATIENT CARE: 68Ga-FAPI PET has diag-
nostic utility for patients with sarcoma and future implications in
FAP-targeted therapies.

REFERENCES

1. Koczorowska MMM, Tholen S, Bucher F, et al. Fibroblast activation protein-a, a
stromal cell surface protease, shapes key features of cancer associated fibroblasts
through proteome and degradome alterations.Mol Oncol. 2016;10:40–58.

2. Kalluri R. The biology and function of fibroblasts in cancer. Nat Rev Cancer.
2016;16:582–598.

3. Rettig WJ, Garin-Chesa P, Beresford HR, Oettgen HF, Melamed MR, Old LJ. Cell-
surface glycoproteins of human sarcomas: differential expression in normal and
malignant tissues and cultured cells. Proc Natl Acad Sci USA. 1988;85:3110–3114.

4. Niedermeyer J, Garin-Chesa P, Kriz M, et al. Expression of the fibroblast acti-
vation protein during mouse embryo development. Int J Dev Biol. 2001;45:
445–447.

5. Liu F, Qi L, Liu B, et al. Fibroblast activation protein overexpression and clin-
ical implications in solid tumors: a meta-analysis. PLoS One. 2015;10:
e0116683.

6. Loktev A, Lindner T, Burger E-M, et al. Development of fibroblast activation pro-
tein–targeted radiotracers with improved tumor retention. J Nucl Med. 2019;60:
1421–1429.

7. Giesel FL, Kratochwil C, Lindner T, et al. 68Ga-FAPI PET/CT: biodistribution and
preliminary dosimetry estimate of 2 DOTA-containing FAP-targeting agents in
patients with various cancers. J Nucl Med. 2019;60:386–392.

8. Kratochwil C, Flechsig P, Lindner T, et al. 68Ga-FAPI PET/CT: tracer uptake in 28
different kinds of cancer. J Nucl Med. 2019;60:801–805.

9. R€ohrich M, Naumann P, Giesel FL, et al. Impact of 68Ga-FAPI PET/CT imaging
on the therapeutic management of primary and recurrent pancreatic ductal adeno-
carcinomas. J Nucl Med. 2021;62:779–786.

10. Kessler L, Ferdinandus J, Hirmas N, et al. 68Ga-FAPI as a diagnostic tool in sar-
coma: data from the 68Ga-FAPI PET prospective observational trial. J Nucl Med.
2022;63:89–95.

11. Lin R, Lin Z, Zhang J, Yao S, Miao W. Increased 68Ga-FAPI-04 uptake
in Schmorl node in a patient with gastric cancer. Clin Nucl Med. 2021;46:
700–702.

12. Can C, G€undo"gan C, G€uzel Y, Kaplan _I, K€omek H. 68Ga-FAPI uptake of thyroid-
itis in a patient with breast cancer. Clin Nucl Med. 2021;46:683–685.

13. Liu H, Chen Z, Yang X, Fu W, Chen Y. Increased 68Ga-FAPI uptake in chronic
cholecystitis and degenerative osteophyte. Clin Nucl Med. 2021;46:601–602.

14. G€undo"gan C, G€uzel Y, Can C, Alabalik U, K€omek H. False-positive 68Ga-fibroblast
activation protein-specific inhibitor uptake of benign lymphoid tissue in a patient
with breast cancer. Clin Nucl Med. 2021;46:e433–e435.

15. Wu J, Liu H, Ou L, Jiang G, Zhang C. FAPI uptake in a vertebral body fracture in
a patient with lung cancer. Clin Nucl Med. 2021;46:520–522.

16. Dendl K, Koerber SA, Adeberg S, et al. Physiological FAP-activation in a postpar-
tum woman observed in oncological FAPI-PET/CT. Eur J Nucl Med Mol Imaging.
2021;48:2059–2061.

17. Ferdinandus J, Kessler L, Hirmas N, et al. Equivalent tumor detection for
early and late FAPI-46 PET acquisition. Eur J Nucl Med Mol Imaging. 2021;
48:3221–3227.

18. Rischpler C, Beck TI, Okamoto S, et al. 68Ga-PSMA-HBED-CC uptake in cervi-
cal, celiac, and sacral ganglia as an important pitfall in prostate cancer PET imag-
ing. J Nucl Med. 2018;59:1406–1411.

19. Sheikhbahaei S, Afshar-Oromieh A, Eiber M, et al. Pearls and pitfalls in clinical
interpretation of prostate-specific membrane antigen (PSMA)-targeted PET imag-
ing. Eur J Nucl Med Mol Imaging. 2017;44:2117–2136.

68GA-FAPI PET PITFALLS ! Kessler et al. 895



20. Shi X, Xing H, Yang X, et al. Fibroblast imaging of hepatic carcinoma with
68Ga-FAPI-04 PET/CT: a pilot study in patients with suspected hepatic nod-
ules. Eur J Nucl Med Mol Imaging. 2021;48:196–203.

21. Uhl$en M, Fagerberg L, Hallstrom BM, et al. Tissue-based map of the human prote-
ome. Science. 2015;347:1260419-1260419.

22. Dendl K, Koerber SA, Finck R, et al. 68Ga-FAPI-PET/CT in patients with various
gynecological malignancies. Eur J Nucl Med Mol Imaging. 2021;48:4089–4100.

23. Schmidkonz C, Rauber S, Atzinger A, et al. Disentangling inflammatory from
fibrotic disease activity by fibroblast activation protein imaging. Ann Rheum Dis.
2020;79:1485–1491.

24. Wang XM. Fibroblast activation protein and chronic liver disease. Front Biosci.
2008;13:3168–3180.

25. Milner JM, Kevorkian L, Young DA, et al. Fibroblast activation protein alpha is
expressed by chondrocytes following a pro-inflammatory stimulus and is elevated
in osteoarthritis. Arthritis Res Ther. 2006;8:R23.

26. Brokopp CE, Schoenauer R, Richards P, et al. Fibroblast activation protein is
induced by inflammation and degrades type I collagen in thin-cap fibroatheromata.
Eur Heart J. 2011;32:2713–2722.

27. Kelly T, Huang Y, Simms AE, Mazur A. Fibroblast activation protein-a. In: Inter-
national Review of Cell and Molecular Biology. Elsevier; 2012:83–116.

28. Scharl M, Huber N, Lang S, F€urst A, Jehle E, Rogler G. Hallmarks of epithelial to
mesenchymal transition are detectable in Crohn’s disease associated intestinal
fibrosis. Clin Transl Med. 2015;4:1–9.

29. Kessler L, Kupusovic J, Ferdinandus J, et al. Visualization of fibroblast activation
after myocardial infarction using 68Ga-FAPI PET. Clin Nucl Med. 2021;46:807–813.

30. Diekmann J, Koenig T, Zwadlo C, et al. Molecular imaging identifies fibroblast
activation beyond the infarct region after acute myocardial infarction. J Am Coll
Cardiol. 2021;77:1835–1837.

31. Zhu W, Guo F, Wang Y, Ding H, Huo L. 68Ga-FAPI-04 accumulation in myocar-
dial infarction in a patient with neuroendocrine carcinoma. Clin Nucl Med. 2020;
45:1020–1022.

32. Varasteh Z, Mohanta S, Robu S, et al. Molecular imaging of fibroblast activity after
myocardial infarction using a 68Ga-labeled fibroblast activation protein inhibitor,
FAPI-04. J Nucl Med. 2019;60:1743–1749.

33. Tillmanns J, Hoffmann D, Habbaba Y, et al. Fibroblast activation protein alpha
expression identifies activated fibroblasts after myocardial infarction. J Mol Cell
Cardiol. 2015;87:194–203.

34. Shi X, Xing H, Yang X, et al. Comparison of PET imaging of activated fibroblasts
and 18F-FDG for diagnosis of primary hepatic tumours: a prospective pilot study.
Eur J Nucl Med Mol Imaging. 2021;48:1593–1603.

896 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 63 ! No. 6 ! June 2022



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

Imaging PD-L1 Expression in Melanoma Brain Metastases

Sridhar Nimmagadda

Russell H. Morgan Department of Radiology and Radiological Science, Sidney Kimmel Comprehensive Cancer Center and
Bloomberg–Kimmel Institute for Cancer Immunotherapy, Department of Pharmacology and Molecular Sciences, and Division of
Clinical Pharmacology, Department of Medicine, Johns Hopkins University School of Medicine Baltimore, Maryland

See the associated article on page 899.

Brain metastases, often originating from melanoma, lung can-
cer, or breast cancer, are the most common tumor in the brain and
are associated with a dismal prognosis (1). Nearly 12% of patients
with melanoma develop brain metastases, leading to a reduction in
median survival to less than 9 mo. Brain metastases pose a signifi-
cant challenge for treatment, as the disease state is highly refractory
and central nervous system penetration of drugs across an intact
blood–brain barrier is poor (1). Therapeutics targeting immune
checkpoint proteins have shown intracranial activity in melanoma
brain metastases, indicating an immune-active microenvironment
(1). However, a deeper insight into the genetic and immunologic
underpinnings of brain metastases and their response to immune
system–targeted therapies is needed to overcome potential resistance
mechanisms. Programmed death ligand 1 (PD-L1) is an immune
checkpoint protein that is abundantly expressed by tumors (2). In
this issue of The Journal of Nuclear Medicine, Nienhuis et al. char-
acterize the changes in PD-L1 expression in brain and extracranial
metastases in melanoma patients receiving immune checkpoint ther-
apy (3).
Unlike conventional treatment methods, immune checkpoint thera-

peutics target the immune system. Efficacy can then be independent
of tumor histology and genetic alterations, thus providing durable
benefits in a variety of cancer types (2). Among the targets, the
immune checkpoint proteins cytotoxic T-lymphocyte–associated anti-
gen 4, programmed death 1, and its ligand PD-L1 are the best charac-
terized, with several inhibitors receiving approvals from the Food and
Drug Administration (2). Long-term treatment benefits are observed
in a small percentage of patients when these inhibitors are given as
single-agent therapy (4). Durable benefits have been observed in a
higher percentage of patients when different checkpoint inhibitor
combinations are used or when checkpoint inhibitors are combined
with chemotherapy, targeted therapy, or radiotherapy (2,5).
Enrichment of patients to further improve the outcomes of can-

cer immunotherapy is based on high tumor PD-L1 expression,
tumor mutation burden, and DNA mismatch repair deficiency (6).

To date, PD-L1 detection by immunohistochemistry received sev-
eral Food and Drug Administration approvals as a complementary
or companion diagnostic. However, the current landscape of PD-L1
immunohistochemistry as a predictive biomarker is complex (7).
Although issues pertaining to the use of multiple antibody clones
and staining platforms have been addressed by the Blueprint pro-
ject, immunohistochemistry assays do not fully capture the hetero-
geneity in PD-L1 expression within and across patients (7).
Moreover, immune responses are atypical, are unpredictable, and
differ on the basis of tumor type, thus needing real-time noninva-
sive imaging analysis of changes in the tumor microenvironment.
Radiolabeled analogs of several anti-PD-L1 antibodies have

been investigated to noninvasively quantify PD-L1 levels in pre-
clinical tumor models and in cancer patients (7). Results from
early clinical studies show that PD-L1 radiotracer uptake can read-
ily be detected by PET and is highly heterogeneous within and
across patients (7). The PET tracer used by Nienhuis et al., 18F-
BMS-986192, possesses the advantage of being labeled with 18F, a
radionuclide with a favorable energy profile and half-life, and exhib-
its faster pharmacokinetics facilitating image acquisition at 60 min
for rapid PD-L1 quantification. 18F-BMS-986192 is an engineered
small adnectin protein with a dissociation constant of less than 35
pM for PD-L1 (8). It exhibited PD-L1–specific uptake in human
tumor xenografts in vivo and concordance with PD-L1 immunohisto-
chemistry staining in non–small cell lung cancer (NSCLC) tissues ex
vivo (8). Heterogeneous 18F-BMS-986192 uptake was observed
within and between melanoma patients in this study, similarly to pre-
vious studies on NSCLC (9). Although 18F-BMS-986192 uptake was
significantly higher in NSCLC tumors for lesions with at least 50%
tumor PD-L1 expression measured by immunohistochemistry, as
compared with lesions with less than 50% expression (9), the sensi-
tivity of the radiotracer in quantifying PD-L1 level as a continuous
variable remains to be established for sustained use in melanoma.
Nearly 35% of melanoma tumors exhibit PD-L1 tumor proportion
scores of less than 50% (6), and PD-L1 expression on tumor cells is
lower in melanoma than in other cancers, including NSCLC and renal
cell carcinoma (6). Establishing the sensitivity of PD-L1 imaging
agents is needed to further guide clinical decisions, as most melanoma
trials have used a cut point of 5% PD-L1 positivity whereas NSCLC
trials used 50%.
Although some homogeneity is observed in spatially and tempo-

rally separated brain metastasis in their genetic and immunologic
profile, they are highly divergent from extracranial metastases (10).
No significant differences in PD-L1 expression between melanoma
brain and extracranial metastases were observed in that study, how-
ever (10). Although no significant differences were observed in
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baseline 18F-BMS-986192 uptake between brain and extracranial
metastases (mostly lung), a trend toward lower radiotracer uptake in
brain metastases could be observed, perhaps because of the poor
blood–brain barrier permeability of the radiotracer. In contrast, on
treatment, 18F-BMS-986192 scans showed significantly lower uptake
of the radiotracer in brain metastases than in extracranial metasta-
ses. 18F-BMS-986192 uptake was also observed to be heteroge-
neous within brain metastases, as could be explained by the fact
that some brain metastases can disrupt the blood–brain barrier. The
absence of correlative immunohistochemistry data or prior valida-
tion of the tracer to detect variable PD-L1 levels makes it difficult
to interpret these observations. Combining imaging studies with tis-
sue biomarker analyses, when feasible, would provide a deeper
understanding of the organ-specific immune contexture and its rela-
tionship to imaging measurements and move us toward developing
composite biomarkers.
In this report, the authors observed that lesions with high base-

line 18F-BMS-986192 uptake, when corrected for blood-pool activ-
ity, respond well to nivolumab or ipilimumab-plus-nivolumab
therapy. This observation is in line with prior clinical studies estab-
lishing that PD-L1 expression in the melanoma tumor microenvi-
ronment is a predicter of response to immune checkpoint
therapeutics (11). Timing the imaging studies during treatment to
capture the transient kinetics of immunologic effects is challenging,
however. Early on-treatment biopsies collected at 1.4 mo in mela-
noma patients showed a highly statistically significant increase in
PD-L1 levels in responders, compared with nonresponders (12). In
this study, authors observed that radiotracer uptake in metastases at
6 wk after treatment positively correlates with tumor size at follow-
up at 12 wk. Because of the nature of the study and lack of cross
validation, it is difficult to discern the underlying factors contribut-
ing to increased radiotracer uptake, which include tumor progres-
sion, pseudo progression due to an influx of immune cells, and the
resulting PD-L1 induction. The challenge here again will be to
ensure optimal imaging times and cross correlation of imaging
measures with immunohistochemistry.
Despite the dramatic improvements in advanced melanoma treat-

ments and outcomes, brain metastases remain a significant challenge.
Brain metastases are diagnosed in nearly 60% of patients with
advanced melanoma and often show isolated progression, although
disease is controlled in extracranial metastases. Noninvasively quan-
tifying PD-L1 and other relevant biomarkers in the tumor microenvi-
ronment and establishing a relationship to response, as shown here,

will play an important role in improving the efficacy of immunother-
apy for this patient group.
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Immune checkpoint inhibitors (ICIs) targeting programmed cell death
protein-1 (PD-1)/programmed cell death ligand-1 (PD-L1) frequently
induces tumor response in metastatic melanoma patients. However,
tumor response often takes months and may be heterogeneous. Con-
sequently, additional local treatment for nonresponsive metastases
may be needed, especially in the case of brain metastases. Noninva-
sive imaging may allow the characterization of (brain) metastases to
predict response. This pilot study uses 18F-BMS986192 PET for PD-L1
expression to explore the variability in metastatic tracer uptake and its
relation to tumor response, with a special focus on brain metastases.
Methods: Metastatic melanoma patients underwent whole-body
18F-BMS986192 PET/CT scanning before and 6 wk after starting ICI
therapy. 18F-BMS986192 uptake was measured in healthy tissues,
organs, and tumor lesions. Tumor response was evaluated at 12 wk
using CT of the thorax/abdomen and MRI of the brain. RECIST, version
1.1, was used to define therapy response per patient. Response per
lesion was measured by the percentage change in lesion diameter. Tox-
icity was assessed according to Common Terminology Criteria for
Adverse Events, version 4.0. Results: Baseline 18F-BMS986192 PET/
CT was performed in 8 patients, with follow-up scans in 4 patients. The
highest tracer uptake was observed in the spleen, bone marrow, kid-
neys, and liver. Tracer uptake in tumor lesions was heterogeneous. In
total, 42 tumor lesions were identified at baseline, with most lesions in
the lungs (n5 21) and brain (n5 14). Tracer uptake was similar between
tumor locations. 18F-BMS986192 uptake in lesions at baseline, cor-
rected for blood-pool activity, was negatively correlated with the change
lesion diameter at response evaluation (r 5 20.49, P 5 0.005), both in
intra- and extracerebral lesions. Receiver-operating-characteristic
analysis demonstrated that 18F-BMS986192 uptake can discriminate
between responding and nonresponding lesions with an area under the
curve of 0.82. At the follow-up scan, an increased 18F-BMS986192
uptake compared with baseline scan was correlated with an increased
lesion diameter at response evaluation. In the follow-up 18F-BMS986192

PET scan of 2 patients, ICI-related toxicity (thyroiditis and colitis) was
detected. Conclusion: In this pilot study, 18F-BMS986192 PET showed
heterogeneous uptake in intra- and extracerebral metastatic lesions in
melanoma patients. Baseline 18F-BMS986192 uptake was able to pre-
dict an ICI treatment–induced reduction in lesion volume, whereas the
follow-up PET scan allowed the detection of treatment-induced toxicity.

Key Words: PET; PD-L1 expression; metastatic melanoma; brain
metastasis; immune checkpoint inhibition
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Immune checkpoint inhibitors (ICIs) targeting the programmed
cell death protein-1 (PD-1)/programmed cell death ligand-1 (PD-L1)
axis or cytotoxic T-lymphocyte–associated protein 4 (CTLA-4) recep-
tor, either as monotherapy or as combined treatment, have shown
response rates of approximately 40%–60% in patients with metastatic
melanoma, with progression-free and overall survival (1–8).
However, it often takes months before response to ICI treatment

can be detected, and lesions may respond in a heterogeneous manner.
Some lesions may respond, whereas other lesions may not respond
or display pseudoprogression (9). Consequently, some fast-growing
lesions may require additional treatment. Data from the Dutch
National Cancer Registry show that 22% (876/3,959) of metastatic
melanoma patients underwent surgery for nonresponding metastases
in addition to systemic treatment with ICI (10). Moreover, approxi-
mately 30% of metastatic melanoma patients develop brain metasta-
ses. Brain metastases are considered as a risky location because they
carry a high risk for developing central nervous system failure and
mortality (11). Therefore, local treatment with radiotherapy or resec-
tion is often considered in patients with brain metastases.
Before starting ICI therapy, it is difficult to determine which

lesions will respond and which lesions will require additional
treatment. Immunohistochemistry on biopsy samples only pro-
vides information about a small fraction of a single tumor lesion
and is, therefore, unable to address intra- and intertumoral hetero-
geneity, thus limiting the value of immunohistochemistry to pre-
dict response. In patients with metastatic melanoma, known to be
a high heterogenic responding tumor, PD-1 immunohistochemistry
staining on biopsies was not a good predictor of response to ICI
and hence is not used in clinical practice (12).
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Whole-body PET imaging with a PD-L1–targeting tracer may
have added value in detecting heterogenic expression of the drug tar-
get for anti–PD-1 therapy. Detection of low levels of PD-L1 expres-
sion may be predictive for nonresponding lesions that will require
additional treatment. PET imaging of PD-L1 expression in non–small
cell lung cancer, bladder cancer, and triple-negative breast cancer has
shown that the intensity of the PET signal correlates with tumor
response to ICI (13,14). The same approach could also be used to
address the heterogeneity of metastatic tumor lesions in melanoma.
This might especially be of importance for the characterization of
brain lesions. PET imaging of PD-L1 expression may thus be a via-
ble noninvasive diagnostic tool for lesion characterization and
response prediction in metastatic melanoma patients.
This pilot study investigated the intensity and variability of PD-L1

expression using 18F-BMS986192 PET in metastatic tumor lesions
of melanoma patients, including patients with brain metastases. As
secondary objectives, we explored whether 18F-BMS986192 uptake
was related to tumor response and whether enhanced tracer uptake in
major organs was related to immune-related toxicity.

MATERIALS AND METHODS

Patient Population
Patients 18 y or older with stage IV metastatic melanoma who were

eligible for treatment with ICI were recruited into the study. Patients
with brain metastases were preferably included. Patients with sus-
pected brain metastases could be treated with stereotactic radiotherapy
before the start of the ICI therapy; however, these irradiated lesions
were not included in the analyses. Other inclusion criteria were the
presence of measurable disease according to RECIST, version 1.1; an
Eastern Cooperative Oncology Group performance status of 0–1; and
an adequate hematologic and end-organ function (15). The main
exclusion criteria were preexisting autoimmune disease and treatment
with immunosuppressive medication.

This study was approved by the Medical Ethical Committee (METc)
of the University Medical Center Groningen (UMCG), delegated by the
Central Committee on Research Involving Human Subjects, and was reg-
istered at ClinicalTrials.gov (ClinicalTrials.gov identifier NCT03520634)
and METC 2016/646 (EUDRACT no. 2015-004920-67 with site-specific
amendment 6). All patients provided written informed consent.

Study Design
This single-center imaging study with the 18F-BMS986192 tracer was

performed at the UMCG, The Netherlands. Patients received either nivolu-
mab (anti–PD-1) or a combination of nivolumab and ipilimumab (anti–
CTLA-4). The combination therapy consisted of 4 cycles of ipilimumab and
nivolumab every 3 wk, followed by nivolumab monotherapy.
Included patients were all treated with an ICI. The study intervention was a
18F-BMS986192 PET scan at baseline and 6 wk after treatment initiation.

Production of 18F-BMS-986192
The azide precursor BMT-180478 and the adnectin BMT-192920, both

required for the on-site preparation of the PET tracer 18F-BMS986192,
were kindly provided by Brystol Myers Squibb (Supplemental Fig. 1; sup-
plemental materials are available at http://jnm.snmjournals.org). The final
PET tracer 18F-BMS-986192 was produced in a Good Manufacturing
Practices–compliant automated synthesis module according to the
previously published protocol (16). The radiochemical purity of
18F-BMS986192 was always more than 95%, and the molar activity
always exceeded 3.000 GBq/mmol.

18F-BMS-986192 PET Acquisition and Analysis
Patients received an intravenous bolus injection of approximately

185 MBq (range, 182–192 MBq) of 18F-BMS986192. PET images

were acquired 60 min after tracer injection on a Biograph mCT64 or
mCT40 camera (Siemens Medical Systems). Whole-body PET scans
(head to toe; 12 bed positions, 3 min per bed position) were acquired
together with a low-dose CT scan. Vital signs (blood pressure and
heart rate) were measured before, 10 min after the injection of
18F-BMS986192, and immediately after the PET/CT scan. Patients
remained under observation for 120 min after tracer injection.

All PET scans were reconstructed according to the European Associ-
ation of Nuclear Medicine (EANM) Research Ltd. (EARL) criteria and
analyzed using Syngo.via VB30 software (Siemens) (17). For quantifi-
cation of 18F-BMS986192 uptake, volumes of interest (VOIs) were
manually drawn around the visible tumor lesions in the PET scan. For
PET-negative lesions, the VOI was drawn around the tumor lesion on
the CT or MRI scan that was manually aligned with the PET scan.

Tracer uptake in healthy tissues and lymphoid tissues (lung, tho-
racic aorta, spleen, liver, bone marrow, tonsils, parotid glands, thyroid,
and axillary and inguinal lymph nodes) was measured to assess any
toxicity-related increase in tracer uptake, using manually drawn VOIs.
Tracer uptake was corrected for body weight and injected dose and
expressed as SUVs (SUVmax, SUVmean, and SUVpeak for tumor lesions
and SUVmean for normal tissues) consistent with EANM guidelines for
18F tracers in tumors (18). Because the SUV may be influenced by
patient-specific characteristics, such as tracer metabolism and clear-
ance, tumor-to-blood ratios (TBRs) were calculated using the VOI of

the lesion and the thoracic aorta TBR 5 Tumor SUV
Blood-pool SUVmean

" !
(19).

Response Evaluation
Response to therapy was evaluated according to RECIST, version

1.1 (15). Contrast-enhanced chest–abdominal CT and gadolinium-
enhanced MRI brain scans were obtained at baseline and week 12 as
part of routine patient care.

Tumor lesions that were scanned on MR or CT at baseline but not at
follow-up were excluded from response evaluation. To evaluate
response per tumor lesion, the percentage change of the diameter at fol-
low-up compared with baseline was calculated. Tumor lesions with a
long-axis diameter smaller than 10 mm and lymph node lesions with a
short-axis diameter smaller than 15 mm were excluded from response
analysis.

Adverse events induced by the ICI treatment were assessed at each
outpatient visit, using the National Cancer Institute Common Termi-
nology Criteria for Adverse Events version 4.0 and reported in this
study until the 12-wk tumor response evaluation.

Statistical Analysis
Patients were evaluated for tracer biodistribution analysis if they

underwent at least 1 18F-BMS986192 PET scan. An assessment of the
normality of data was performed using the Shapiro–Wilk test. Differ-
ences in tracer uptake between the baseline and on-treatment
18F-BMS986192 PET scans were analyzed using a paired t test. Corre-
lations between parameters were calculated using the Spearman corre-
lation test. P values of less than 0.05 were considered statistically
significant. PET data are expressed as median with interquartile range
for nonnormally distributed data and are expressed as mean with SD
for normally distributed data.

Receiver-operating-characteristic (ROC) analyses were calculated to
determine the 18F-BMS986192 uptake value that best differentiated
between responding and nonresponding lesions. Statistical analyses were
performed using GraphPad Prism 8.0.1 software for Microsoft Windows.

RESULTS

A total of 10 patients were included in this study, 8 of whom
underwent baseline 18F-BMS986192 PET/CT imaging before starting
anti–PD-1 therapy (Table 1). In the remaining 2 patients, no
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PET scans could be obtained due to rapid clinical progression.
In 4 patients, the on-treatment 18F-BMS986192 PET/CT scan was
obtained between 41 and 55 d (mean, 42) after starting anti–PD-1
therapy. No 18F-BMS986192–related side effects occurred within
the observation period of 120 min after tracer injection.

Biodistribution of 18F-BMS986192
The biodistribution of 18F-BMS986192 was evaluated in healthy

tissues at baseline. High tracer uptake at baseline was observed in the
spleen (SUVmean, 15.9 6 8.7), bone marrow (SUVmean, 6.9 6 1.5),
and liver (SUVmean, 4.7 6 2.4). Patients with a follow-up scan
(n 5 4) did not show significant changes in uptake in healthy tissues
compared with the baseline PET scan, except for tonsil uptake, which
was significantly higher at baseline than at follow-up (Wilcoxon
signed-rank test, P5 0.002) (Fig. 1).

Variability in 18F-BMS986192 Uptake in Metastatic Lesions
Of the 42 evaluable tumor lesions, 21 were located in the lungs;

14 in the brain; 2 in soft tissue; and 1 each in bone, mediastinum,
peritoneum, adrenal gland, and lymph node. Examples of PET
images of a brain and lung lesion are depicted in Figure 2. The vari-
ability in uptake is shown in Figure 3 and Supplemental Figures 2
and 3. No significant differences were observed in 18F-BMS986192
uptake between lung and brain lesions (P 5 0.06). One bone lesion
was excluded from analyses because its VOI could not be sufficiently
separated from the high bone marrow uptake nearby, resulting in an
uptake value 6 SDs higher than the other metastatic lesions.

Association Between Baseline Tumor Uptake and Response
to Therapy
After the exclusion of small tumor lesions (median diameter, 5 mm;

range, 4–9 mm), 32 lesions (8 brain lesions) remained for response
evaluation. The percentage change in lesion diameter was not associ-
ated with the baseline tracer uptake parameters SUVmax (r 5 20.15,
P 5 0.42), SUVmean (r 5 20.17, P 5 0.34), or SUVpeak (r 5 20.18,
P5 0.31).

When correcting for differences in tracer availability, using the
tracer uptake in the blood pool as reference, we observed a significant
correlation between baseline tumor-to-blood ratio and change in
tumor lesion size (Fig. 4). This negative association was seen when cal-
culating a TBR from the SUVmax (r 5 20.43, P 5 0.014), SUVmean

(r 5 20.44, P 5 0.012), or SUVpeak (r 5 20.49, P 5 0.005) of the
tumor and SUVmean of the blood pool. The same negative association
was observed when only analyzing the intracerebral (brain) lesions, but
this association was statistically not significant (r5 20.54, P5 0.17).

Discrimination of Responding and Nonresponding Tumors
ROC analysis was performed to assess the optimal tracer uptake

value for predicting an ICI-induced reduction in tumor diameter.
When a TBR derived from SUVpeak of the lesion and SUVmean of
the aortic blood pool was used, ROC analysis resulted in an area
under the curve of 0.82 (P 5 0.006). A TBR cutoff value of 1.3
resulted in a sensitivity of 89% (95% CI, 57%–99%) and a specif-
icity of 78% (95% CI, 58%–90%) for discriminating a tumor
decreasing in size from a tumor increasing in size (Fig. 5).

Follow-up 18F-BMS986192 Scan and Response to Therapy
Four patients (50%) with a total of 19 metastases underwent a fol-

low-up 18F-BMS986192 scan at 6 wk. A paired t test revealed no dif-
ferences in tumor 18F-BMS986192 uptake between baseline and
follow-up scans. Figure 6A shows the individual differences in tumor
18F-BMS986192 uptake between baseline and follow-up for the brain
and lung lesions in these 4 patients. 18F-BMS986192 uptake was sig-
nificantly lower in the brain lesions than the lung lesions, both at
baseline and on-treatment (P 5 0.004 and 0.05, respectively). No dif-
ferences were observed in the mean lesion size of these brain and
lung lesions.

TABLE 1
Patient Characteristics

Characteristic n

No. of patients included 10

No. of evaluable patients* 8

No. of lesions on PET 47

No. of evaluable lesions† 42

No. of lesions $ 10 mm at baseline (CT or MRI) 32

Median patient age at baseline (y) 62

No. of females (n) 3 (38)

No. of PET scans per patient (n)

1 4 (50)

2 4 (50)

Immunotherapy regimen (n)

Anti-CTLA4 1 Anti-PD-1 5 (62)

Anti-PD1 3 (38)

No. of patients by treatment response
(RECIST, version 1.1) (n)

Complete response 0 (0)

Partial response 2 (25)

Stable disease 2 (25)

Progressive disease 4 (50)

*Including 6 patients with brain metastases.
†Lesions that were detected at baseline and follow-up by MR or

CT imaging.
Data in parentheses are percentages.

FIGURE 1. Biodistribution of 18F-BMS986192 at baseline (n5 8) and fol-
low-up (n 5 4). In the patients with follow-up scans, 18F-BMS986192
uptake in the tonsil was significantly higher at baseline than at follow-up
(Wilcoxon signed rank test, P 5 0.002). There were no other differences in
18F-BMS986192 uptake between baseline and follow-up.
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Fourteen of the 19 metastases on follow-up scans were larger
than 10 mm at baseline. A significant correlation between the
change in 18F-BMS986192 uptake (TBR) and the change in tumor
size between the baseline and follow-up was observed (r 5 0.79,
P 5 0.0007; Fig. 6B).

Assessment of Toxicity: Increased Uptake of 18F-BMS986192
Follow-up 18F-BMS986192 scans were also evaluated for ICI-

related toxicity. One patient developed ICI-related hyperthyroid-
ism, another patient colitis. The follow-up PET scan of the patient
with ICI-related hyperthyroidism showed increased uptake in the
thyroid (Fig. 7). This diagnosis was substantiated by blood thyroid-
stimulating hormone levels of 0.007 mU/L (normal, 0.5–4 mU/L)
and free T4 levels of 37.2 pmol/L (normal, 11–19.5 pmol/L). The
patient who developed ICI-related colitis 1 d after the PET scan
showed a different bowel uptake pattern at the second scan com-
pared with the first scan, but solely based on the PET scan a defini-
tive diagnosis of colitis could not be settled.

DISCUSSION

To our knowledge, this is the first study to investigate 18F-
BMS986192 PET imaging before and during ICI therapy in patients
with metastatic melanoma, including patients with brain metastases.
We found heterogeneous uptake of 18F-BMS986192 in metastatic
lesions at all locations, which is in line with a heterogeneous response
to ICI therapy that is often observed in melanoma patients. Interest-
ingly, we observed that high baseline 18F-BMS986192 uptake in
lesions, corrected for blood-pool uptake, correlated with response to

ICI treatment. The same trend was found for brain lesions, which is an
important finding because nonresponding brain lesions often require
additional treatment. Additionally, increased 18F-BMS-986192 uptake
in tumor lesions at the follow-up 18F-BMS986192 PET scan at week 6
was correlated with tumor progression at 12 wk.
Within a single patient with metastatic melanoma, different met-

astatic lesions may respond variably to ICI therapy. This variability
in response to ICI is both in terms of the change in the lesion vol-
ume and the time it takes a lesion to show response (20). Because
of this variability in response to ICI, additional local treatment is
often necessary on nonresponding metastatic melanoma lesions

FIGURE 2. Examples of a brain lesion (top) and a lung lesion (bottom).
Fused PET/CT transverse images (left) and PET sagittal images (right) are
shown. Semiquantitative measurements are reported underneath images.
TBR is calculated as lesion SUVpeak divided by SUVmean in aortic blood
pool.

FIGURE 3. Baseline 18F-BMS986192 tracer uptake measured as TBR
derived from SUVpeak of lesion and SUVmean of aortic blood pool. Median
group value is reported as a line. No significant difference was found
between mean values of brain and lung lesions (Mann–Whitney U test,
P50.06). Analysis included 42 tumor lesions (21 lung; 14 brain; 2 soft-
tissue; and 1 each in bone, mediastinum, peritoneum, adrenal gland,
and lymph node lesions) in 8 patients.

FIGURE 4. Association of TBR, derived from SUVpeak of lesion and
SUVmean of aortic blood pool, and relative (%) diameter change of lesions
(Spearman rank, r 5 20.43, P 5 0.014). From all 8 patients, each cir-
cle represents 1 lesion. Only lesions larger than 10 mm at baseline
were included in this analysis (n 5 32). ! 5 brain lesions (n 5 8).
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(10). High immunohistochemistry PD-L1 expression in a metastatic
lesion is associated with a favorable response to ICI therapy.
Importantly, metastatic melanoma patients with low PD-L1 expres-
sion in a lesion may also respond to ICI therapy (12). Therefore,
immunohistochemistry PD-L1 expression on biopsies is not used in
clinical practice to predict a patient’s response to ICI therapy.
Discriminating between the different types of cells that may

express PD-L1 in a metastatic melanoma lesion, such as malignant
melanocytes, monocytes, and macrophages, may be important for
ICI therapy response prediction (21). For example, pretreatment
PD-L1 expression on macrophages was associated with favorable
response to ICI therapy, whereas pretreatment PD-L1 expression
on malignant melanocytes did not show any association with response
(22). Although whole-body PD-L1 PET cannot differentiate between
the PD-L1 expression of different cellular compositions, it may be
useful to visualize PD-L1 expression in different lesions and predicting
response per tumor lesion to ICI. Moreover, lesions with low PD-L1
expression on PET may indicate those lesions that need additional
local treatment.
In our study, high 18F-BMS986192 uptake was observed in lym-

phoid tissues, such as the spleen and bone marrow. This is sugges-
tive for PD-L1 targeting of the tracer 18F-BMS986192, as these
organs contain high levels of PD-L1–expressing immune cells.
Additionally, the follow-up 18F-BMS986192 PET scan showed an
increased PD-L1 uptake in 2 patients with ICI-induced toxicity
(thyroiditis and colitis), which may be a sign of inflammation with
an increase in PD-L1–expressing immune cells.
The correlation of PD-L1 uptake in tumor lesions at baseline

with response to treatment found in our study is comparable with a
study in non–small lung cancer. That study demonstrated that both
18F-BMS-986192 (PD-L1) and 89Zr-nivolumab (PD-1) PET imaging
could predict response on a lesion level (13). In addition, in our study
the second 18F-BMS986192 scan during ICI treatment at week 6 per-
formed in 4 patients found an increased 18F-BMS986192 uptake

correlating significantly with increased tumor size at follow-up at
12 wk. This positive correlation can be explained by the fact that
responding lesions have fewer PD-L1–expressing tumor cells, result-
ing in a reduction in 18F-BMS986192 uptake. On the other hand, a
higher tracer uptake at week 6 in nonresponding tumors at week 12
might theoretically be due to either a higher cell density or an
increased expression of PD-L1 per cell. PET cannot discriminate
between these options. It is described that high PD L1–expressing
tumor cells is related to a higher density of PD-1 tumor–associated
T cells (23). Therefore, a delayed immune influx in PD-L1–upregu-
lated tumor lesions at week 6 could be responsible for pseudoprog-
ression at week 12. Unfortunately, our pilot study was unable to
record any late response to immune checkpoint inhibition therapy
as by that time these patients had already switched to another form
of treatment. Moreover, technical aspects may have contributed to
the correlation between the change in tumor size and the change in
tracer uptake. A reduction in tumor size could also lead to a

FIGURE 5. ROC curve of TBR of lesion, showing sensitivity and specific-
ity for discriminating between tumors increasing or decreasing in diame-
ter. Area under the curve is 0.82 (P5 0.006).

FIGURE 6. (A) 18F-BMS986192 uptake for brain and lung lesions at base-
line and follow-up (4 patients, 16 lesions). Tracer uptake is reported as TBR.
Significant differences in tracer uptake were observed between brain and
lung lesions, both at baseline and at follow-up (Wilcoxon signed rank test,
P5 0.004 and 0.05, respectively). (B) Association between change in lesion
size and change in TBR of follow-up 18F-BMS986192 scan compared with
baseline (TBRfollow-up

– TBRbaseline) (4 patients, 14 lesions). Significant posi-
tive correlation was found between increasing TBR and increasing lesion
diameter (Spearman rank, r5 0.79, P5 0.0007).
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stronger partial-volume effect (spill-out effect), which would also
lead to the reduction in 18F-BMS986192 uptake.
Protein-based PET tracers targeting PD-L1 do not accumulate in

normal brain tissue (13,14), because proteins usually cannot cross
the intact blood–brain barrier. The inability of large proteins to
enter the brain could be part of the cause of the mixed response of
brain metastases to treatment with ICI. Brain metastases can disrupt
the blood–brain barrier, but this is not always the case. Niemeijer
et al. demonstrated that uptake of the protein-based PD-L1 tracers
18F-BMS-986192 and 89Zr-DFO-nivolumab was observed in some,
but not all, untreated brain metastases in 2 non–small lung
cancer patients (13). In our study, the 18F-BMS986192 uptake in brain
metastases was also heterogeneous. Moreover, 18F-BMS986192
uptake in brain metastases showed a relation with response, although
this correlation was not statistically significant, but this may be due
to the sample size.
In this study, a 18F-labeled adnectin was used to target PD-L1

protein expression. In contrast to PET with the 89Zr-linked anti-
body tracer 89Zr-DFO-atezolizumab, 18F-BMS986192 PET provides
the opportunity to acquire the PET scan 1 h after tracer injection,
and thus the examination can be completed within a single visit,
which is highly convenient for the patient. Imaging on the same day
as tracer injection is especially important for patients with brain
metastases, where it is often essential to start treatment without
delay. In addition, 18F-BMS986192 PET exposes the patients to a
much lower radiation dose, allowing the acquisition of multiple 18F-
BMS986192 PET examinations in the same patients within a short
time frame. Moreover, it should be emphasized that the tumor accu-
mulation of 18F-BMS986192 and most 89Zr-labeled antibody tracers
is based on slightly different mechanisms. 18F-BMS986192 uptake
in the tumor is the result of reversible receptor binding and thus
reflect receptor expression (24). The uptake of 89Zr-labeled antibody
tracers, on the other hand, is the result of receptor binding, followed
by receptor internalization, and thus represents receptor turnover,
more than receptor expression. The lower radiation burden, the fast
tracer kinetics, and the uptake mechanism of 18F-BMS986192 make
this tracer better suited for pharmacokinetics and pharmacodynamics
studies than the 89Zr-labeled antibody tracers.

CONCLUSION

PET imaging with 18F-BMS986192 PET
shows heterogeneous PD-L1 expression in
brain and lung metastases of melanoma
patients. The 18F-BMS986192 tumor
uptake correlates with response on a per-
lesion basis, with the same trend found in
both intracerebral and extracerebral lesions.
ICI-related toxicity can be detected at an
early stage, before clinical symptoms
appear. The preliminary results of this pilot
study warrant further evaluation of 18F-
BMS986192 PET as a noninvasive imag-
ing tool for assessment of PD-L1 expres-
sion in (brain) tumor lesions and prediction of
ICI therapy response.
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KEY POINTS

QUESTION: Is variability of PD-L1 PET tracer uptake in metastatic
melanoma lesions related to tumor response on ICIs, particularly
in brain metastases?

PERTINENT FINDINGS: In this pilot study, 18F-BMS986192 PET
showed heterogeneous uptake in intra- and extracerebral metastatic
lesions in melanoma patients. Baseline 18F-BMS986192 uptake was
able to predict an ICI-induced reduction in lesion volume.

IMPLICATIONS FOR PATIENT CARE: In melanoma patients,
PD-L1 PET imaging may identify which metastatic lesions require
local treatment in addition to ICIs.
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The purpose of this study was to investigate the diagnostic and prog-
nostic value of 18F-FDG PET/CT for surveillance imaging in patients
treated for stage III Merkel cell carcinoma (MCC). Methods: This retro-
spective study included 61 consecutive stage III MCC patients who
were clinically asymptomatic and underwent surveillance 18F-FDG PET/
CT. Findings were correlated with either pathology or clinical/imaging
follow-up. The median follow-up period was 4.8 y. Statistical analyses
were performed. Results: 18F-FDG PET/CT detected unsuspected
recurrences in 33% patients (20/61) with lesion-based sensitivity, specif-
icity, and accuracy of 92%, 93%, and 93%, respectively. The mean 6

SD SUV for malignant and benign lesions was 7.56 3.9 and 3.8 6 2.0,
respectively. Unknown distant metastases, as first recurrence site, were
noted in 12 of 61 patients. Those with positive disease on 18F-FDG PET/
CT within 1 y of definitive treatment had relatively worse overall survival
(P , 0.0001). After adjustment on stage, risk of death increased with a
higher SUVmax (hazard ratio for 1 unit 5 1.17; P 5 0.006) and with a
higher number of positive lesions on 18F-FDG PET/CT (hazard ratio for
1 additional lesion5 1.60; P, 0.001). Conclusion: Postdefinitive treat-
ment surveillance 18F-FDG PET/CT scanning detects unsuspected
recurrences and has prognostic value. Inclusion of 18F-FDG PET/CT
within the first 6 mo after definitive treatment would be appropriate for
surveillance and early detection of recurrence. Our data merit further
studies to evaluate the prognostic implications.

Key Words: 18F-FDG PET/CT; Merkel cell carcinoma; recurrence;
PET; surveillance; prognosis
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Merkel cell carcinoma (MCC) is a rare aggressive cutaneous
malignancy of neuroendocrine origin that has shown increasing inci-
dence in the United States, with a reported increase of 95% during
the years 2000–2013 (1,2). Patient survival depends on the stage of
disease at diagnosis (3–5), with stage III MCC noted for higher meta-
static potential and decreased survival than stages I and II (5-y cumu-
lative incidence [CI] of death, 10%–15%) and substage IIIa having
higher disease-specific survival than substage IIIb (5-y CI of death,
22% for IIIa and 53% for IIIb) (4,6).
After definitive therapy, recurrences occur in approximately 25%–

50% of patients, with a median time to recurrence of about 8 mo, and

90% recurrences occur within 2 y (3,6–9). Follow-up is therefore imper-
ative in MCC, especially in higher stage disease. National Comprehen-
sive Cancer Network (NCCN) guidelines recommend routine follow-up
visits every 3–6 mo for 3 y and every 6–12 mo thereafter (3). Complete
physical examination including skin and lymph node assessment is the
mainstay. Currently, 18F-FDG PET/CT is not integrated in the routine
follow-up. Imaging with contrast-enhanced CT and MRI is used, as clin-
ically warranted on a case-by-case basis (3,10,11).
The overall sensitivity and specificity of 18F-FDG PET/CT for

detecting primary or metastatic MCC ranges from 86% to 100% and
89% to 100%, respectively (10,12–19), and impact on management has
been noted in up to 45% of patients (13,18–22). Prior studies have lim-
ited data on surveillance, include small number of patients and surveil-
lance scans, lack pathologic correlation, and have variable disease stage
and clinical status of patients. The aim of this study was to evaluate
diagnostic and prognostic performance of surveillance 18F-FDG PET/
CT scans obtained at least 1 mo after definitive treatment in asymptom-
atic patients with stage III MCC.

MATERIALS AND METHODS

This was an institutional review board–approved single-institution ret-
rospective study, performed in compliance with Health Insurance Porta-
bility and Accountability Act regulations, and the requirement to obtain
informed consent was waived. A total of 61 patients treated for stage III
MCC who underwent surveillance 18F-FDG PET/CT imaging as part of
standard of care were included. Staging was performed at the time of
diagnosis, according to American Joint Committee of Cancer guidelines,
eighth edition (23). Stage III disease included patients with suspected
lymph node involvement either positive only on sentinel lymph node
biopsy in patients with known primary (stage IIIA known primary), posi-
tive on clinical examination in patients with unknown primary (stage
IIIA unknown primary), or positive on clinical examination and con-
firmed by pathology (stage IIIB) (23). Patients were not on active treat-
ment at the time of the scan, were without any evidence or suspicion of
disease as per the clinical assessment of referring physicians, and had a
minimum interval of at least 1 mo since the completion of first definitive
treatment. Electronic medical records were reviewed for clinicopathologic
data, and mean follow-up duration was 4.8 y.

After 6 h of fasting and preinjection serum blood glucose of ,200
mg/dL, patients were intravenously injected with 370–555 MBq of
18F-FDG. Whole-body scans were acquired 60–90 min after injection
from vertex to toes, with patients supine. Low-dose (120–140 kV, 80
mA) CT scans with oral contrast were obtained and used for attenua-
tion correction of PET images. All images were reviewed on a PACS
workstation using the VCAR imaging suite (AW Suite 2, GE Health-
care). Maximum SUVs, normalized to body weight, were determined.
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A total of 221 18F-FDG PET/CT scans were reviewed. Location, size,
and SUV of 107 suspicious lesions were noted. Histopathologic correla-
tion was available for 30 lesions as standard of reference, and clinical/
imaging follow-up ($6 mo) was performed for the remaining 77 lesions.
Findings were classified as true-positive for recurrence/metastasis if con-
firmed by either positive histopathology from biopsies/resections or pres-
ence of detectable lesion at corresponding site on follow-up imaging
showing increase in SUV or size. Comparison of findings was performed
in 28 pairs of PET/CT and CT/MRI (limited regions/areas) scans acquired
within 1 mo.

Statistical Methods
Sensitivity, specificity, positive predictive value (PPV), negative

predictive value (NPV), and accuracy with 95% CIs were calculated,
using pathology and clinical/imaging follow-up as a reference stan-
dard. Time to recurrence was defined as time from the end of primary
treatment to first recurrence detected on 18F-FDG PET/CT, confirmed
pathologically or clinically; alive patients without recurrences were
censored at their last date of follow-up, and deaths before recurrence
were considered as competing risk. Cumulative rates of recurrence
were calculated using the Aalen–Johansen estimator. Overall survival
was defined from first surveillance PET/CT scan to date of death; alive
patients were censored at their last date of follow-up. A Kaplan–Meier
curve was used to estimate survival rates. Landmark analyses were
used to compare survival, based on scan positivity at 3, 6, and 12 mo
(i.e., events occurring before the landmark time were excluded, and
the time was calculating from the landmark time). Survival curves
were compared with a log-rank test. Cox-proportional hazards model
were used for univariable/multivariable analysis to assess prognostic
value of PET parameters. Scan positivity, lesion SUV, number of
lesions, and disease substage were correlated with survival. Factors
with a P value , 0.20 in univariate analysis were entered in multivari-
ate analysis, and a backward variable selection was done. Adjusted
hazard ratios (HRs) are presented, along with 95% CI. Statistical anal-
ysis was performed using R, version 3.5.0 (R Core Team).

RESULTS

Patient Characteristics
Patient, scan, and tumor characteristics are described in Table 1.

The median interval between end of treatment and first surveillance
18F-FDG PET/CT scan was 3.7 mo (range, 1.1–23.3 mo). The time
interval between consecutive scans predominantly ranged between
1.5 mo and 1.6 y, usually based on the clinician’s discretion.

18F-FDG PET/CT Scan-Based Analysis
Of 221 18F-FDG PET/CT scans, 39 showed 18F-FDG–positive

foci. Pathology confirmed recurrent MCC in 15 of 39 scans, and
clinical/imaging follow-up confirmed recurrence in another 11
scans. Incidental second malignancy was detected in 1 scan. Over-
all, true-positive findings were seen in 27 scans (12%, 27/221).
False-positive findings were seen in 12 scans (5%, 12/221) and
confirmed on pathology in 2 and on clinical/imaging follow-up in
10 scans. A total of 182 18F-FDG PET/CT scans were negative for
recurrent disease, of which 4 of the 221 (2%) were falsely nega-
tive, all confirmed on pathology. The remaining 178 scans (81%,
178/221) were true-negative based on clinical/imaging follow-up.

Lesion-Based Analysis
A total of 107 sites of abnormal 18F-FDG avidity were noted (Fig. 1),

for which pathology confirmed disease in 24 sites and clinical/imaging
follow-up confirmed in 68 sites. False-positive 18F-FDG uptake was
seen in 15 sites, including nasal and axillary cutaneous sites (confirmed
on pathology), pelvic fracture, rib fracture, 9 reactive neck and

mediastinal nodes, and cutaneous sites in thigh and foot (confirmed on
clinical/imaging follow-up). Two lesions were thought to be benign but
were later confirmed as recurrent disease on pathology—lung infiltrates
and neck node. Two in-transit metastases in the thigh and arm were also
missed on 18F-FDG PET/CT because they were below PET resolution
and too small to characterize.
Overall SUVmean 6 SD for 18F-FDG–avid malignant and benign

lesions was 7.5 6 3.9 (range, 1.7–18.9) and 3.8 6 2.0 (range, 1.6–6.0),
respectively; for local recurrence, 6.5 6 4.1 (range, 1.7–18.9); and for
distant metastases 8.0 6 3.7 (range, 2.3–18.0). Mean SUV for
18F-FDG–avid distant nodes was 7.1 (range, 2.3–12.7) and for osseous
lesions 8.2 (range, 4.0–13.4). Mean size of 18F-FDG–avid distant nodal
metastases was 1.3 cm in short axis (range, 0.6–2.1 cm). SUVmean 6
SD for false-positive findings was 3.7 6 1.2 (range, 1.6–6.0). On the
basis of the ROC curve, the optimal cutoff SUV of 5.4 was associated
with a low sensitivity of 54.9% but high specificity of 91.4% (Fig. 2).
Lesion-based sensitivity, specificity, PPV, NPV, and accuracy

of PET/CT scan, calculated on the basis of correlation either

TABLE 1
Patient, Tumor, and 18F-FDG PET/CT Scan Characteristics

Characteristic Data

No. of patients 61

Sex (n)

Male 44 (72%)

Female 17 (28%)

Mean age (6SD) at the time
of diagnosis (y)

69 6 13.0
(range, 25–93)

Site of primary disease (n)

Cheek/chin 5 (8.1%)

Ear/eyelid/nose 4 (6.6%)

Forehead/scalp 5 (8.1%)

Neck node 2 (3.3%)

Axilla 4 (6.6%)

Back/chest 2 (3.3%)

Groin 11 (18.0%)

Buttocks 10 (16.3%)

Finger/hand 2 (3.3%)

Forearm/elbow/arm 8 (13.2%)

Knee/leg/thigh 8 (13.2%)

Stage of primary disease at diagnosis (n)

Stage IIIA (known primary) 23 (37%)

Stage IIIA (unknown primary) 20 (33%)

Stage IIIB 18 (30%)

Prior treatment received (n)

Surgery 20 (33%)

Surgery 1 chemotherapy/
radiation/chemoradiation

38 (62%)

Chemoradiation 3 (5%)

Number of 18F-FDG PET/CT scans 221

Scans performed per patient (n)

1–4 43

5–10 18

SURVEILLANCE
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with pathology or with clinical/imaging follow-up, was 92%,
93%, 86%, 96%, and 93%, respectively, whereas scan-based
sensitivity, specificity, PPV, NPV, and accuracy was 90%, 94%,
69%, 98%, and 93%, respectively.

Patient-Based Evaluation
Overall, 20 patients had relapse detected on 18F-FDG PET/CT. The

cumulative rate of detecting recurrences was 8.2% (95% CI, 1.3,
15.1%) within 3 mo, 16.4% (95% CI, 7.1, 25.7%) within 6 mo, and
26.2% (95% CI, 15.2, 37.3%) within 12 mo after definitive treatment.
Local or locoregional relapse at or adjacent to the site of primary was
seen in 8 patients, with a median interval of 4.5 mo (range,1.1–14.7 mo)
from the end of treatment; disease sites included cutaneous/subcutaneous
lesions in extremities (number of patients, n 5 4); nodal disease in pos-
terior auricular, inguinal, and axillary region (n 5 3); and cutaneous

lesion in leg with inguinal node (n 5 1). Four of these 8 patients subse-
quently developed distant metastases. Distant metastasis, as first site of
recurrence, was seen in 12 of the total 61 patients, with median interval
of 7.2 mo from the end of treatment (range, 3.0–41.9 mo).

18F-FDG PET/CT findings led to implementation of treatment in
20 patients (33%, 20/61). Surgery only was performed in 4 patients
including excision of cutaneous/subcutaneous lesions in extremities
(number of patients, n 5 3) and bilateral salpingo-oophorectomy
(n 5 1). Radiation only was performed in 7 patients, with sites
including retroperitoneal/pelvic nodes (n 5 4), pancreas (n 5 1), ver-
tebrae (n 5 1), mediastinal node, and subcutaneous thigh lesion
(n 5 1). Chemotherapy only was administered in 3 patients, whereas
2 patients received both chemotherapy and radiation therapy to osse-
ous sites and 1 patient received chemotherapy and radiation therapy
to subcutaneous/skin lesions in lower extremities in 2 different set-
tings. Two patients received surgery followed by radiation therapy in
axilla and groin, whereas 1 patient received immunotherapy.

Comparison with CT/MRI
Comparison with 28 CT/MRI scans and PET/CT scans was avail-

able in 17 of 61 patients (28%). Of 28 CT/MRI scans, 7 showed sus-
picious findings. Of 7 scans, 6 were true-positives as confirmed by
histology in 4 and clinical follow-up in 2. A false-positive finding
was seen in 1 CT scan, confirmed on clinical follow-up that demon-
strated a borderline enlarged inguinal node (non-18F-FDG–avid) in a
patient with primary disease in the groin. Two findings were falsely
negative on CT, including biopsy-proven in-transit metastases in
thigh (non-18F-FDG–avid) and inguinal node (18F-FDG–avid) posi-
tive for recurrence in imaging follow-up. Two findings including a
lung nodule and bone lesion, suspicious on 18F-FDG PET/CT and
positive for recurrent disease on clinical/imaging follow-up, were
outside the regional field of view of the CT/MRI scan.

Prognostic Analyses
Mean follow-up duration was 4.8 y (range, 8 mo–18 y) after first

surveillance 18F-FDG PET/CT. Among the 43 patients with negative
scan results at 3 mo, 7 (16%) had a positive scan result later. Among
the 41 patients with negative scan results at 6 mo, 5 (12%) had a pos-
itive scan result later. Among the 39 patients with negative scan
results at 12 mo, 3 (8%) had a positive scan result later. Surveillance
of patients is represented in the swimmer plot demonstrating the time
points of 18F-FDG PET/CT scan positivity and the follow-up dura-
tion (Fig. 3). Most of the recurrences developed within 1.5 y after
the end of primary treatment. On the basis of the timing of the scan,
statistical analysis revealed better overall survival (OS) in patients
with a negative 18F-FDG PET/CT scan result, as compared with
patients with positive scan result, within 3 mo (P , 0.0001), 6 mo
(P, 0.0001), and 12 mo after treatment (P, 0.0001) (Fig. 4).
Univariable statistical analysis showed that the risk of death increased

with a positive surveillance 18F-FDG PET/CT scan result, higher SUV,
and higher number of 18F-FDG–avid lesions (Table 2). Multivariable
analysis showed that risk of death was increased with higher SUV
(HR for 1 unit 5 1.17; 95% CI, 1.05 to 1.31; P 5 0.006) and number
of 18F-FDG–avid lesions (HR for 1 additional lesion 5 1.60; 95% CI,
1.25 to 2.04; P, 0.001) and was decreased for patients with stage IIIA
(unknown primary) compared with stage IIIA (known primary) (HR 5

0.09; 95% CI, 0.01 to 0.99, Table 2). 18F-FDG PET/CT scan positivity
was not evaluated in the multivariable model as we used a summary of
the number of positive lesions.

FIGURE 2. Receiver-operating-characteristic (ROC) curve for benign
versus malignant lesion prediction based on SUVmax. FPR = false-positive
rate; TPR = true-positive rate.

SUV 9
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FIGURE 1. Asymptomatic 70-y-old woman with left arm MCC (s/p exci-
sion, left axillary lymphadenectomy, radiation to axilla) underwent surveil-
lance 18F-FDG PET/CT scan 3.3 mo after treatment. 18F-FDG PET/CT (A;
maximum-intensity projection, arrow) scan revealed solitary focal 18F-FDG
uptake in left pelvis (B; fused PET/CT, SUV 9, arrow) in a nodular soft-tissue-
density lesion in left adnexa (C; axial CT, arrow). USG pelvis showed solid
mass in left ovary measuring 1.8 x 1.4 x 1.6 cm, corresponding to site of
abnormality on 18F-FDG PET/CT. Patient underwent salpingo-oophorectomy
and pathology was positive for MCC. s/p = status post; USG = ultrasound.
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DISCUSSION

In this study, 18F-FDG PET/CT showed high sensitivity and
specificity of 92% and 93%, respectively, to detect recurrent MCC
lesions in local as well as distant sites. Overall, 12% (27/221) of
surveillance 18F-FDG PET/CT scans were true-positive for recur-
rence, and 81% were true-negative. 18F-FDG PET/CT results con-
tributed to implementation of treatments in 33% (20/61) patients.
We also assessed the prognostic significance of 18F-FDG PET/CT,
specifically in patients treated for stage III disease, which, to our
knowledge, has never been reported before.
On the basis of our results, early inclusion of 18F-FDG PET/CT

within the first 6 mo after definitive treatment is suitable to initiate
imaging surveillance in stage III MCC patients. Although none of
our patients had clinically evident disease after receiving definitive
treatment, unexpected true-positive 18F-FDG PET/CT findings
were detected in local or locoregional nodes in 13% (8/61) patients
at a median interval of 4.5 mo after treatment; all patients had
normal-appearing skin and negative clinical nodal exam. Additionally,
unexpected findings were seen in distant organs including ovaries,
pancreas, bone, and distant lymph nodes in 20% (12/61) of patients at
a median interval of 7.2 mo after treatment. Only a few prior studies
have partly evaluated follow-up 18F-FDG PET/CT in MCC, with
relapse noted in 7%–15% scans and overall impact on management
seen in 20%–32% patients (10,12–13,16,18,20–21). However, these
studies were limited due to small patient cohort, small number of sur-
veillance PET/CT scans included, variable disease stage, unclear clin-
ical status of the patient at the time of scanning, and varying
indications for including 18F-FDG PET/CT scans, for example, moni-
toring treatment response, clinically suspected recurrence, or ongoing
surveillance (16,18,20,22).
We also observed that most recurrences developed within 1.5 y

after definitive treatment, and 18F-FDG PET/CT enabled identifica-
tion of unsuspected disease relapse, leading to appropriate treatment

planning. This invites further studies, preferably of a prospective
nature, to evaluate the appropriate time intervals of performing sur-
veillance imaging in the initial posttreatment years. On the basis of
our data, surveillance 18F-FDG PET/CT scans obtained within the
first 6 mo of end of definitive treatment and follow-up scans spaced
at intervals of 6–9 mo for at least 2 y may be beneficial, considering
that most recurrences are detected within the first 2 y of diagnosis
(3,6–9). Currently, there is no consensus on follow-up surveillance
imaging of asymptomatic patients after treatment completion. An-
other study has shown slightly different results with longer mean
time to recurrence of 15.3 mo, which may have been due to variable
disease stage of included patients (18). A few studies that demon-
strated median time to recurrence of 6–9 mo have not clearly
explained the imaging modality used to detect recurrence (3,24–27).
The OS of patients with recurrence detected on 18F-FDG PET/CT

was significantly reduced compared with patients with negative

FIGURE 4. OS of patients based on findings and timing of 18F-FDG
PET/CT scan (A, at 3-mo; B, at 6 mo, and C, at 12 mo after definitive treat-
ment, respectively).

FIGURE 3. Swimmer plot illustrating information about local and distant
recurrences, confirmed on pathology, during follow-up on surveillance
18F-FDG PET/CT scans since end of primary treatment for all included
stage IIIA known primary (KP), IIIA unknown primary (UP), and IIIB MCC
patients (n5 61).
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18F-FDG PET/CT scan results. It is of interest that the chances of
developing recurrence decreased with increasing elapsed time from the
end of treatment. In our cohort, 16%, 12%, and 8% of patients who
had negative 18F-FDG PET/CT scan results at 3, 6, and 12 mo after
treatment, respectively, developed recurrences. In addition, the OS of
patients was negatively impacted by a higher number of 18F-FDG–avid
lesions and higher SUV, suggesting higher disease burden; this higher
disease burden has often been reported in other malignancies as well
(28). To our knowledge, none of the prior studies in the literature has
demonstrated the prognostic role of surveillance 18F-FDG PET/CT
scans in MCC patients. In the study by TROG (Trans Tasman Radia-
tion Oncology Group), postradiation-treatment 18F-FDG PET/CT
scans were acquired at 9 wk after the end of radiation therapy in
patients with ongoing systemic treatment. The study showed positive
findings in 5 of 41 patients (12%) and no impact on patient survival at
3 y (16). The nonsignificant results were attributed to small number of
patients with positive PET findings and early intervention with salvage
treatment (16).
In our study, 18F-FDG PET/CT showed false-positive findings

in 8 patients, mainly in cutaneous sites and reactive lymph nodes
with relatively low-grade uptake. These false-positive findings can
be explained by overexpression of glucose transporters in infec-
tious/inflammatory etiology (29). Histopathologic correlation is
therefore needed to confirm disease in sites that appear equivocal
on 18F-FDG PET/CT. Compared with CT/MRI, 18F-FDG PET/CT
scanning detected disease in sites that were outside the conven-
tional imaging field of view and in nodes that were not suspicious
by size criteria on CT/MRI. The in-transit metastases were falsely
negative on both conventional and metabolic imaging, perhaps
related to the small size.
Our study is limited by retrospective design; variable timing of

initiation, and continuation, of surveillance imaging; as well as the
lack of pathologic correlation for all lesions. We did not study the
cost–benefit analysis of performing 18F-FDG PET/CT scans for
surveillance as it was beyond the scope of the current study; how-
ever, the risk–benefit ratio will need evaluation in future studies to
understand the economic impact.

CONCLUSION

Surveillance whole-body 18F-FDG PET/CT is a sensitive imaging
modality in posttreatment follow-up of asymptomatic stage III MCC

patients. Our data indicate that initiating surveillance 18F-FDG PET/
CT within 6 mo after completion of definitive treatment in stage III
MCC may be useful in early detection of recurrence. Further scans
spaced at intervals of 6–9 mo for at least 2 y may be beneficial. Larger
prospective studies may help further validate these findings.
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KEY POINTS

QUESTION: What is the diagnostic and prognostic value of
18F-FDG PET/CT in surveillance imaging of stage III MCC
patients?

PERTINENT FINDINGS: In this retrospective study, 61 posttreat-
ment stage III MCC patients were included who were clinically
asymptomatic, and 18F-FDG PET/CT detected unsuspected
recurrent disease in 33% patients, with a high sensitivity and
specificity of 92% and 93%, respectively. Risk of death was
increased with higher number of 18F-FDG–avid lesions (P , 0.001)
and higher lesion SUV (P 5 0.006) on 18F-FDG PET/CT. Patients
with recurrent disease on 18F-FDG PET/CT, within 1 year of
definitive treatment, had relatively worse OS (P , 0.0001).

IMPLICATIONS FOR PATIENT CARE: Early implementation of
surveillance 18F-FDG PET/CT in patients with stage III MCC allows
detection of unsuspected recurrences, leading to appropriate
treatment planning, and has a potential prognostic role.
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Combined PARP1-Targeted Nuclear Contrast and Reflectance
Contrast Enhance Confocal Microscopic Detection of Basal
Cell Carcinoma
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Reflectance confocal microscopy (RCM) with endogenous backscat-
tered contrast can noninvasively image basal cell carcinomas (BCCs)
in skin. However, BCCs present with high nuclear density, and the
relatively weak backscattering from nuclei imposes a fundamental
limit on contrast, detectability, and diagnostic accuracy. We investi-
gated PARPi-FL, an exogenous nuclear poly(adenosine diphosphate
ribose) polymerase (PARP1)–targeted fluorescent contrast agent, and
fluorescence confocal microscopy toward improving BCC diagnosis.
Methods: We tested PARP1 expression in 95 BCC tissues using
immunohistochemistry, followed by PARPi-FL staining in 32 fresh
surgical BCC specimens. The diagnostic accuracy of PARPi-FL con-
trast was evaluated in 83 surgical specimens. The optimal parameters
for permeability of PARPi-FL through intact skin was tested ex vivo
on 5 human skin specimens and in vivo in 3 adult Yorkshire pigs.
Results: We found significantly higher PARP1 expression and
PARPi-FL binding in BCCs than in normal skin structures. Blinded
reading of RCM–and–fluorescence confocal microscopy images by 2
experts demonstrated a higher diagnostic accuracy for BCCs with
combined fluorescence and reflectance contrast than for RCM alone.
Optimal parameters (time and concentration) for PARPi-FL transepi-
dermal permeation through intact skin were successfully determined.
Conclusion: Combined fluorescence and reflectance contrast may
improve noninvasive BCC diagnosis with confocal microscopy.

Key Words: basal cell carcinoma; cancer diagnosis; reflectance con-
focal microscopy; nuclear contrast; fluorescence confocal micros-
copy; in vivo
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Basal cell carcinomas (BCCs) occur with high incidence rates
of more than 4 million in the United States, Europe, and Australia
every year (1). Diagnosis is based on dermoscopy followed by biopsy
and histopathology. BCCs can manifest as superficial, nodular, infil-
trative, and micronodular subtypes (2). Although dermoscopy pro-
vides high sensitivity (80%–100%), the specificity remains low and
variable (32%–90%), particularly for lesions lacking distinct pigmen-
tation or vascular patterns (so-called pink lesions) (3–5). This lower
specificity leads to approximately 3–5 benign lesions being biopsied
for every detected malignancy, which translates to roughly 12–15
million biopsies annually (6). The specificity for BCC diagnosis
has recently been improved with reflectance confocal microscopy
(RCM).
RCM is a noninvasive high-resolution, label-free, quasihistopatho-

logic imaging technique that shows cellular-level morphology and
architecture in skin to a depth of 200 mm (7–9). RCM is based on the
detection of singly backscattered light from subsurface optical sections
(10–13). RCM detects BCCs with sensitivity of 76%–94% and specif-
icity of 54%–95% (14–16). When combined with dermoscopy, RCM
provides approximately 50% higher specificity, with a resulting
approximately 2-times drop in the benign-to-malignant biopsy ratio
compared with dermoscopy alone (17–19). Although the use of RCM
has improved diagnostic accuracy at the bedside, the backscattered
contrast imposes a fundamental limit for BCC diagnosis. Because of
weak backscatter from intranuclear chromatin, nucleus-dense BCCs
appear dark relative to the surrounding dermis. But nucleus-dense nor-
mal structures (hair follicles, lower basal cell layer of epidermis) also
appear dark, thus mimicking BCCs (16,20). This limitation may be
overcome with an exogenous molecule-targeted fluorescence nuclear
contrast agent and fluorescence confocal microscopy (FCM) imaging.
PARPi-FL is a newly developed small-molecular (620 Da), poly-

(adenosine diphosphate ribose) polymerase (PARP1)–targeted
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fluorescent reporter (21). PARPi-FL is BODIPY-FL (Molecular
Probes) conjugated to the PARP inhibitor olaparib, possessing
the strong PARP1 specificity of olaparib (21,22) and the strong
fluorescence properties of BODIPY-FL, and has shown specific
nuclear labeling and tumor imaging (23,24). The Food and Drug
Administration accorded investigational-new-drug status to
PARPi-FL, and a phase I/II trial is in progress (NCT03085147)
for imaging oral cancers in patients (25,26). Higher intranuclear
accumulation in tumors, rapid tissue permeation (4.6 mm/s
(27)), safety, and detectability deeper in tissue makes PARPi-FL
attractive for BCC diagnosis.
However, for in vivo use in patients, 2 central questions must be

addressed: can the exogenous PARPi-FL nuclear contrast improve
diagnostic accuracy for BCCs, and can PARPi-FL be quickly and
effectively delivered transepidermally to BCCs in the dermis through
intact skin? We report the results of our investigation on PARP1
expression, PARPi-FL staining, and permeability in this article (Fig. 1).

MATERIALS AND METHODS

Sample Collection
PARP1 expression was investigated on formalin-fixed, paraffin-embed-

ded specimens. For experiments on PARPi-FL staining, surgically excised
fresh discarded BCCs and normal specimens were collected after Mohs

surgeries. For the permeability experiments, large (53 5 cm) specimens of
normal breast skin were collected at the end of mastectomies. All samples
were collected under various institutional review board–approved protocols.

PARP1 Expression in BCCs
Two adjacent thin (5 mm) formalin-fixed, paraffin-embedded sec-

tions were obtained for PARP1 immunohistochemistry and hematoxy-
lin and eosin (H&E) staining. PARP1 immunohistochemistry was
performed according to a previously described procedure (24). We
used an anti-PARP1 rabbit monoclonal antibody (46D11; Cell Signal-
ing Technology) at 0.4 mg/mL, followed by a biotinylated goat anti-
rabbit IgG (PK6106; Vector Labs) at a 1:200 dilution.

Quantification of PARP1 Expression
Immunohistochemistry-stained and H&E-stained sections were digi-

tally scanned (Aperio ScanScope Slide Scanner; Leica Biosystems).
BCCs and surrounding normal structures—hair follicles, sebaceous
glands, and epidermis—were annotated by a pathologist using different
color codes. PARP1 was quantified using the Aperio Positive Pixel
Count Algorithm (Leica Biosystems) (28). Thresholding was performed
on the diaminobenzidine PARP1-positive area, and total area was deter-
mined by hematoxylin-stained area. PARP1 positivity (integrated posi-
tive pixel area/total annotated area) was computed in each field of view.
Thresholds, hue, and saturation were kept constant for all specimens.

PARPi-FL Staining and Nuclear PARP1
Specificity in Thin Tissue Sections

Fresh discarded BCC tissues were serial-
sectioned into four 10-mm frozen sections for
PARPi-FL staining, H&E staining, PARP1
immunofluorescence testing, and isotype IgG
control (Supplemental Fig. 1A; supplemental
materials are available at http://jnm.snmjournals.
org). For PARPi-FL staining, tissue sections
were stained with 100 nM PARPi-FL (in 30%
polyethylene glycol) for 5 min using Hoechst
33342 (Invitrogen), 0.002 mg/mL, as a nuclear
counterstain. Immunofluorescence was tested
using a previously described procedure (23). We
used anti-PARP1 antibody (rabbit polyclonal
IgG, SC-7150, 1:200 dilution; Santacruz Bio-
technology) and isotype control (normal rabbit
IgG, 1:200 dilution; Santacruz Biotechnology),
and we used AlexaFluor 568 (goat-antirabbit,
A21076, 1:1,000 dilution; Invitrogen Molecular
Probes) as the secondary antibody. The slides
were scanned using a Mirax Slide Scanner
(3DHISTECH). For selected tissues, 10–15
PARPi-FL images were also acquired with a
commercial microscope (LSM880; Carl Ziess
Microscopy LLC) in tumor and normal areas.
Analysis for fluorescence intensity and area pos-
itivity on the microscopic images was performed
using a batch code implemented in FIJI. Thresh-
olding was performed for PARPi-FL signal, and
total nuclear area was calculated using Hoechst
33342 to calculate normalized intensity and area
positivity. Analysis was done on an image level
and a case level (average of multiple images).

PARPi-FL Staining in Thick Fresh
BCC specimens

Specimens were stained with PARPi-FL
(250nM PARPi-FL in 30% polyethylene glycol

FIGURE 1. Summary of experiments undertaken in study. FFPE5 formalin-fixed, paraffin-embed-
ded. FCM = fluorescence confocal microscopy; RCM = reflectance confocal microscopy.
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300/phosphate-buffered saline for 10 min, followed by 10 min in 30%
polyethylene glycol 300/phosphate-buffered saline) and imaged using a
benchtop research ex vivo RCM-and-FCM prototype microscope (Viva-
scope-2500; Caliber Imaging and Diagnostics) simultaneously in both
fluorescence (488 nm) and reflectance (785 nm) modes (Supplemental
Fig. 1B). RCM and FCM mosaicking to display up to a 12 3 12mm
field of view encompassing the entire tissue was performed and used for
the blinded study.

Blinded Reader Evaluation
The blinded reading study was performed by 2 expert confocal read-

ers. Training was on a subset of RCM and FCM mosaics with an equal
number of BCC-positive and BCC-negative cases (i.e., equal preva-
lence for BCCs and normal skin). Depending on the specimen size,
each mosaic was divided into either 2 or 4 submosaics to facilitate read-
ing. The diagnosis was evaluated both at a mosaic (case) level and at
an individual submosaic (quadrant) level. Both readers were provided
with matched RCM and FCM mosaics for each specimen. The RCM
mosaic was evaluated, followed by the matched FCM mosaic to com-
pare BCC diagnostic accuracy on RCM and with added PARPi-FL
contrast in RCM and FCM. Readers evaluated BCC presence or
absence, nuclear staining (on FCM), and overall diagnostic quality.
Blinded analysis results were compared with the corresponding H&E
results to compute sensitivity, specificity, positive predictive value, and
negative predictive value at a case level and a quadrant level.

Effect of PARPi-FL on Subsequent Histopathology
Normal and BCC tissues were bisected such that one piece was

immersed in PARPi-FL (1 mM) and the other in polyethylene glycol–
phosphate-buffered saline (control) for 30 min, respectively. Both
pieces were separately submitted in formalin for H&E histopathology
evaluation. Sections were digitally scanned and read in a blinded manner
by 2 pathologists to grade the staining quality of cytoplasm, nucleus,
and collagen; diagnostic acceptability or unacceptability; and BCC
presence or absence and subtype.

Permeability and Transepidermal Delivery in Ex Vivo Tissue
The mastectomy specimens were processed to remove adipose tis-

sue and blood without disrupting stratum corneum integrity. Tissues
were placed on a flat corkboard and gently wiped with an alcohol pad
(Webcol alcohol preps; Covidien) and allowed to dry. PARPi-FL was
applied topically on the stratum corneum using plastic and metal tem-
plates, which served as PARPi-FL reservoirs (Supplemental Fig. 1C).
Additionally, in some specimens, a PARPi-FL–saturated gauze (1
mM) followed by a Tegaderm patch (3M Medical) was pinned onto
the skin to maintain uniform pressure, to mimic topical application
and occlusion in vivo. Ranges of PARPi-FL concentrations (1–10
mM) and application times (10–30 min) were tested. After experiment
completion, a 5-mm punch biopsy (MediChoice biopsy punches;
Owens and Minor) was performed. Each biopsy sample was bisected
and dipped in Hoechst 33342 (Invitrogen) (diluted to 0.002 mg/mL in
chilled phosphate-buffered saline) for nuclear counterstaining. The
tissues were mounted on their lateral surface for imaging with a con-
focal microscope (Zeiss LSM880 system [320/0.8 numerical aperture
[NA]]) using 405-nm (Hoechst 33342) and 488-nm (PARPi-FL)
wavelengths. The raw files were qualitatively visualized in FIJI.

Permeability and Transepidermal Delivery In Vivo
Topical application and permeability were tested in vivo in adult

female Yorkshire pigs obtained under a protocol approved by the in-
stitutional animal care and use committee. The pigs were anesthetized
using inhalational 5% isoflurane. An area of the flank approxi-
mately 46 cm (18 in) in length was selected, shaved, and gently
swabbed with ethanol. Any local irritation (confirmed visually)
from shaving was allowed to subside before PARPi-FL application.

Within this area, 2 sets of rows comprising 5 sites each were
marked for the well placement to deliver either PARPi-FL or saline
and to perform biopsies (Supplemental Fig. 1D). The application
sites were spaced 2 cm apart (edge-to-edge) to prevent cross contami-
nation. Each well (or template) (Everbilt; Home Depot Product
Authority, LLC) measured 0.95-cm (3/8-in) in diameter and was
attached to the selected site using an adhesive (Dermabond Advanced;
Ethicon US, LLC) in which 1 mL of 10 mM PARPi-FL or saline solu-
tion was left for 30 min. Subsequently, ten 8-mm punch biopsies were
performed on each pig. The biopsy samples were bisected; one piece
was submitted for H&E staining, and the other was promptly imaged
using the benchtop ex vivo RCM-and-FCM microscope (Vivascope-
2500; Caliber ID). The biopsy samples were processed for histo-
pathology.

Statistical Analysis
Analyses were conducted using Prism (version 8.0; GraphPad), Stata

(version 14.2; Stata Corp.), and R (version 2020; R Core Team) with
the “rel” package (29) to calculate agreement statistics and the “ggplot2”
package (30) to produce figures. Inferential unpaired-sample comparisons
were assessed by the Mann–Whitney U test. PARPi-FL intensity and
area positivity were converted by a natural log transform because the raw
data were right-skewed. Associations of transformed variables with clini-
cal outcomes were analyzed with receiver-operating-characteristic curves.
A blinded experiment was conducted to assess diagnostic accuracy using
RCM images and RCM-and-FCM images by 2 expert readers. Interrater
agreement on the presence of cellular-level features, diagnosis subtyping,
and binarized tissue quality assessments was quantified according to
Gwet AC1 because of the high marginal imbalance in the sample, in
addition to overall percentage agreement. For the effect of PARPi-FL on
histopathology, agreement between pathologists was quantified according
to Gwet AC1. Statistical significance was determined with an a value of
0.05. Unless stated otherwise, data are presented as mean 6 SD, and
significance is specified.

RESULTS

PARP1 Expression in BCC and Normal Skin Structures
In 95 specimens, we found PARP1 expression in BCCs (the

superficial, nodular, infiltrative, and micronodular subtypes) and in
normal structures (Fig. 2A; Supplemental Fig. 2). Higher area posi-
tivity was observed in tumors (47.89% 6 21.4), followed by hair
follicles, epidermis, and sebaceous glands (P , 0.001) (Fig. 2B).
The value of 0.927 for area under the curve (AUC) indicates suc-
cessful discrimination of tumor from normal areas on the basis of
PARP1 area positivity (Fig. 2C).

PARPi-FL Staining and PARP1 Immunofluorescence in Thin
BCC Sections
In 32 thin BCC sections, PARPi-FL uptake in nuclei correlated

with PARP1 expression, confirmed by PARP1 immunofluorescence
(Figs. 3A and 3B; Supplemental Figs. 3A and 3B). The fluorescence
intensity and area positivity in 394 images (from 32 tissues) demon-
strated significantly higher intensity and area positivity in tumors
than in normal tissue (P , 0.01) with both imagewise and casewise
analyses (Fig. 3C; Supplemental Fig. 3C). Similar trends were
observed in nontransformed data (Supplemental Figs. 3D and 3E).
Area positivity differentiated tumor from normal tissue with higher
accuracy (AUC, 0.96) than did fluorescence intensity (AUC, 0.68)
(Fig. 3D).
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PARPi-FL Staining for Improving BCC Diagnosis in an Ex Vivo
Blinded Study
In 83 fresh surgical specimens, PARPi-FL enhanced the visualiza-

tion of small BCC tumors that otherwise were invisible in the corre-
sponding RCM mosaic, as confirmed on H&E-stained sections
(Fig. 4A; Supplemental Fig. 4). Of the 166 RCM and FCM mosaics,
44 were used for training. The blinded evaluation was performed on
the remaining 122 mosaics; however, only cases with acceptable
diagnostic quality were analyzed. We found higher sensitivity and

moderately better specificity in the RCM-
and-FCM images than in the RCM-alone
images (Figs. 4B and 4C).

Transepidermal Delivery of PARPi-FL
Through Intact Skin in Fresh Ex Vivo
Human Specimens
In 5 ex vivo normal mastectomy speci-

mens, we tested topical application of
PARPi-FL at various concentrations and
application times (Fig. 5). We detected
PARPi-FL staining in the nuclei of the
basal cells of the epidermis and dermal
cells, confirming successful permeability.
Optimal staining with high nuclear specific-
ity and intensity was observed for the 10 mM
PARPi-FL concentration when applied for
30 min. These parameters were selected for
in vivo testing in pigs.

Transepidermal Delivery of PARPi-FL in
an In Vivo Pig Model
In 3 adult Yorkshire pigs, we verified

PARPi-FL permeability in vivo in normal
skin after topical application of 10mM
PARPi-FL for 30 min (Fig. 6; Supplemental
Fig. 5). Positive nuclear staining in the epider-

mal basal cell layer was consistently observed in PARPi-FL–treated
sites and was absent from the control sites, confirming the permeability
and detectability of PARPi-FL after in vivo application. No significant
histopathologic differences were noticeable between the PARPi-
FL–treated and control groups (Fig. 6; Supplemental Fig. 6).

DISCUSSION

Our results suggest that the addition of exogenous PARPi-FL fluo-
rescence contrast to endogenous reflectance
contrast improves noninvasive diagnosis of
BCCs. PARP1 proved to be an excellent
biomarker; we found consistently higher
PARP1 expression in all BCC subtypes than
in normal skin structures. Across the 95
specimens investigated, 90% of BCCs had
homogeneous PARP1 staining, especially in
the superficial and infiltrative subtypes.
Some heterogeneous PARP1 expression was
observed in a few nodular BCCs (,10%),
specifically in the variants with nodular–
cystic changes and squamous differentia-
tion (Supplemental Fig. 2E).
We confirmed specific nuclear labeling

correlating with PARP1 expression in nucle-
ated tissue areas of tumors, basal epidermal
layers in epidermis, hair follicles, and seba-
ceous glands (Figs. 3A and 3B; Supplemen-
tal Figs. 3A and 3B). We used area positivity
and intensity parameters to quantitatively
confirm PARPi-FL nuclear fluorescence in
tumors, as compared with normal nucle-
ated structures—an issue that often con-
founds BCC diagnosis in vivo. Although
both parameters were higher in tumors,

FIGURE 3. Nucleus-specific PARPi-FL staining observed in BCC tissues. (A) Representative
images showing successful PARPi-FL nuclear staining in tumor and normal tissue. (B) PARPi-FL
nuclear uptake and spatial correlation with nuclear PARP1 in nucleated areas verified in high-
resolution images (320). (C) Higher average intensity and area positivity in tumors than in normal
structures in casewise analysis (right) (P, 0.001 for percentage area positivity and imagewise inten-
sity). (D) Area positivity better discriminates tumor and normal tissue than does fluorescence inten-
sity (AUC, 0.96 vs. 0.68)

FIGURE 2. Expression of PARP1 is higher in BCCs than in normal skin structures. (A) Representa-
tive images of PARP1 expression show high expression in superficial, nodular, and infiltrative BCC,
as compared with epidermis, hair follicles, and sebaceous glands. (B) PARP1 area positivity in immu-
nohistochemistry samples (n5 95) shows significantly higher positivity in tumors. (C) Receiver-oper-
ating-characteristic curve to differentiate tumor from normal skin structures yields AUC of 0.83.
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only area positivity could successfully differentiate tumor from
normal structures with a high accuracy (Fig. 3D). We acknowl-
edge that none of these parameters would have utility in clinical
practice (as Hoechst 33342 or other nuclear dyes cannot be
applied on patients); however, PARPi-FL staining would enhance
the cellular and morphologic details that help aid an expert RCM
reader to differentiate BCCs from normal structures and improve
the diagnosis. This improvement was also demonstrated through
the blinded analysis performed by 2 expert RCM readers—an
analysis in which PARPi-FL contrast, when combined with RCM,
boosted the diagnostic accuracy, as compared with RCM alone. In
general, nuclear staining was observed in most tissues; only 5 of
62 (8%) tissues had minimal or no nuclear staining in tumor or
normal structures. This finding was in contrast to PARP1 expres-
sion, with only 1.1% of specimens showing low or negative
expression. A higher rate of inconsistent nuclear staining could be
attributed to the delays in fresh tissue handling, since PARP1 can
rapidly degrade in excised tissues. Despite some heterogeneity in

PARPi-FL nuclear labeling, we demonstrated
that a combined imaging approach (RCM
and FCM) improved diagnostic performance,
especially sensitivity, when compared with
RCM alone. Surprisingly, we found minimal
improvements in specificity in the blinded
study. False-positives were more prevalent in
cases with smudged PARPi-FL staining,
possibly attributable to the variability in
tissue quality. Furthermore, ex vivo tis-
sues do not image as well as skin in vivo
(31–33), probably because of tissue dehy-
dration and alterations in refractive index
and optical properties. Differences in the
training of the 2 readers may have
impacted improvements in sensitivity and
specificity. We do not anticipate these tis-
sue-related issues during in vivo imaging
in patients (our ultimate goal). Thus, we
expect better results, in terms of both
higher sensitivity and higher specificity,
with use of RCM-and-FCM imaging,
when performed in patients through a
clinical trial.
The next critical issue that makes a con-

trast agent suitable for topical application
is permeability through intact skin. We suc-
cessfully demonstrated that PARPi-FL can

passively diffuse through the stratum corneum after topical appli-
cation in ex vivo human tissues and in vivo pig skin. Skin is char-
acterized by a tightly and coordinately regulated molecular
transport system, which allows molecules with low molecular
weight (,500 Da) and lipophilicity (logP, 1–3) to permeate the
stratum corneum. Thus, the borderline molecular weight and lipo-
philicity of PARPi-FL (620 Da; logP, 2.9) makes it suitable for
topical application and transepidermal delivery. We found that
PARPi-FL at a 10 mM concentration and 30 min yielded consis-
tent labeling in nucleated cells throughout the epidermis into the
dermis in human and pig tissues. To deliver the dye, we attached
reservoirs to the skin; however, this delivery approach would not
be feasible in patients. Thus, to demonstrate clinical feasibility,
we also tested PARPi-FL permeability and detectability using a
saturated gauze (mimicking a nicotine patch) applied to the skin
under occlusion, which yielded similar results (Supplemental
Fig. 5), laying the foundation for developing a cream- or gel-
based formulation for topical application in clinics. Furthermore,

PARPi-FL application to the skin did not
influence the subsequent H&E staining of
tissue (Supplemental Fig. 6).

CONCLUSION

Higher PARP1 expression was found in
BCCs than in normal skin structures, allow-
ing specific PARPi-FL labeling in BCCs.
Enhanced contrast provided by PARPi-FL–
labeled nuclei leads to higher sensitivity
and specificity for BCC diagnosis with
RCM-and-FCM imaging than for RCM
imaging alone. PARPi-FL can be delivered

FIGURE 5. PARPi-FL successfully permeates through intact skin in ex vivo human tissue.
Increased nuclear labeling is found for longer periods; maximum labeling and intensity are found for
10 mM and 30 min.

FIGURE 4. PARPi-FL contrast in FCM images improves BCC diagnostic accuracy over RCM
alone. (A) PARPi-FL contrast improves visualization of BCCs, as compared with RCM alone, as con-
firmed on H&E images. (B and C) Higher sensitivity in RCM-and-FCM images and moderate
increase in specificity found in blinded evaluation in both casewise and quadrantwise analysis.
NPV5 negative predictive value; PPV5 positive predictive value.
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into the dermis (1–10 mM, 10–30 min) after passive topical appli-
cation, suggesting promising potential for clinical use in patients.
However, staining was found to be heterogeneous in 8% of thick
specimens, suggesting that a combination of FCM with RCM may
be necessary for improving clinical diagnosis of BCCs in vivo in
patients.
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KEY POINTS

QUESTION: Can PARPi-FL combined
with reflectance contrast improve detec-
tion of BCCs?

PERTINENT FINDINGS: Higher PARP1
expression and PARPi-FL staining were
confirmed in nuclei of tumor cells than in
normal skin structures. In a blinded
study by 2 readers, diagnostic accuracy
for BCCs was higher for combined
PARPi-FL and reflectance contrast than
for reflectance contrast alone. The per-
meability of PARPi-FL through passive
diffusion was also confirmed in human
skin and in vivo in pigs.

IMPLICATIONS FOR PATIENT CARE:
Improving noninvasive diagnosis will
directly impact clinical care and manage-
ment of BCCs by reducing benign biopsies
and enabling nonsurgical management of
less aggressive BCC subtypes.
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PET radiomics applied to oncology allow the measurement of intratu-
moral heterogeneity. This quantification can be affected by image pro-
tocols; hence, there is an increased interest in understanding how
radiomic expression on PET images is affected by different imaging
conditions. To address that interest, this study explored how radiomic
features are affected by changes in 18F-FDG uptake time, image recon-
struction, lesion delineation, and radiomic binning settings. Methods:
Ten non–small cell lung cancer patients underwent 18F-FDG PET on 2
consecutive days. On each day, scans were obtained at 60 and 90 min
after injection and reconstructed following EARL version 1 and with
point-spread-function resolution modeling (PSF-EARL2). Lesions were
delineated with an SUV threshold of 4.0, with 40% of SUVmax, and with
a contrast-based isocontour. PET image intensity was discretized with
both a fixed bin width (FBW) and a fixed bin number before the calcula-
tion of the radiomic features. Repeatability of features was measured
with the intraclass correlation coefficient, and the change in feature
value over time was calculated as a function of its repeatability. Fea-
tures were then classified into use-case scenarios based on their
repeatability and susceptibility to tracer uptake time. Results: With
PSF-EARL2 reconstruction, 40% of SUVmax lesion delineation, and
FBW intensity discretization, most features (94%) were repeatable at
both uptake times (intraclass correlation coefficient . 0.9), 35% being
classified for dual-time-point use cases as being sensitive to changes
in uptake time, 39% were classified for cross-sectional studies with an
unclear dependency on time, 20% were classified for cross-sectional
use while being robust to uptake time changes, and 6%were dis-
carded for poor repeatability. EARL version 1 images had 1 fewer
repeatable feature (neighborhood gray-level different matrix
coarseness) than PSF-EARL2; the contrast-based delineation
had the poorest repeatability of the delineation methods, with
45% of features being discarded; and fixed bin number resulted
in lower repeatability than FBW (45% and 6% of features were
discarded, respectively). Conclusion: Repeatability was maximized
with PSF-EARL2 reconstruction, lesion delineation at 40% of SUVmax,
and FBW intensity discretization. On the basis of their susceptibility to
uptake time, radiomic features were classified into specific non–small
cell lung cancer PET radiomics use cases.

Key Words: PET; radiomics; texture analysis; repeatability; dual-
time-point
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For staging and treatment response evaluation of patients with
non–small cell lung cancer (NSCLC), 18F-FDG PET/CT is an impor-
tant technique. This evaluation can be achieved either visually or
using SUVs and total lesion glycolysis measurements (1–5). How-
ever, these semiquantitative approaches ignore possible tracer uptake
heterogeneity within the tumor (6), overlooking potentially useful
information. To address this issue, the field of Radiomics has been
developed to perform measurements of textural information available
in medical images, resulting in a more complete phenotyping of the
tumor (7–9).
PET radiomics in oncology allow the extraction of several features

characterizing tumor uptake, shape, and intratumoral heterogeneity
(10–13). This approach showed promising results, including lesion
histological sub-type identification, aided automated tumor delineation
and disease-free survival prediction (14–18). Despite this success,
radiomic features are sensitive to image noise, lesion segmentation
method, signal intensity discretization, and several image settings,
including PET acquisition and reconstruction settings (11,19–26).
This sensitivity leads to difficulties in multicenter studies, possibly
explaining why the results have poor reproducibility, leading to skep-
ticism about the usefulness of radiomics (9,19,27–31). Furthermore,
these issues are amplified by the lack of negative publications on the
field (32). Strategies have been developed to mitigate this variability
and thus improve the postreconstruction harmonization of textural fea-
tures (33–35).
One aspect of 18F-FDG PET radiomics that has not been exten-

sively explored is its uptake time dependence. The time between
tracer injection and image acquisition alters the uptake in metaboli-
cally active regions where 18F-FDG gradually accumulates, affecting
SUV-related metrics and their repeatability (36–38). 18F-FDG PET/
CT textural analysis from dual-time-point static scans has been used
to differentiate benign from malignant pulmonary lesions despite fea-
tures presenting a wide range of accuracy (39,40). Time-related PET
radiomics have been also explored as dynamic features (41). How-
ever, neither of these studies assessed how uptake time could influ-
ence textural feature repeatability.
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Our hypothesis was that different features have different levels
of dependence on uptake time and that this dependence may be
influenced by image settings. Therefore, we evaluated how radiomic
features (SUV-based and textural) are affected by uptake time and
whether its effects are smaller or larger than the effects of feature
repeatability. On the basis of each feature’s repeatability and depen-
dence on uptake time, features are classified into cross-sectional
or single-injection dual-time-point use cases. Several image settings
are considered, including PET/CT image reconstruction algorithms,
lesion delineation methods, and intensity discretization strategies.

MATERIALS AND METHODS

Dataset
Ten patients with confirmed stage IIIB or IV NSCLC underwent dou-

ble baseline 18F-FDG PET/CT on a Gemini TF scanner (Philips Health-
care), as previously described (5,20). Patients fasted for 6 h or more, and
then a low-dose CT scan was acquired for attenuation correction followed
by a whole-body 18F-FDG PET scan 60 min after tracer injection. Thirty
minutes later, a second whole-body PET scan and low-dose CT scan
were obtained. This procedure was repeated within 3 d of the first scan
for test–retest measurements. All PET data were normalized and cor-
rected for scatter and random events, dead time, attenuation, and decay.
Two reconstruction protocols were used, one following the EARL version
1 guidelines (EARL1) and another with point-spread-function resolution
modeling (PSF-EARL2) (42–44). The PET images had a final resolution
of 144 3 144 3 254 voxels with a voxel size of 4 3 4 3 4 mm3. The
average injected activity was 248 MBq (range, 194–377 MBq) on the
first day and 238 MBq (range, 192–392 MBq) on the second day. The
average postinjection start times were 61 min (range, 59–67 min) and 92
min (range, 90–97 min) on the first day and 60 min (range, 60–63 min)
and 90 min (range, 90–95 min) on the second day. All patients gave writ-
ten informed consent before enrollment, and the study was approved by
the Medical Ethics Review Committee of the Vrije Universiteit Medical
Center (Dutch trial register NTR3508; https://www.trialregister.nl/).

Radiomic Feature Extraction
Lesions were delineated and radiomic features extracted using LIFEx

(version 6.30) (45). All lesions were included for the analysis, namely
the primary and metastatic lesions (intra- and extrathoracic), yielding
1–10 lesions as a function of the patient. Lesions were delineated on the
PSF-EARL2 PET images using an isocontour at 40% of each lesion’s
SUVmax, and then radiomic features were extracted with intensity discre-
tization using a fixed bin width (FBW) of 0.25 g/mL, ranging from 0–60
g/mL for each lesion (the 60 g/mL upper bound was higher than the
SUVmax of all lesions). This combination of image and processing set-
tings was considered the reference settings for radiomic analysis, as they
were previously shown to optimize test–retest variability (19,36,46).
Other image settings were explored, including lesion delineation and fea-
ture extraction from EARL1 images, lesion delineation with a fixed iso-
contour at an SUV threshold of 4.0 (SUV4) and a contrast-based
isocontour at 0.5 3 SUVpeak 1 background SUV (contrast; background
SUV was the mean uptake in a shell 2 cm away from the volume
defined at 70% of SUVmax, excluding voxels with SUV . 4), and inten-
sity discretization with a fixed bin number (FBN) of 64 bins in a variable
range of SUVmin–SUVmax.

In total, 49 radiomic features from 7 classes were extracted (the full
list is given in Supplemental Table 1; supplemental materials are avail-
able at http://jnm.snmjournals.org): 6 conventional PET metrics, 5 shape-
based features, 6 histogram-based features, 7 gray-level cooccurrence
matrix (GLCM) features, 11 gray-level run-length matrix (GLRLM) fea-
tures, 11 gray-level zone-length matrix (GLZLM) features, and 3 neigh-
borhood gray-level difference matrix (NGLDM) features. Features were
obtained only for lesions that included at least 64 voxels. LIFEx’s feature

definition is in compliance with the Image Biomarker Standardisation Ini-
tiative (47,48).

Data Analysis
Features calculated from images obtained at different time points

on the first day of scans were statistically compared using pairwise
Wilcoxon signed-rank tests. P values below 0.05 were considered sta-
tistically significant after Benjamini–Hochberg false-discovery-rate
correction. A change in feature value was measured as a function of
uptake time by using its test–retest variability at 60 min after injection
as a baseline (analogous to a z score):

z5
RF902RF60ð Þ2mean TRT60

TRT60 SD
:

RF60 and RF90 represent the radiomic feature values at 60 and 90 min
after injection, respectively. TRT60 is the test–retest difference between
the feature values at the second- and first-day scans (at 60 min after
injection). Therefore, the effects of uptake time on radiomic features
were contextualized with respect to repeatability: z scores lower than 1
indicate changes with an uptake time less than test–retest variability,
and z scores higher than 1 show a change larger than repeatability.

A feature was considered repeatable if the intraclass correlation coeffi-
cient (agreement type, 2-way mixed-effects model, single rating) between
test and retest scans (same reconstruction, delineation method, and discre-
tization) was higher than 0.9 at both time points. A feature was defined as
robust against change in uptake time if it was not significantly affected
by uptake time after false-discovery-rate correction and if its change from
60 to 90 min was less than from one day to another (i.e., mean z score
, 1). Finally, features were assigned to a use case on the basis of their

FIGURE 1. Flowchart for use-case classification of radiomic features.
TRT5 test–retest; ICC5 intraclass correlation coefficient.
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repeatability and susceptibility to uptake time (Fig. 1): features that were
repeatable and susceptible to uptake time were classified for dual-time-
point studies, repeatable features with an uncertain response to uptake
time were classified as cross-sectional level 1 (CS1), repeatable features
that were robust to uptake time were classified as cross-sectional level
2 (CS2), and features with poor repeatability at any time point were dis-
carded. Statistical analysis was done using R, version 4.0.4.

RESULTS

Feature Dependence on Uptake Time
All conventional features were significantly affected by uptake

interval and increased in value with increased uptake time (Fig. 2,
positive mean z score). Shape features did not significantly differ
between the 2 uptake times. Half the histogram features were affected
by uptake time (histogram entropy log10 and histogram entropy log2
are equivalent after rescaling with z scores). Four of 7 GLCM features
significantly increased over time, and only 1 decreased. One GLRLM,

2 GLZLM, and 2 NGLDM features were not statistically significantly
dependent on uptake time (Fig. 2). The features of each class with the
highest z score and a statistically significant (P , 0.05) dependence
on uptake time were conventional SUVmean, histogram entropy,
GLCM dissimilarity, GLRLM long-run high-gray-level emphasis,
GLZLM short-zone low-gray-level emphasis, and NGLDM con-
trast (average z score 6 SD: 1.36 6 0.98, 1.04 6 0.73, 1.35 6
1.29, 1.386 1.69,21.246 1.86, and 1.286 2.10, respectively).

Radiomic Feature Use-Case Classification
Ninety-four percent (46/49) of the features had reliable repeat-

ability (intraclass correlation coefficient . 0.9, Supplemental
Fig. 1). In total, 35% (17/49) of features were classified as dual-
time-point, 39% (19/49) as CS1, and 20% (10/49) as CS2; 6%
(3/49) were discarded (Supplemental Fig. 1). No conventional fea-
ture was classified for CS2 use cases, no shape feature was classi-
fied for dual-time-point use cases, and no NGLDM feature was
classified for CS1 use cases. The remaining feature classes had a
mixed use-case classification (Fig. 3).

Influence of Image Settings on Repeatability and
Use-Case Classification
The reference settings (PSF-EARL2 reconstruction, 40% of

SUVmax delineation, and FBW discretization) had fewer discarded
features than did other image settings (Fig. 4). Images had 1 fewer
repeatable feature (NGLDM coarseness) with EARL1 (and recom-
mended delineation and discretization) than with PSF-EARL2
(Fig. 4). With PSF-EARL2 and FBW discretization, the contrast-
based lesion delineation method had poorer repeatability than the
other methods, and SUV4 had fewer repeatable features than 40%
of SUVmax (22, 6, and 3 features discarded, respectively). Lastly,
repeatability was considerably lower for FBN than for FBW (22
and 3 discarded features with recommended reconstruction and
delineation, respectively; Supplemental Fig. 2).
Using the reference delineation and discretization, EARL1 had

no conventional feature classified for dual-time-point use cases
(Fig. 4; Supplemental Fig. 3). Histogram features were classified
only for CS1 use cases (or were discarded), whereas all shape fea-
tures were classified for CS2. In total, 8% (4/49) of features had a
dual-time-point classification, 67% (33/49) had CS1, 16% (8/49)
had CS2, and 8% (4/49) were discarded with EARL1 reconstruc-
tion when using the reference delineation and discretization.

FIGURE 2. Effect of uptake time on radiomic features. (Left) Distribution
of z scores for each feature. z scores were calculated using test–retest vari-
ability on scan at 60 min after injection as baseline. (Right) Mean z score of
each feature (dot indicates statistical significance). Analysis was of images
with reference settings. Abbreviations are defined in Supplemental Table 1.

FIGURE 3. Percentage of radiomic features with each use-case classifi-
cation for each feature class. Analysis was of images with reference set-
tings. DTP5 dual time point.
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Despite using the reference reconstruction and discretization,
the contrast-based delineation approach resulted in 45% (22/49) of
features being discarded (Fig. 4; Supplemental Fig. 3). With
SUV4, 12% (6/49) of features were discarded, and all repeatable
conventional features had a dual-time-point classification; other
feature classes had mixed use-case classifications.
Using FBN for discretization resulted in use-case classifications dif-

ferent from those of FBW, even when both used the reference recon-
struction and delineation methods (Fig. 4). The exceptions were the
conventional and shape features, since those are not dependent on
the image intensity discretization (Supplemental Fig. 3). With PSF-
EARL2, 40% of SUVmax, and FBN, only 1 gray-level–based feature
was classified for CS1: GLRLM run length nonuniformity. Further-
more, all GLCM and NGLDM features were robust to uptake time
with FBN discretization (CS2 use cases), and all histogram features
were discarded (Fig. 4).

DISCUSSION

This study demonstrated that for PET images reconstructed with
PSF-EARL2, lesion delineation with 40% of SUVmax, and intensity
discretization using FBW, most (94%) traditional and gray-level–
based features were repeatable on scans at both 60 and 90 min after
injection. From the radiomic features assessed, 35% were repeatable
and able to detect a change as a function of uptake time (dual-time-
point), 39% were repeatable but had an unclear dependency on
uptake time (CS1), 20% were repeatable and robust against uptake
time changes (CS2), and 6% were not repeatable (discarded). Addi-
tionally, analyses performed on PET images reconstructed using
EARL1, lesion delineation using a contrast-based approach or a
fixed threshold method, and intensity discretization using a fixed
number of bins decreased repeatability and led to different use-case
classifications of radiomic features.
Overall, more features significantly increased (22/49) with time than

decreased (12/49), as found previously (49). Conventional features
increased over time, as expected (50,51), and shape features slightly
decreased in the delayed PET scan. This decrease in volume due to a
higher threshold for lesion delineation (at 40% of SUVmax) agrees with

the lower metabolic tumor volume of breast cancer for delayed PET
scans (52). The statistically significant histogram features affected by
uptake time were energy (decreased) and entropy (increased). The first
is related to the uniformity of the distribution and the second to its ran-
domness, therefore reflecting an increase in tumor heterogeneity on
delayed 18F-FDG PET scans (52). Yet, these features were not signifi-
cantly affected by uptake time on peripheral nerve sheath tumors with a
relatively low 18F-FDG uptake (49), emphasizing that translation of
radiomic results between different tumor types must be performed with
caution even with first-order features.
The increase in GLRLM run percentage, GLZLM zone percent-

age, and NGLDM contrast over time reflects an increased heteroge-
neity, as run percentage and zone percentage are low for highly
uniform volumes of interest (47) and contrast is related to the inten-
sity difference between neighboring regions. However, there was a
decrease in GLRLM and GLZLM nonuniformity, suggesting a
reduction in heterogeneity over time. These nonuniformity features
have previously been reported as being dependent on time (49,52),
but with a small effect size and a direction of change that was not
uniform across studies. Therefore, more features suggest an increase
in tumor heterogeneity over time than a decrease, agreeing with pre-
vious findings for advanced breast cancer (52) but disagreeing with
peripheral nerve sheath tumor results (49). This incompatibility may
come from the uptake levels in the tumors. The present study and
Garcia-Vicente et al. (52) assessed tumors with relatively high
18F-FDG uptake and found increasing heterogeneity over time,
whereas Lovat et al. (49) studied low-uptake lesions.

Radiomic features classified for CS1 use cases were repeatable at
both uptake times but did not have any clear relationship with uptake
time—that is, were neither robust nor sensitive. These features may
be suitable for cross-sectional studies if all images are acquired with
similar postinjection times. The dependence of the CS1 features on
time could explain some of their variability and range previously
found on lung cancer assessment (15,25,46). Other repeatable fea-
tures were robust against changes in uptake time (CS2) and are rec-
ommended for studies with an inconsistent postinjection scanning
time. In contrast, repeatable features statistically significantly and
substantially affected by uptake time were classified for dual-time-
point use cases. Like CS1 features, dual-time-point features may be
used on images acquired with a similar uptake time (e.g., SUVmean)
but can also measure the effect of time on feature values. Previous
studies have reported a possible added benefit of a dual-time-point
scanning protocol for differentiation between benign and malignant
pulmonary lesions with textural features (39,40) and for breast can-
cer intratumoral heterogeneity assessment (52). Unfortunately, given
the different nature of the lesions and analysis settings in those previ-
ous studies, it is not possible to directly compare the radiomic fea-
tures found useful by those authors with the ones we identified as
appropriate for dual-time-point studies.
As shown previously (19), EARL1 reconstructions resulted in

worse repeatability than PSF-EARL2. Additionally, PSF-EARL2
reconstructions also displayed higher heterogeneity (20) and are rec-
ommended for textural analysis. Concerning the lesion delineation
method, a fixed isocontour lesion delineation (SUV4) yielded poorer
repeatability than an adaptive threshold based on 40% of SUVmax,
as expected from the literature (36). The contrast-based delineation
had the poorest repeatability of all methods and is thus not recom-
mended for radiomics. Furthermore, previous findings that the
repeatability of FBW intensity discretization is superior to that of
FBN for PET radiomics were reproduced (19,46,47). In historical
cohorts for which only EARL1 reconstruction is available, few

FIGURE 4. Percentage of radiomic features with each use-case classifica-
tion for each feature class in all image setting configurations. Columns of pan-
els show different lesion delineation methods, and rows show different image
reconstructions and intensity discretization strategies. Analysis was of images
with reference settings. DTP5 dual time point; SUVthr5 SUV threshold.
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features are viable for dual-time-point studies (Fig. 4). With lesion
delineation at 40% of SUVmax and discretization with FBW, the
EARL1 protocol still provides several repeatable radiomic features.
The analysis of data from a single scanner vendor and the inclusion

of a single tumor type (NSCLC, including intra- and extrathoracic
lesions), especially given that features have different levels of expres-
sion for different cancer types, are some limitations of our study, and
multicenter studies are needed to verify our findings. Furthermore,
voxel size affects radiomic feature values and lesion delineation. How-
ever, the impact of voxel size on feature use-case classification still
needs to be explored. Data from static scans 30 min apart were evalu-
ated. Nevertheless, it is possible that additional radiomic information
could be obtained from scans acquired farther apart in uptake time.
Finally, several features were analyzed under different image condi-
tions on only 10 subjects. This study may thus be subject to type 1
errors although a false-discovery-rate correction was applied to the sta-
tistical analysis.
In summary, EARL1 reconstruction led to classification of

fewer features for dual-time-point use cases than did PSF-EARL2.
Textural features were not robust against changes in uptake inter-
val when SUV4 was used for lesion delineation, showing that for
NSCLC radiomics, this method should be applied only to PET
images acquired with a similar uptake time. Furthermore, most
features were discarded when the contrast-based delineation
method or the FBN intensity discretization was used, and their use
is not recommended for NSCLC 18F-FDG PET radiomic studies.

CONCLUSION

This study demonstrated that PET radiomics can be repeatable,
summarized the features’ susceptibility to postinjection PET scan-
ning time, and classified the features into reliable use cases for
NSCLC radiomics: dual-time-point and cross-sectional studies.
Repeatability and the use case of radiomic features depended on
PET image reconstruction, lesion delineation, and intensity discre-
tization, and recommendations were provided accordingly.

DISCLOSURE

This project received funding from the European Union’s Horizon
2020 research and innovation program under the Marie Skłodowska-
Curie Innovative Training Network (grant agreement 764458). Ir!ene
Buvat is involved in the development of LIFEx. No other potential
conflict of interest relevant to this article was reported.

KEY POINTS

QUESTION: Is the change in radiomic features with 18F-FDG
uptake time larger than their repeatability, and can that change be
used for temporal textural analysis?

PERTINENT FINDINGS: PET image reconstruction with point-
spread-function modeling, lesion delineation at 40% of SUVmax, and
intensity discretization with FBW resulted in repeatable radiomic
features on scans at 60 and 90 min after injection and provided
reliable information for cross-sectional and dual-time-point studies.

IMPLICATIONS FOR PATIENT CARE: Radiomic features were
identified and classified for potential use cases in cross-sectional
and dual-time-point protocols, providing reliable information about
tumor heterogeneity for NSCLC assessment.
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Previous studies on the utility of specific perfusion patterns in ictal
brain perfusion SPECT for predicting the outcome of temporal lobe
epilepsy surgery used qualitative visual pattern classification, semi-
quantitative region-of-interest analysis, or conventional univariate
voxel-based testing, which are limited by intra- and interrater variabil-
ity or low sensitivity to capture functional interactions among brain
regions. The present study performed covariance pattern analysis of
ictal perfusion SPECT using the scaled subprofile model for unbiased
identification of predictive covariance patterns. Methods: The study
retrospectively included 18 responders to temporal lobe epilepsy sur-
gery (Engel I-A at 12 mo follow-up) and 18 nonresponders ($Engel
I-B). Ictal SPECT images were analyzed with the scaled subprofile
model masked to group membership for unbiased identification of the
16 covariance patterns explaining the highest proportion of variance
in the whole dataset. Individual expression scores of the covariance
patterns were evaluated for predicting seizure freedom after temporal
lobe surgery by receiver-operating-characteristic analysis. Kaplan–
Meier analysis including all available follow-up data (up to 60 mo after
surgery) was also performed. Results: Among the 16 covariance pat-
terns only 1 showed a different expression between responders and
nonresponders (P5 0.03). This favorable ictal perfusion pattern resem-
bled the typical ictal perfusion pattern in temporomesial epilepsy. The
expression score of the pattern provided an area of 0.744 (95% CI,
0.577–0.911, P 5 0.004) under the receiver-operating-characteristic
curve. Kaplan–Meier analysis revealed a statistical trend toward longer
seizure freedom in patients with positive expression score (P 5 0.06).
The median estimated seizure-free time was 48 mo in patients with
positive expression score versus 6 mo in patients with negative expres-
sion score. Conclusion: The expression of the favorable ictal perfusion
pattern identified by covariance analysis of ictal brain perfusion SPECT
provides independent (from demographic and clinical variables) infor-
mation for the prediction of seizure freedom after temporal lobe epi-
lepsy surgery. The expression of this pattern is easily computed for
new ictal SPECT images and, therefore, might be used to support the
decision for or against temporal lobe surgery in clinical patient care.

KeyWords: epilepsy; surgery; SPECT; ictal; covariance analysis
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Temporal lobe epilepsy (TLE) surgery fails to provide a major
reduction in seizure frequency in a nonnegligible fraction of
patients with pharmacotherapy-refractory TLE (1). Furthermore,
postoperative morbidity including psychiatric disorders, visual
field defects, and cognitive impairment is observed in about 20%
of the patients (2). Thus, there is a clinical need for additional pre-
operative predictors of surgical outcome to support the decision
for or against TLE surgery in individual patients.
Ictal brain SPECT with 99mTc-labeled hexamethyl-propyleneamine

oxime (99mTc-HMPAO) or ethyl cysteinate dimer (99mTc-ECD) is
widely used to identify the seizure onset zone (SOZ) by regional
hyperperfusion during the seizure. In patients with mesial TLE, ictal
hyperperfusion typically involves the anteromesial temporal region as
well as the anterolateral and inferior temporal neocortex (3,4). Other
patterns with posterior extension of the ipsilateral temporal hyperper-
fusion, bitemporal hyperperfusion, more limited hyperperfusion in
the ipsilateral temporal lobe or atypical patterns with hyperperfusion
predominantly in other than anterotemporal brain regions have also
been described in mesial TLE (3,4).
Previous studies on the utility of specific perfusion patterns in ictal

brain perfusion SPECT for predicting the outcome of epilepsy sur-
gery used qualitative visual classification of the ictal perfusion pattern
(4), semiquantitative region-of-interest analysis (4), or conventional
voxel-based testing based on applying the same univariate statistical
test and the same significance threshold at each single voxel of the
SPECT image (5–7). Visual classification of ictal perfusion patterns
is limited by intra- and interrater variability (8). The same is true for
conventional voxel-based testing, because the interpretation of the
resulting statistical maps is usually left to the physician. Furthermore,
relevant information in the ictal SPECT image might be missed by
region-of-interest–based and conventional voxel-based analysis when
it does not reach the predefined significance threshold.
Against this background, the present study used scaled subprofile

model principal component analysis (SSM-PCA) (9–14) for unbiased
identification of covariance patterns for prediction of TLE surgery
outcome from ictal perfusion SPECT.

MATERIALS AND METHODS

Patients for Covariance Pattern Analysis
We searched our database according to the following inclusion (I) cri-

teria: (I1) ictal SPECT with 99mTc-ECD or 99mTc-HMPAO for presurgi-
cal evaluation, (I2) age at ictal SPECT $ 16 y, (I3) ictal tracer injection
during a partial seizure, (I4) selective amygdalo-hippocampectomy or

Received Jun. 7, 2021; revision accepted Sep. 9, 2021.
For correspondence or reprints, contact Ralph Buchert (r.buchert@uke.de).
Published online Sep. 30, 2021.
COPYRIGHT© 2022 by the Society of Nuclear Medicine andMolecular Imaging.

COVARIANCE ANALYSIS OF ICTAL SPECT ! Taherpour et al. 925



anteromedial temporal resection after ictal SPECT, and (I5) follow-up $

12mo after surgery. These criteria were fulfilled by 65 patients. From
these, patients were excluded if they met one or more of the following
exclusion (E) criteria: (E1) brain surgery before ictal SPECT or any other
regional defect (n 5 8), (E2) no clear correlate of the seizure at ictal
tracer injection in electroencephalography (EEG) (n 5 3), (E3) tracer
injection during a secondarily generalized partial seizure (n 5 10),
(E4) latency of the tracer injection after electrical seizure onset . 60 s
(n 5 5), (E5) electrical seizure duration after tracer injection , 20 s
(n 5 8), and (E6) strong head motion during SPECT (n 5 1). This
resulted in the exclusion of 29 patients. The remaining 36 patients were
included in the covariance pattern analysis (44% women; median age
at ictal SPECT, 41.8 y; interquartile range, 24.9–47.7 y). Ictal SPECT
was performed with 99mTc-ECD in 27 (75%) of these patients. 99mTc-
HMPAO was used in the remaining 9 patients (25%).

The need for written informed consent was waived by the ethics review
board of the general medical council of the state of Hamburg, Germany.

Perfusion SPECT
Tracer was injected during video-EEG monitoring at all ictal injec-

tions. SPECT imaging of 40-min duration was performed with a dou-
ble-head camera (Symbia T2 or E.CAM; Siemens) equipped with
fanbeam or low-energy high-resolution collimators and angular steps
of 2.8" or 3.0". Projection data were retrieved from the archive for con-
sistent retrospective image reconstruction: filtered backprojection with
Butterworth filter of order 5 and cutoff 1.5 cycles/cm into transaxial
SPECT slices with 3.9-mm cubic voxels, Chang attenuation correction
(m 5 0.12/cm), no scatter correction, and postfiltering with an isotropic
gaussian kernel with 8mm full width at half maximum.

Surgery
Twenty-six patients (14 responders, 12 nonresponders) underwent

selective amygdalo-hippocampectomy, and the remaining 10 patients
(4 responders, 6 nonresponders) were submitted to anteromedial tem-
poral resection. Surgery was performed in the right hemisphere in 24
(67%) patients and in the left hemisphere in 12 (33%) patients.

Selective amygdalo-hippocampectomy was performed using a fron-
tobasolateral transsylvian approach (15). After getting access to the
M1 complex of the middle cerebral artery and the temporal branches,
the mesial temporal structures were identified and subpial resection of
the uncal region and amygdala was performed. The hippocampal for-
mation was removed en bloc to the level of the midbrain tectum and
submitted to neuropathologic examination.

The anteromedial temporal resection was conducted via temporal
craniotomy. The posterior limit of the neocortical resection was defined
at about 5 cm from the temporal pole on the nondominant hemisphere
and 4 cm on the dominant hemisphere. The temporal pole was removed
en block. Subsequently, the temporomesial structures (amygdala, hip-
pocampus and parahippocampal gyrus) were removed to the level of
the midbrain tectum. Temporal pole and hippocampal formation were
submitted to neuropathologic examination.

Follow-up
Postsurgical follow-up included at least 1 outpatient visit 3–6 mo

after surgery and at least 1 inpatient visit 12 mo after surgery. The
12-mo inpatient visit comprised detailed medical history, brain MRI,
neuropsychologic examination, and 3- to 4-d video-EEG monitoring.
On the basis of the complete data collected at these visits, the outcome
at 12 mo after surgery was categorized retrospectively according to
the Engel Epilepsy Surgery Outcome Scale (16). The results are sum-
marized in Figure 1. For the covariance pattern analysis, the outcome
at 12 mo was dichotomized: patients with Engel I-A were considered
responders (n 5 18); all patients with Engel I-B or worse were consid-
ered nonresponders (n 5 18).

Clinical follow-up at 24, 36, 48, and 60 mo was available in 14, 11,
11, and 10 responders, respectively (proportion of patients with Engel
I-A: 86%, 82%, 73%, and 70%). Clinical follow-up at 24, 36, 48, and
60 mo was available in 15, 11, 9, and 6 nonresponders (all Engel I-B
or worse at all time points).

Image Preprocessing
Tracer-specific normal databases and templates in the Montreal

Neurologic Institute (MNI) space were generated as described in the
supplemental materials (available at http://jnm.snmjournals.org).

Then, all individual SPECT images, including the 36 ictal SPECT and
the 48 normal SPECT from the normal databases, were stereotactically
normalized (affine) to MNI space using the statistical parametric mapping
software package (SPM12; The Wellcome Centre for Human Neuroimag-
ing, UCL Queen Square Institute of Neurology) and the corresponding cus-
tom-made SPECT template. Stereotactically normalized SPECT images
were filtered with an isotropic gaussian kernel with 15mm full width at
half maximum and then scaled to the individual mean tracer uptake of the
filtered image in a cerebrum parenchyma mask predefined in MNI space.

Voxelwise mean, SD, and coefficient of variance were computed from
the stereotactically normalized, filtered, and scaled SPECT images, sepa-
rately for the 99mTc-ECD and for the 99mTc-HMPAO normal database.

Individual stereotactically normalized, filtered, and scaled ictal SPECT
images were transformed voxelwise to z scores using the following for-
mula: z score 5 (individual tracer uptake – M)/SD, where M and SD are
the mean value and the SD of normal 99mTc-ECD or normal 99mTc-
HMPAO uptake (depending on the tracer used in this subject) in the con-
sidered voxel.

Finally, ictal z score images of the subjects in whom TLE surgery
was performed in the left hemisphere were left–right flipped at the
midsagittal plane so that the right side was the site of surgery in all
ictal z score images.

Visual SPECT Interpretation
Visual interpretation of the ictal SPECT images was performed inde-

pendently by 2 readers masked to all other data. The readers first later-
alized the SOZ on the basis of regional hyperperfusion (left, right, both
hemispheres, no hyperperfusion) and then localized the SOZ (temporal,
frontal, parietal, occipital). In the case of temporal hyperperfusion,

FIGURE 1. Engel Epilepsy Surgery Outcome Scale at 12 mo after TLE
surgery. Patients with Engel I-A at 12 mo were considered responders; all
other patients were considered nonresponders.
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additional hyperperfusion in ipsilateral insular cortex, basal ganglia,
and thalamus was considered to be a propagation effect that supports
ipsilateral temporal seizure onset (17). Each reader interpreted all
images twice. Images with discrepant interpretation with respect to lat-
eralization or localization in the 2 reading sessions were assessed a
third time to obtain an intrareader consensus. Finally, images with dis-
crepant intrareader consensus with respect to lateralization or localiza-
tion between the 2 readers were assessed in a common reading session
of the 2 readers to obtain an interreader consensus.

Conventional Univariate Voxel-Based Analysis
z score maps of ictal SPECT were compared voxelwise between res-

ponders and nonresponders using the unpaired t test model implemented
in SPM12. The latency of the tracer injection after electrical seizure
onset in EEG was considered as a covariate. The significance level was
set at uncorrected P5 0.005. Minimum cluster size was 1 mL.

Identification of a Prognostic Covariance Pattern Analysis
Spatial covariance analysis of the ictal z score images was per-

formed with SSM-PCA implemented in the freely available Scan
Analysis and Visualization Processor software package (version
ScAnVP7.0w) (10). The covariance analysis was restricted to the
same cerebrum parenchyma mask that was used for intensity scaling
in order to avoid truncation artifacts. The ictal z score maps were not
log-transformed for SSM-PCA in order to avoid truncation of negative
z scores. Negative z scores indicate regional reduction of tracer uptake,
which represents a relevant component of ictal perfusion patterns.

SSM-PCA with log-transformation was used to assess differences
in normal cerebral uptake between 99mTc-ECD and 99mTc-HMPAO in
the corresponding normal databases.

Statistical Analysis
Proportions are given as percentage and were compared between 2

groups using the Fisher exact test. Nominal variables with more than 2
possible values are given as percentages and were compared between
groups using Pearson x2 test. Continuous variables are given as
median and interquartile range and were compared using the nonpara-
metric Mann–Whitney U test. All tests were 2-sided. A P value of less
than 0.05 was considered significant.

The individual expression scores of the 16 covariance patterns iden-
tified by SSM-PCA in the ictal z score images were compared between
responders and nonresponders using the unpaired t test.

The prognostic power of the expression score of a given covariance
pattern in ictal z score images was assessed by receiver-operating-
characteristic (ROC) analysis. In addition, the expression score was
dichotomized ( #0 vs. .0) and then tested as a factor in Kaplan–Meier
analysis of seizure freedom (Engel I-A), taking into account the total
individual follow-up period. The log-rank test was used to compare the
difference in seizure-free time for statistical significance.

Data Availability
All covariance patterns identified in this study are available on request.

Custom-made 99mTc-ECD and 99mTc-HMPAO templates as well as vox-
elwise mean and SD images of the 99mTc-ECD and 99mTc-HMPAO nor-
mal databases are also available on request.

RESULTS

Demographic, clinical, ictal SPECT, and surgery data of the
36 patients included in the SSM-PCA are summarized in Table 1.
Responders and nonresponders did not differ with respect to sex,
age at ictal SPECT, age at first seizure, duration of disease, seizure
frequency, and proportion of patients with impairment of awareness
in most seizures. Responders and nonresponders also did not differ
with respect to lateralization (relative to TLE surgery) of seizure

semiology, interictal EEG, ictal EEG, and MRI before ictal SPECT
(Table 1). They also did not differ with respect to delay of surgery
after ictal SPECT, side of resection, and neuropathology of the sur-
gical specimen (Table 1). The proportion of patients in whom ictal
SPECT was performed with 99mTc-ECD was higher among the res-
ponders (94% vs. 56%, P 5 0.02). The latency of tracer injection
relative to the electrical seizure start was shorter in the responders
(median, 30 vs. 40 s, P 5 0.02). Tracer dose for ictal SPECT and
electrical duration of the seizure after tracer injection did not differ
between responders and nonresponders.

99mTc-ECD and 99mTc-HMPAO SPECT templates generated
from the normal databases are shown in Supplemental Figure 1A.
The voxelwise coefficient of variance of the tracer uptake in the 2
normal databases is shown in Supplemental Figure 1B. The first
covariance pattern obtained by SSM-PCA of the 48 SPECT of the
normal databases (Supplemental Fig. 2) explained 28.2% of the total
variance and was the only pattern with significantly different expres-
sion between the 2 tracer-specific normal databases (P , 0.001; all
other patterns: P$ 0.15).
Visual interpretation of the ictal SPECT identified the ipsilateral

temporal lobe as SOZ in 12 (67%) responders and in 14 (78%) non-
responders. Visual interpretation localized the SOZ in the contralat-
eral temporal lobe in 2 responders (11%). Bilateral hyperperfusion
was described in 1 responder (6%). None of the nonresponders
showed more pronounced contralateral or bilateral temporal hyper-
perfusion. The SOZ was localized to the temporal lobe in all patients
with ictal hyperperfusion. No regional hyperperfusion was detected
in 3 (17%) responders and in 4 (22%) nonresponders. The differ-
ences in the visual lateralization of ictal SPECT between responders
and nonresponders were not significant (P5 0.35).
The mean z score maps of ictal SPECT are shown in Figure 2.

The statistical parametric maps obtained by voxel-based statistical
comparison of the z score maps between responders and nonres-
ponders revealed higher z scores (more pronounced hyperperfu-
sion) in responders in the contralateral (relative to resection)
temporal and occipital lobe (Fig. 3A). There was a small cluster of
lower z scores (more pronounced hypoperfusion) in responders in
the mesial frontal lobe (mainly ipsilateral, Fig. 3A).
Among the 16 covariance patterns determined by SSM-PCA in the

36 ictal SPECT only 1, the favorable ictal perfusion pattern (FIPP),
showed different expression between responders and nonresponders
(P 5 0.03, Fig. 3B; all other patterns: P $ 0.10). The individual
expression score of the FIPP provided an area of 0.744 (95% CI,
0.577–0.911; P 5 0.004) under the ROC curve for the differentia-
tion of responders from nonresponders (Fig. 4A). Kaplan–Meier
analysis revealed a statistical trend toward longer seizure freedom
in patients with positive FIPP expression score than patients with
negative FIPP expression score (P 5 0.06, Fig. 4B). The median
estimated seizure-free time was 48 mo (positive expression score)
versus 6 mo (negative expression score).

DISCUSSION

This study used SSM-PCA to identify a covariance pattern
(FIPP) in ictal brain perfusion SPECT whose expression is predic-
tive of seizure freedom after TLE surgery. The FIPP expression
score is easily computed for new ictal SPECT images to support
their interpretation with respect to the chance of the patient to
become seizure-free by TLE surgery. The computation is fully
automatic and, therefore, does not require special expertise, in
contrast to visual interpretation of ictal SPECT images.
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SSM-PCA is stable with respect to vari-
able image characteristics associated with
different scanners for image acquisition or
different software for image preprocessing
(18), simplifying widespread clinical use.
We hypothesize that the FIPP identified
in this monosite study is useful also for
other sites.
The FIPP comprises more pronounced

ictal hyperperfusion in the anterior part of
the ipsilateral (to resection) temporal lobe,
less pronounced posterior extension of the
ictal hyperperfusion in the ipsilateral tem-
poral lobe, hyperperfusion in the contralat-
eral temporal lobe (less pronounced than
ipsilateral), hypoperfusion in the precu-
neus/posterior cingulate cortex area and in
the ipsilateral parietotemporal region, and
more pronounced hypoperfusion in the ante-
rior frontal lobe (Fig. 3B). The FIPP resem-
bles the typical perfusion pattern during
complex partial seizures in patients with

FIGURE 2. Mean z score maps of ictal SPECT in the 18 responders (A) and 18 nonresponders (B)
in MNI space. Positive z scores (red) indicate increased perfusion (relative to custom-made normal
databases); negative z scores (blue) indicate reduced perfusion. C5 contralateral to TLE surgery; I5
ipsilateral to TLE surgery.

TABLE 1
Demographic, Clinical, SPECT, and Surgical Data

Data Responder* Nonresponder* P†

Number of patients 18 18

Sex (% females) 44 44 1.00

Age at ictal SPECT (y) 43 [28–49] 34 [24–48] 0.24

Age at first seizure (y) 14 [6–23] 12 [4–23] 0.61

Duration of disease at SPECT (y) 22 [15–34] 21 [11–33] 0.56

Mean seizure frequency in last 12 mo before ictal
SPECT (seizures/mo)

5 [3–21] (n 5 15) 14 [5–23] (n 5 16) 0.36

With impairment of awareness in most seizures during the
last 12 mo (%)

77 (n 5 13) 79 (n 5 14) 1.00

Lateralization of seizure semiology: ipsilateral to resection/contralateral/
both/no (%)

93/7/0/0 (n 5 14) 90/0/0/10 (n 5 10) 0.35

Lateralization of MRI: ipsilateral to resection/contralateral/both/no (%) 94/0/0/6 (n 5 18) 82/0/6/12 (n 5 17) 0.45

Lateralization of ictal EEG before ictal SPECT: ipsilateral to resection/
contralateral/both/no (%)

88/6/6/0 (n 5 16) 88/0/0/12 (n 5 17) 0.26

Lateralization of interictal EEG before ictal SPECT: ipsilateral to resection/
contralateral/both/no (%)

83/6/11/0 67/0/22/11 0.26

Tracer of ictal SPECT (% 99mTc-ECD) 94 56 0.02

Tracer activity administered for ictal SPECT (MBq) 524 [479–639] 578 [501–632] 0.34

Latency of tracer injection to seizure start in EEG (s) 30 [25–35] 40 [30–49] 0.02

Seizure duration after injection according to EEG (s) 74 [43–147] 57 [31–106] 0.28

Delay of surgery after ictal SPECT (mo) 10 [4–27] 6 [2–24] 0.70

Side of TLE surgery (% right) 67 67 1.00

Neuropathology of surgical specimen: normal/sclerosis/mass lesion/focal
cortical dysplasia

13/75/6/6 (n 5 16) 17/67/17/0 (n 5 12) 0.66

*Continuous variables are given as median, with interquartile range in brackets. If a variable was not available in all patients, the
number of patients for that variable is given in parentheses.

†P values are not corrected for multiple testing.
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mesial TLE (4,17,19–21). Pronounced ictal hyperperfusion in
the anterior ipsilateral temporal lobe is the most consistent find-
ing in ictal perfusion SPECT in mesial temporal epilepsy (3,22).
The lack of this pointer is a known risk factor of worse TLE sur-
gery outcome (4). Hyperperfusion beyond the ipsilateral mesial
temporal lobe might be explained by seizure propagation
(23,24) or intrinsic epileptogenicity of the hyperperfused areas
beyond the mesial temporal lobe. The FIPP suggests that hyper-
perfusion in the contralateral temporal lobe is predictive of good
outcome of TLE surgery and, therefore, most likely is due to sei-
zure propagation via interhemispheric connections. A SPECT
mirror image defined as ictal hyperperfusion contralateral to the
seizure onset that is rather symmetric to the ipsilateral ictal hyper-
perfusion is observed in $50% of epilepsy patients (25). The
SSM-PCA was masked not only to group membership (responders
vs. nonresponders) but also to the results of visual interpretation
and univariate voxel-based analysis. Thus, all images were handled
equally by the SSM-PCA. In particular, no difference was made

between ictal SPECT with or without mir-
ror image. The aim of SSM-PCA is fully
unbiased identification of the covariance
patterns explaining the highest proportion of
variance in the whole dataset reflecting
between- and within-group differences with
the same accuracy (9).
Ictal hyperperfusion was stronger in the

contralateral than in the ipsilateral temporal
lobe in 2 (11%) responders so that visual
interpretation suggested the contralateral
temporal lobe as SOZ (Supplemental Fig. 3).
Both subjects were seizure-free for $36 mo
after surgery. The FIPP expression score was
borderline in both. Incorrect lateralization
by visual interpretation of ictal perfusion
SPECT in 5%–8% of patients with mesial-
temporal epilepsy has been described pre-
viously (4,25–27).
None of the tested demographic, clinical,

and surgical variables showed a statistically
significant difference between the respond-
ers and the nonresponders in this study
(Table 1). This suggests that the FIPP expres-
sion score provides independent prognostic
information beyond these variables.

In clinical routine, visual evaluation and univariate voxel-based
analysis of ictal perfusion SPECT are usually restricted to the local-
ization of the SOZ. Classification of ictal perfusion patterns
(beyond SOZ localization) for predicting surgery outcome is not
common in clinical routine. On the other hand, the FIPP expression
score alone is not useful for SOZ localization. Thus, visual analysis
supported by univariate voxel-based analysis and SSM-PCA are
complementary methods.
The following limitations of this study should be noted. First,

the latency of tracer injection relative to the electrical seizure start
differed between responders and nonresponders. Ictal perfusion
patterns are dynamic and, therefore, depend on the injection time
(17). To account for this, the latency of the tracer injection was
considered as covariate in the conventional univariate voxel-based
analysis, although the difference was rather small (median latency
10 s shorter in responders than nonresponders). The fact that the
resulting statistical map (Fig. 3A) is compatible with the FIPP
(Fig. 3B) suggests that a potential effect of the injection latency on
the FIPP is small. Furthermore, variability of the z score maps
associated with between-subject variability of the injection latency
might have been captured by one (or more) covariance patterns
without affecting the FIPP. Second, the FIPP was derived from
z score images and therefore might not be applicable to SPECT
uptake images. The transformation to z scores was used to allow
pooling of 99mTc-ECD and 99mTc-HMPAO SPECT. SSM-PCA
of the uptake images in the 99mTc-ECD subsample confirmed
the major findings of SSM-PCA of the z score images in the whole
sample (section “Identification of a prognostic covariance pattern
in the 99mTc-ECD subsample” including Supplemental Table 1
and Supplemental Figs. 4 and 5). It also outperformed region-
of-interest–based analyses (section “Region-of-interest based
prediction in the 99mTc-ECD subsample” and Supplemental Fig.
6). SSM-PCA might also be applied directly to pooled uptake
images, which probably would result in one (or more) covariance
patterns covering the regional differences in tracer uptake between

FIGURE 3. Statistical maps of hyperperfusion (red) and hypoperfusion (blue) obtained by conven-
tional univariate voxel-based 1-sided t tests corrected for injection latency, thresholded at P 5

0.005, and overlaid to the statistical parametric mapping (SPM) single-subject template (A). (B) FIPP.
C5 contralateral to TLE surgery; I5 ipsilateral to TLE surgery.

FIGURE 4. ROC analysis of FIPP expression score for identification of
responders (A), and Kaplan–Meier analysis of patients with positive FIPP
expression score versus patients with negative FIPP expression score (B).
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99mTc-ECD and 99mTc-HMPAO. Third, rather restrictive eligibility
criteria were used in this study. The use of the FIPP expression score
should be restricted to ictal perfusion SPECT that fulfil the same cri-
teria. For example, patients with brain surgery before ictal perfusion
SPECT or any other major defect in tracer uptake (e.g., due to a
stroke) should be excluded, because the defect might have a relevant
impact on the FIPP expression score. Further studies should evaluate
the FIPP expression score in independent patient samples and com-
pare it with visual classification by experienced readers.

CONCLUSION

This study identified a covariance pattern in ictal perfusion
SPECT whose expression provided independent information for
the prediction of complete seizure freedom after TLE surgery.
This favorable ictal perfusion pattern (FIPP) resembled the typical
ictal perfusion pattern in mesial temporal epilepsy. The expression
of the FIPP is easily computed for new ictal SPECT images and,
therefore, might be used to support the decision for or against TLE
surgery in clinical patient care.
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KEY POINTS

QUESTION: This study used the scaled subprofile model for unbi-
ased identification of a covariance pattern in ictal brain perfusion
SPECT for predicting the outcome of TLE surgery.

PERTINENT FINDINGS: The identified favorable ictal perfusion
pattern resembled the typical ictal perfusion pattern in temporo-
mesial epilepsy. The expression score of the pattern provided an
area of 0.744 (95% CI, 0.577–0.911; P 5 0.004) under the ROC
curve for predicting seizure freedom 12 mo after surgery.

IMPLICATIONS FOR PATIENT CARE: The expression score of
the favorable ictal perfusion pattern is easily computed auto-
matically for new ictal SPECT images and, therefore, might be
used to support the decision for or against TLE surgery in clini-
cal patient care.
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Progressive supranuclear palsy (PSP) and corticobasal degeneration
(CBD) are 4-repeat (4R) tauopathies with overlapping, but also mor-
phologically distinct, tau immunoreactive lesions that vary in count by
brain region. 18F-flortaucipir PET uptake has been reported to corre-
late with overall tau burden, and—in 1 CBD case—to have greater
affinity to threads than tangles. We determined whether 18F-flortauci-
pir uptake is associated with histologic lesion type in 4R tauopathies.
Methods: We performed semiquantitative regional lesion counts on
pretangles/neurofibrillary tangles, threads, oligodendroglial coiled
bodies, tufted astrocytes, and astrocytic plaques in 29 cases of autop-
sied 4R tauopathy (PSP, 16; CBD, 13). Regression models were used
for statistical analyses.Results: 18F-flortaucipir uptakemarginally cor-
related with threads in the precentral cortex (P5 0.04) and with astro-
cytic lesions in the red nucleus (P5 0.05). Conclusion: The findings
do not support 18F-flortaucipir’s having differential affinity to any 4R
tau lesion type.

Key Words: progressive supranuclear palsy; corticobasal degenera-
tion; PET; pathology; AV-1451
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Progressive supranuclear palsy (PSP) and corticobasal degener-
ation (CBD) are 4-repeat (4R) tauopathies that are pathologically
characterized by overlapping lesion distributions and morpholo-
gies, as well as distinct tau immunoreactive lesions that vary in
count (amount), depending on which brain region is assessed (1,2).
Both PSP and CBD are characterized by the presence of pretan-
gles/neurofibrillary tangles (neuronal), oligodendroglial coiled bod-
ies (glial), and threads (neuronal . glial), whereas PSP has only
tufted astrocytes (glial) and CBD has only astrocytic plaques (glial)
(1,2). CBD has a predominantly corticostriatal distribution of
lesion burden with less involvement of brain stem regions, whereas
PSP has a predominantly brain stem distribution of lesion burden.

18F-flortaucipir (also known as 18F-Av-1451 and 18F-T807) is a
small indole ligand that is made with a radioactive fluorine isotope
that robustly binds to paired helical filament (3R1 4R) tau that
occurs in Alzheimer disease brains (3,4). Therefore, 18F-flortaucipir

is considered an antemortem biomarker for visualizing underlying
paired helical filament tau in Alzheimer disease. Regional 18F-flor-
taucipir PET uptake has been described in clinical syndromes sus-
pected to have underlying 4R tau (5) and in a few autopsied cases
of 4R tauopathies where uptake was reported to correlate with his-
topathologic tau lesion burden (6,7). In these individual cases, a
correlation was identified by assessing the relationship between
18F-flortaucipir uptake across multiple brain regions and histopath-
ologic tau lesion count, whereby count was treated as a single vari-
able combining all lesion types. 18F-flortaucipir uptake has been
shown to have greater affinity for threads than for tangles, again
across multiple brain regions, in a single CBD case (7). More
recently, in an autopsied case series we found correlations between
18F-flortaucipir and histologic tau to be selective and limited to
only a few brain regions, particularly the red nucleus of the mid-
brain (8). We did not assess lesion type, however.

Given these findings, we aimed to investigate in a relatively
large autopsy-confirmed cohort of PSP and CBD cases with ante-
mortem 18F-flortaucipir whether ligand uptake does indeed show
evidence of differential affinity for threads and, if so, whether
such a relationship would be region-specific or whether different
regions would show different lesion affinities. We hypothesize
that 18F-flortaucipir uptake would correlate to overall tau burden
in the red nucleus but not to any single specific lesion since all
lesion types are represented in the red nucleus in CBD or PSP.

MATERIALS AND METHODS

Participant Cohort
All participants were prospectively recruited by the Neurodegener-

ative Research Group at Mayo Clinic, Minnesota, as part of a
National Institutes of Health–funded grant and met 2 inclusion crite-
ria: completion of antemortem volumetric head MRI, 18F-flortaucipir
PET, and Pittsburgh compound B PET; and a brain autopsy with a
pathologic diagnosis of PSP or CBD between April 7, 2016, and
April 6, 2021.

The study was approved by the Mayo Clinic Institutional Review
Board, and all patients gave written informed consent to participate in
the study.

Neuropathologic Evaluation and Diagnosis
All patients had a standardized neuropathologic evaluation in accor-

dance with accepted published methodologies (9), including immuno-
histochemistry to detect 4R tau immunoreactive lesions using an
antibody to phospho-tau (CP13; 1:1,000; IgG1 to phospho-serine 202,
gift from the late Peter Davies, Feinstein Institute). PSP and CBD
pathologic diagnoses were rendered according to published criteria
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(1,2). PSP was diagnosed if there were globose neurofibrillary tangles,
tufted astrocytes, and oligodendroglial coiled bodies in cardinal nuclei
(2), whereas CBD was diagnosed if there were balloon neurons, as well
as tau-specific lesions of pretangles, astrocytic plaques, and threads in
cardinal nuclei (1). Additional pathologic findings were documented as
previously described (8).

Semiquantitative 4R Tau Lesion Count
We assessed the burden (lesion count) of tau-specific lesions

with anti-CP13 antibodies and immunohistochemistry. Lesions were
counted by a single neuropathologist in the cerebellar dentate, midbrain
tegmentum, substantia nigra, red nucleus, subthalamic nucleus, ventral
thalamus, globus pallidus, striatum, superior frontal cortex, and precen-
tral (motor) cortex. For each of these 10 regions, we determined lesion
count for pretangles/neurofibrillary tangles, coiled bodies, tufted astro-
cytes (PSP only), and astrocytic plaques (CBD only) (Fig. 1) scored
using a semiquantitative 4-point scale as follows: 0, absent lesions; 11,
few lesions (1–3 per 3200 field); 21, moderate number of lesions
(4–6 per 3200 field); and 31, frequent number of lesions (7 or more
per 3200 field). The density of neuropil threads was also graded on the
same 0–3 scale (Fig. 1). This semiquantitative scale was published in
2006, in an article that displays specific exemplars or representative
images for each score, for 3 of the lesions analyzed in this study (10).

PET Analysis
All participants underwent a standardized MRI protocol at 3 T that

included a magnetization-prepared rapid gradient-echo (MPRAGE)
sequence. 18F-flortaucipir and Pittsburgh compound B PET scans were
acquired using a PET/CT scanner (Discovery MR750; GE Healthcare)
(11). All MPRAGE scans were normalized to the Mayo Clinic Adult

Lifespan Template and segmented via unified segmentation with Mayo
Clinic Adult Lifespan Template priors or settings. 18F-flortaucipir
images were coregistered to the MPRAGE using 6"-of-freedom regis-
tration in SPM12. Region-level data were calculated for the MPRAGE-
space 18F-flortaucipir PET to allow for correlations with histopathol-
ogy. Our analysis was performed on the hemisphere to match the hemi-
sphere sampled at autopsy. To assess for correlations between 18F-
flortaucipir uptake and histology lesion counts, we selected regions of
interest that matched the regions assessed at autopsy. The Mayo Clinic
Adult Lifespan Template atlas was used to assess uptake in the superior
frontal, motor cortex, thalamus, globus pallidus, and striatum; the Deep
Brain Stimulation Intrinsic Template (12) atlas for uptake in the sub-
stantia nigra, subthalamic nucleus, and red nucleus; and an in-house–-
developed atlas for the midbrain and cerebellar dentate, as previously
described (5). All regional uptake values were divided by median
uptake in the cerebellar crus gray matter to calculate SUV ratio
(SUVR). A 2-compartment partial-volume correction was performed
(13). The analyses were also repeated using PET data without partial-
volume correction. Regional volumes were also calculated from the
MPRAGE for the same 10 regions to allow for the assessment of
potential confounding effects due to atrophy. Global Pittsburgh com-
pound B SUVRs were calculated as previously described (14) and con-
verted to centiloid units as follows: centiloid5 100 3 [(20.1620 1

0.94673 global Pittsburgh compound B SUVR) 2 1.009]/1.067 (15).

Statistical Analysis
For each region, we fit a linear regression model with log-

transformed tau PET SUVR as the response and semiquantitative tau
lesion burden scores as the predictors of interest. We incorporated the
lesion count scores in several ways to have a more complete under-
standing of their effects. In our first approach, we included the scores
for the 4 lesion types as 4 separate predictors in the model. In the
second approach, we included the sum of the scores of the preneurofi-
brillary or neurofibrillary tangles plus tau threads as a first predictor
and the sum of the scores of coiled bodies and astrocytic lesions as a
second predictor. In the last approach, we summed all 4 semiquantita-
tive scores to form a single numeric composite. We used the natural
logarithm as the response in these models to reduce skew, maintain
the regression assumption of constant variance, and allow an interpre-
tation of the effect of tau burden in terms of percentage difference in
PET uptake. All models included time from PET scan to death, age at
death, and total intracranial volume as covariates.

RESULTS

We identified 29 cases that met our inclusion criteria of having
had an antemortem 18F-florataucipir PET scan, died with autopsy,
and had a pathologic diagnosis of PSP (n5 16) or CBD (n5 13).
Table 1 shows the demographic characteristics of all 29, as well as
differences between those with PSP and those with CBD. Those
with CBD were younger by an average of 3 y at the time of the
scan and were more likely to have aging-related tau astrogliopathy
and argyrophilic grains disease at death as secondary pathologies.
The distribution of pathology across regions is shown in Figure 2.

The only associations between tau pathology and 18F-flortaucipir
uptake that reached marginal significance were between 18F-flortauci-
pir uptake and total lesion burden in the red nucleus (P5 0.05) and
the precentral gyrus (P5 0.04) (Fig. 3). The association in the red
nucleus was driven mainly by glial lesions, that is, astrocytic lesions,
whereas the association in the precentral gyrus was driven by neuro-
nal lesions, that is, threads. We also observed a trend for the subthala-
mic nucleus to show relationships like those of the red nucleus. The
results remained the same using PET data without partial-volume

FIGURE 1. Different types of 4R tau lesions in PSP and CBD. Bar at
lower right of each image indicates magnification level.
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correction (Supplemental Fig. 1; supplemental materials are available
at http://jnm.snmjournals.org). There was no evidence that volumes
differed by 18F-flortaucipir uptake or that volumes were smaller in
those with low uptake (Fig. 4).

DISCUSSION

In this study of 29 cases of autopsied PSP and CBD (4R tauopa-
thies) with antemortem 18F-flortaucipir imaging, we found mar-
ginal associations between ligand uptake and histopathologic
lesion count when combining all lesion types in 2 regions only,
the red nucleus and the precentral gyrus. The association in the
precentral gyrus appeared to be more related to threads, whereas
in the red nucleus it appeared to be related to astrocytic lesions.
It is well known that 18F-flortaucipir binds strongly to tau in Alz-

heimer disease but not to tau in PSP and CBD. Two hypotheses for
this differential affinity include binding affinity’s being related to the
tau isoform or to the structure of the tau filaments. That is, differential
binding of 18F-flortaucipir is related to the ligand’s having stronger

affinity for tau enriched with mixed 3R 1 4R tau isoforms than for
tau enriched with predominantly 4R tau isoforms (3) or to 18F-flortau-
cipir’s binding better to paired helical filamentous tau that character-
izes the tau filaments in Alzheimer disease (3). It is also possible,
however, that differential binding is related to ultrastructural differ-
ences between the tau in Alzheimer disease and the tau in 4R tauopa-
thies. A recent cryoelectron microscopic study and another study
showed that 4R tauopathies have unique tau aggregated ultrastructural
confirmations that differ from that of Alzheimer disease (16,17).
Neither threads nor astrocytic lesions in PSP and CBD are enriched

with mixed 3R 1 4R tau or are characterized by paired helical fila-
ments. The marginal correlations identified in the 2 regions in this
study confirm our previous findings (8). However, they do not support
18F-flortaucipir’s having differential affinity for any one lesion type.
We are not able to biologically elucidate why there were correlations
of significance between ligand uptake and those 2 specific lesion types
in red nucleus and precentral gyrus. One explanation could be that
there is some Alzheimer (3R 1 4R paired helical filament) tau that is
codeposited with 4R tau in these 2 regions. An argument against this

TABLE 1
Participant Characteristics

Characteristic All (n 5 29) CBD (n 5 13) PSP (n 5 16) P

Female 12 (41%) 6 (46%) 6 (38%) 0.72

Education (y) 16 (12, 16) 14 (12, 16) 16 (14, 16) 0.29

Age at death (y) 74 (68, 78) 68 (60, 74) 78 (69, 80) 0.009

Age at tau PET (y) 70 (67, 77) 67 (58, 73) 76 (68, 78) 0.02

Tau PET to death (y) 1.3 (0.93, 2.43) 1.2 (0.93, 1.50) 1.4 (1.0, 2.5) 0.71

APOE carrier 3 (12%) 1 (9%) 2 (14%) .0.99

22 0 (0%) 0 (0%) 0 (0%)

23 5 (20%) 2 (18%) 3 (21%)

33 17 (68%) 8 (73%) 9 (64%)

34 2 (8%) 0 (0%) 2 (14%)

44 1 (4%) 1 (9%) 0 (0%)

NFT-positive 27 (93%) 12 (92%) 15 (94%) .0.99

Braak NFT stage 0.18

1 4 (15%) 0 (0%) 4 (29%)

2 5 (19%) 4 (33%) 1 (7%)

3 9 (35%) 5 (42%) 4 (29%)

4 8 (31%) 3 (25%) 5 (36%)

5 0 (0%) 0 (0%) 0 (0%)

6 0 (0%) 0 (0%) 0 (0%)

ARTAG-positive 18 (64%) 11 (85%) 7 (47%) 0.05

Grain disease–positive 13 (46%) 7 (54%) 6 (40%) 0.71

MoCA 18 (10, 22) 12 (7, 20) 18 (16, 23) 0.18

UPDRS III 56 (44, 72) 53 (44, 72) 59 (47, 72) 0.61

PiB PET SUVRs 1.43 (1.37, 1.75) 1.41 (1.37, 1.44) 1.73 (1.37, 1.93) 0.30

ab centiloid 17 (12, 46) 16 (12, 18) 44 (12, 61) 0.30

APOE 5 apolipoprotein E; NFT 5 neurofibrillary tangle; ARTAG 5 aging-related tau astrogliopathy; MoCA 5 Montreal Cognitive
Assessment; UPDRS III 5 Movement Disorders Society sponsored revision of Unified Parkinson Disease Rating Scale; PiB 5 Pittsburgh
compound B; Ab 5 b-amyloid.

Data are median and interquartile range or number and percentage. P values are from Fisher exact test or Wilcoxon rank sum test
when appropriate.
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explanation is that the highest Braak neurofi-
brillary tangle stage in any of the 29 patients
in this study was IV (most were Braak neuro-
fibrillary tangle stages 0–III), and hence there
was no Alzheimer-type tau in any of the 10
regions analyzed in this study. Furthermore,
we have previously shown that 18F-flortauci-
pir PET is not sensitive to low levels of tau
pathology (8). Another is that we are observ-
ing correlations that are influenced by
regional off-target binding. This latter expla-
nation is supported by previous studies that
have found evidence that 18F-flortaucipir binds
to neuromelanin and melanin-containing cells
(3,18), iron (19), monoamine oxidase B inhibi-
tors (20), and vascular structures (21), to name
a few. It is also a possibility that binding could
be related to a yet-to-be-identified pathologic
lesion or process that may or may not vary in
burden by regions in PSP and CBD.
The comprehensive analyses, including

modeling the relationships with and without
partial-volume correction, excluded the likeli-
hood that our results were influenced by vol-
ume loss. Other strengths to our study include
the large number of autopsy-confirmed cases
with a 4R tauopathy that had antemortem
18F-flortaucipir and that all underwent semi-
quantitative scoring by a single neuropatholo-
gist with over 30 y of experience with PSP
and CBD pathology. Limitations include the
fact that a quantitative histologic measure was
not used, although semiquantitative scales
were also used in the recent international study
of the distribution patterns of tau pathology in
PSP, which was performed with the intent to
inform tau-neuroimaging distribution patterns
(22). Other limitations are that the distribution
of lesion severity within regions of interest—
and the fact that the histologic region of inter-
est represents a small sampled area within the
larger 18F-flortaucipir region of interest—could
have impacted the ability to detect correlations.
Furthermore, PET SUVRs can be influenced
by different biologic and technical factors (23).

CONCLUSION

The results of this study do not support
differential affinity of 18F-flortaucipir for
any histologic lesion, including threads, in
4R tauopathies.

DISCLOSURE

This study was funded by NIH grants
RF1-NS112153, R01-DC12519, R01-NS89757,
and R01-DC14942. Val Lowe serves on
the scientific advisory board of AVID
Radiopharmaceuticals. No other potential
conflict of interest relevant to this article
was reported.

FIGURE 2. Histograms showing distribution of lesion count scores across cases for each region
and each tau lesion type.

FIGURE 3. Relationships between 18F-flortaucipir uptake (SUVR) and lesion type, adjusting for
time from imaging to death, age at death, and total intracranial volume. NFT5 neurofibrillary tangle;
TIV5 total intracranial volume.
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KEY POINTS

QUESTION: Is 18F-flortaucipir uptake in 4R tauopathies related to
histologic lesion type?

PERTINENT FINDINGS: In this PET pathologic study of 29 autop-
sied patients who underwent 18F-flortaucipir PET while alive and
later died with autopsy-confirmed PSP or CBD, we semiquantified
histologic lesion types in multiple brain regions and looked for
associations between ligand uptake and lesion type using linear
regression. We found only 2 weak associations.

IMPLICATIONS FOR PATIENT CARE. There is little evidence
linking 18F-flortaucipir uptake to any one lesion type in 4R tauopa-
thies. Hence, other factors must be considered when designing
second and third generations of 4R tau PET ligands.
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The N-methyl-D-aspartate receptor (NMDAR) plays a crucial role in
neurodegenerative diseases such as Alzheimer disease and in the
treatment of major depression by fast-acting antidepressants such
as ketamine. Given their broad implications, GluN2B-containing
NMDARs have been of interest as diagnostic and therapeutic tar-
gets. Recently, (R)-11C-Me-NB1 was investigated preclinically and
shown to be a promising radioligand for imaging GluN2B subunits.
Here, we report on the performance characteristics of this radioli-
gand in a first-in-humans PET study. Methods: Six healthy male
subjects were scanned twice on a fully integrated PET/MR scanner
with (R)-11C-Me-NB1 for 120 min. Brain uptake and tracer distribu-
tion over time were investigated by SUVs. Test–retest reliability
was assessed with the absolute percentage difference and the
coefficient of variation. Exploratory total volumes of distribution
(VT) were computed using an arterial input function and the Logan
plot as well as a constrained 2-tissue-compartment model with the
ratio of rate constants between plasma and tissue compartments
(K1/k2) coupled (2TCM). SUV was correlated with VT to investigate
its potential as a surrogate marker of GluN2B expression. Results:
High and heterogeneous radioligand uptake was observed across
the entire gray matter with reversible kinetics within the scan time.
SUV absolute percentage difference ranged from 6.9% to 8.5%
and coefficient of variation from 4.9% to 6.0%, indicating a high
test–retest reliability. A moderate correlation was found between
SUV averaged from 70 to 90 min and VT using Logan plot (Spearman
r 5 0.44). Correlation between VT Logan and 2TCM was r 5 0.76.
Conclusion: The radioligand (R)-11C-Me-NB1 was highly effective in
mapping GluN2B-enriched NMDARs in the human brain. With a het-
erogeneous uptake and a high test–retest reliability, this radioligand
offers promise to deepen our understanding of the GluN2B-containing
NMDAR in the pathophysiology and treatment of neuropsychiat-
ric disease such as Alzheimer disease and major depression.
Additionally, it could help in the selection of appropriate doses
of GluN2B-targeting drugs.

KeyWords: glutamate;N-methyl-d-aspartate (NMDA); GluN2B subu-
nits; neurodegenerative disease; PET
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The N-methyl-D-aspartate receptor (NMDAR) constitutes a
heterotetrameric glutamate-gated ion channel that mediates key physi-
ologic functions such as synaptic transmission, plasticity, and higher
cognitive functions in the mammalian central nervous system (1,2).
Despite their homeostatic relevance, NMDARs trigger pathophysio-
logic processes on excessive activation, thereby prompting apoptotic
cascades that ultimately result in neurodegeneration (3). Moreover,
NMDAR dysfunctions have been implicated in a multitude of neuro-
psychiatric disorders including Alzheimer disease, vascular dementia,
Parkinson disease, stroke, traumatic brain injury, depression, and
schizophrenia (4,5). Recent studies demonstrated that activation of
extrasynaptic NMDARs, which are typically enriched with the
GluN2B subunit, resulted in excitotoxicity, whereas activation of syn-
aptic NMDARs had protective effects (4). As such, subtype-selective
modulation of GluN2B-containing NMDARs has been suggested as
a promising drug development strategy that would provide therapeu-
tic efficacy, while concurrently sparing physiologic NMDAR func-
tions (6,7). Despite strenuous research and development efforts,
GluN2B-selective antagonists showed only limited clinical efficacy
so far (8). Although underlying causes may have been of multifacto-
rial origin, it has been suggested that the availability of an appropriate
GluN2B-targeted probe would facilitate drug development (9).
Indeed, a radioligand to visualize GluN2B-containing NMDARs in
the living human brain is currently lacking. Thus, it is of paramount
value to develop such tools to further elucidate the versatile roles of
GluN2B-containing NMDARs in neurodegenerative and other neuro-
psychiatric diseases, as well as to guide future drug development
efforts via target engagement studies.
Despite the plethora of attempts to develop a suitable NMDAR

PET radioligand, most reported probes suffered from major draw-
backs such as low brain uptake, radiometabolites entering the brain,
prominent off-target binding particularly to s1 receptors, and brain
uptake inconsistent with the known expression profile (10,11).
To date, the most promising structural class of GluN2B-targeted
PET radioligands are the 2,3,4,5-tetrahydro-1H-benzazepine deriva-
tives (12–15). A recent publication by Haider et al. reported on the
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benzazepine derivative (R)-11C-Me-NB1 (Fig. 1) as a potential PET
radioligand for imaging the GluN2B-containing NMDARs. Biodistri-
bution and PET imaging studies in rodents showed an uptake pattern
in brain regions known to express the GluN2B subunits of the
NMDAR, with the lowest uptake in the cerebellum, a brain region
known to have low to negligible GluN2B subunits in rodents. Specif-
icity of (R)-11C-Me-NB1 binding was substantiated in blocking stud-
ies in a dose-dependent manner, and selectivity over s1 receptors was
confirmed using s1 receptor knockout mice (15).
Considering the promising characteristics of this radioligand in

rodents, the current work aims to translate the utility of (R)-11C-Me-
NB1 for imaging the GluN2B subunits of the NMDAR to humans.
To the best of our knowledge, this work signifies the first assessment
of a GluN2B PET imaging probe in the living human brain.

MATERIALS AND METHODS

Participants and Study Design
Six healthy male subjects (mean age 6 SD, 23.3 6 2.9) were

recruited for the study. All participants were free from internal, neuro-
logic, or psychiatric disorders assessed via a thorough medical history,
physical examination, electrocardiogram, and routine laboratory
parameters. Exclusion criteria were neurologic diseases or psychiatric
disorders; illness 2 wk before recruitment; history of drug or atopic
allergy; myocardial infarction; history of cancer or liver or renal dis-
ease; family history of prolonged QT interval; MRI or PET contraindi-
cations; consumption of tobacco products 3 mo before recruitment;
history of drug or alcohol abuse; and significant prior radiation expo-
sure in the past 10 y. After detailed explanation of the study design,
all subjects gave written informed consent. The study was registered
in the EudraCT database (2018-002933-39) and approved by the
Ethics Committee of the Medical University of Vienna (ethics no.
1980/2018). Procedures were performed in accordance with the Decla-
ration of Helsinki. Subjects were reimbursed for participation.

Tracer Preparation
(R)-11C-Me-NB1 was produced on a fully automated Tracerlab FX2

C synthesis module (GE Healthcare) by applying 11C-CO2 from a PET-
trace 860 (GE Healthcare). 11C-CH3I was reacted with the enantiomeri-
cally pure des-methyl good manufacturing practice–grade precursor
(R)-NB1 in dimethylformamide and in the presence of Cs2CO3 follow-
ing previously published procedures (15). Minor synthetic adaptations
included the use of a SupelcosilTM LC-ABZ1 column (5 mm, 2503 10
mm; Bellonte) and a mobile phase of 60% acetonitrile/40% aqueous
Na2HPO4 (0.02 mol/L) for the final product purification. After high-per-
formance liquid chromatography (HPLC) purification, the product was
trapped on a Sep-Pak Plus, C18 Cartridge (Waters), washed with 10mL of
H2O for injection, eluted with 1.5mL of ethanol, and formulated for
human application using 10mL of NaCl (0.9%) and 6mL of phosphate-
buffered saline. Product quality was assessed according to the guidance of
radiopharmaceutical preparations of the European Pharmacopoeia (16).
Molar activities were calculated through assessment of radioactivity at the

end of synthesis and determination of nonradioactive (R)-Me-NB1 via
HPLC. Values were decay-corrected to the time of tracer administration.

PET Imaging
All participants underwent 2 measurements on a fully integrated

PET/MR scanner (mMR Biograph; Siemens) lasting for 120 min. The
mean interval between the scans was 18.2 6 8.8 d (range, 6–28 d),
and measurements started between 4:30 and 6:00 PM (central European
time; mean difference between the measurement start times, 21 6

24 min; range, 0–60 min). PET data were acquired in 3-dimensional
list-mode. The radioligand (R)-11C-Me-NB1 was administered as a
bolus through a cubital vein (mean injected dose, 448 6 34 MBq;
5.98 6 0.85 MBq/kg of body weight; 0.15 6 0.11 nmol/kg of body
weight; 1 value was excluded because of technical HPLC issues).
There were no adverse events or clinically detectable pharmacologic
effects in any of the subjects. No changes in vital signs, laboratory
results, or electrocardiograms were observed. During the scan, sub-
jects were instructed not to fall asleep, to observe a black crosshair
on a gray background presented on a screen at the end of the gantry,
to let their thoughts wander, and to not move any body part. Addi-
tionally, head movement was minimized with stabilizing cushions
within the head coil.

Arterial Blood Sampling, Metabolite Analyses, and Arterial
Input Function

Before each measurement, arterial and venous cannulas were inserted
in the radial artery and a cubital vein of the opposite arm for arterial
blood sampling and administration of the radioligand. Arterial blood was
drawn automatically for the first 6 min (Twilite II system; Swisstrace).
Manual blood samples were taken at 3, 4, 5, 10, 20, 30, 40, 60, 80, 100,
and 120 min and were immediately measured in a g-counter (Wizard2,
399; Perkin Elmer), for whole blood activity and, after centrifugation, for
plasma activity. The g-counter was cross-calibrated to the PET/MR scan-
ner. Radiometabolites were determined for the time points 5, 10, 20, 30,
40, and 60 min by HPLC using an Agilent 1260 Infinity system (pumps,
degasser and ultraviolet detector) connected to a motorized valve
(BESTA; Motorventil) and a radiodetector (RamonaStar; Elysia-Raytest).
A column switching method (17) was used to concentrate a lipophilic
radiometabolite and the parent compound, while a more hydrophilic
radiometabolite eluted from the column. Up to 5mL of plasma were
directly injected into the HLB OASIS column (OASIS resin; Waters)
with the mobile phase consisting of 1% acetonitrile and water. In an ini-
tial pilot study, a recovery rate of 99.6% was observed for the parent
compound. After pump switching, the HLB OASIS column was back-
flushed with a mobile phase consisting of 60% acetonitrile and 40%
50mM ammonium acetate, pH 9. The second radiometabolite was sepa-
rated from the parent compound using a XSelect column (HSS T3,
3.5mm, 1003 4.6 mm; Waters) equipped with the corresponding precol-
umn. The areas under the curves were decay-corrected. The parent com-
pound was identified by the retention time of the reference standard.

MRI
Simultaneously with the PET acquisition, a structural T1-weighted

image was acquired with a magnetization prepared rapid gradient echo
sequence (echo time/repetition time 5 4.21/2,200 ms, inversion time 5

900 ms, flip angle 5 9", 160 sagittal slices, voxel size 5 1 3 1 3 1.1
mm) for attenuation correction of the PET data and spatial normalization
and to rule out structural abnormalities.

PET Processing
PET data were reconstructed with an ordinary Poisson ordered-

subset expectation maximization algorithm (3 iterations, 21 subsets)
and binned into 12 3 5, 6 3 10, 3 3 20, 6 3 30, 9 3 60, 15 3 300,
and 3 3 600 s frames. In addition to standard corrections, data wereFIGURE 1. Chemical structure of (R)-11C-Me-NB1.
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corrected for attenuation and scatter with a pseudo-CT approach (18)
based on the structural MRI of the first measurement.

Preprocessing was performed with SPM12 (Wellcome Trust Centre for
Neuroimaging), as previously described (19). Briefly, PET data were cor-
rected for head motion (quality setting 5 1) and coregistered to the
structural MRI. The structural MRI was spatially normalized to MNI
space, and the transformation matrix was applied to the coregistered
PET images.

Regions of Interest (ROIs)
Time–activity curves were extracted for the following ROIs from the

Harvard-Oxford atlas and the probabilistic cerebellar atlas (https://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/Atlases): frontal, temporal, parietal, occipital,
cingulate, and somatosensory cortex as well as the subcortical regions
thalamus, striatum, amygdala, and hippocampus and the cerebellar gray
matter, excluding the vermis. Additionally, the white matter structures
centrum semiovale (extracted from the SPM12 tissue probability map),
corpus callosum (from the Hammers N30R83 atlas (20)), and the cere-
bellar white matter (21) were investigated (Fig. 2, top row). The left and
corresponding right side of each ROI were averaged.

Brain Uptake
To investigate brain uptake and tracer distribution over time, SUVs

were computed as activity concentration in tissue divided by administered
dose per kilogram of body weight. For further analyses and demonstra-
tion purposes, SUV time–activity curves and SUV voxelwise maps were
averaged for the time points 5–30, 40–60, 70–90, and 100–120 min.

In an exploratory approach, NMDAR binding (total volume of dis-
tribution, VT) was quantified with the Logan plot using PMOD 4.2
(PMOD Technologies Ltd.; www.pmod.com). For potential clinical
applicability with high patient comfort, only the first 90 min of the
data were used for the estimation of VT. The start time of the fit of the
Logan plot (t*) could not be determined automatically for the centrum
semiovale because of high noise levels. Hence, the t* of the corpus
callosum was used due to similar kinetics (Fig. 3). A time–stability
analysis was performed from 40 to 120 min for 4 regions with varying
uptake (temporal and parietal cortex, striatum, and hippocampus) to
verify that measuring for 90 min is suitable.

A second exploratory analysis was conducted, quantifying VT with a
constrained 2-tissue-compartment model with the ratio of rate constants
between plasma and tissue compartments (K1/k2) coupled (2TCM) for a
measurement duration of 90 min. K1/k2 was estimated across all gray
matter regions because of different kinetics in the white matter regions.

Statistics
To assess the test–retest reliability, absolute percentage difference

(APD), as well as the coefficient of variation (COV), were calculated
between the 2 measurements for each ROI. Since there is no ground truth,
the APD was determined as APD[%] 5 |m1 2 m2|/((m1 1 m2)/2) 3
100. COV[%] was calculated as (SD/mean) 3 100. The intraclass corre-
lation coefficient for absolute agreement was computed for each region of
the averaged SUV time points. SUV averaged from 70 to 90 min was
correlated with VT Logan plot estimated for 90 min across all ROIs.
Finally, VT Logan plot for 90 min was correlated with VT 2TCM.

RESULTS

Radiochemistry
After sterile filtration at the end of synthesis, 4.16 6 1.31 GBq of

(R)-11C-Me-NB1 was obtained with a radiochemical purity of
97.5% 6 1.6%. Molar activity ranged from 35 to 1,115 GBq/mmol
(1 value was excluded because of technical HPLC issues). All prepa-
rations were within the limits set by the European Pharmacopoeia.

Blood Data Analysis
(R)-11C-Me-NB1 was metabolized with 29.6% 6 5.5% of the par-

ent fraction left after 20 min and 15.7%6 3.3% after 40 min (Supple-
mental Fig. 1A; supplemental materials are available at http://jnm.
snmjournals.org). Two radioactive metabolites were identified, which
weremore polar than the parent radioligand and showed baseline sepa-
ration on the HPLC chromatograms (Supplemental Figs. 1B and 1C).

Brain Uptake
The radioligand exhibited reversible pharmacokinetics (see the rate

constant from compartment representing specific binding to compart-
ment representing nondisplaceable binding in tissue [k4] obtained
from 2TCMbelow) within themeasurement time, and an area-specific
brain uptake pattern was observed (Figs. 2, 3, and 4). At peak
(#15–20 min after injection), SUV was highest in the striatum (4.5)
and lowest in the white matter regions centrum semiovale and corpus
callosum (both 1.8), followed by cerebellar whitematter (2.6). Cortical
regions showed similar kinetics, particularly after 60 min. In contrast,
the kinetics of centrum semiovale and corpus callosum varied mark-
edly from the other regions (Fig. 3). SUVmean time–activity curves and
SD of representative regions are depicted in Supplemental Figure 2.

FIGURE 2. ROIs and SUVmean maps. First row depicts investigated ROIs
covering cortical, subcortical, and white matter structures: 1, frontal cortex;
2, somatosensory cortex; 3, parietal cortex; 4, occipital cortex; 5, cingulate
cortex; 6, thalamus; 7, corpus callosum; 8, cerebellar gray matter; 9, hippo-
campus; 10, centrum semiovale; 11, temporal cortex; 12, striatum. Amyg-
dala and cerebellar white matter are not visible in the presented slices (MNI
space, x5 24, y5 16, z 5 7 mm). Remaining rows depict radioligand dis-
tribution in terms of SUV for various time points (averaged across subjects).
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The time–stability analysis of the exploratory Logan plot revealed
that measuring for 90 min is feasible with an underestimation of
approximately 10% (Supplemental Fig. 3, solid line). In addition,
t* was evaluated as a function of measurement time (dashed line).
Logan plots of 1 representative subject are depicted in Supplemen-
tal Figure 4 to show linearity. The VT of the Logan plot varied
between 12.8 in the corpus callosum and 19.0mL/cm23 in the amyg-
dala (Fig. 4B). The average VT across all regions was comparable
between the first and second measurement (15.2 vs. 15.9mL/cm23).
For the 2TCM, the model did not converge for white matter

regions (i.e., centrum semiovale, corpus callosum, and cerebellar
white matter). One subject did not show reasonable VT in 1 measure-
ment and was therefore excluded from further analyses. The 2TCM
confirmed the reversible binding with k4 between 0.02 (somatosen-
sory cortex) and 0.04 (cerebellar gray matter). VT 2TCM was slightly
higher than with the Logan plot (Supplemental Fig. 5).
A moderate correlation was achieved between Logan plot 90 min

and SUV 70–90 min (Spearman r 5 0.44). Spearman rank correlation
was used because of the presence of an outlier in VT in the test–retest
analysis (Fig. 5C). The correlation between VT Logan and 2TCM was
good (r 5 0.76) with the caveat of 1 excluded subject and only gray
matter regions (Supplemental Fig. 5).

Test–Retest Reliability
High test–retest reliability was obtained for SUVs with

slightly increasing values over time. Average APD across

all ROIs was 6.9% versus 8.5% for SUV
5–30 min versus 100–120 min and COV
was 4.9% versus 6.0% (Fig. 5A). The intra-
class correlation coefficient decreased from
excellent (0.85 SUV 5–30 min) to moder-
ate (0.58 SUV 100–120 min)
For VT Logan plot, the variability was

slightly higher (mean APD 10.5%, mean
COV 7.4%), which is caused by the same
subject that did not show reasonable VT in
the 2TCM (Fig. 5B). In comparison, for VT

2TCM, mean APD was 8.2% and mean
COV 5.8%, slightly lower than with Logan
plot (1 subject excluded, only gray matter
regions). Investigation of the medians in
Figure 5A and 5B exhibits similar APD
between SUV and VT except for the cen-
trum semiovale and the corpus callosum.
Complete lists of the SUVs for the vari-

ous time points, VT for Logan plot, and
2TCM for the test and retest measurement, alongside the values
for APD and COV, are shown in Supplemental Tables 1–4.

DISCUSSION

In this study, the potential of (R)-11C-Me-NB1, a selective and
specific radioligand for imaging the GluN2B subunits of the
NMDAR in rodents, was examined for its performance character-
istics in humans and utility in a clinical setting.
(R)-11C-Me-NB1 has several advantages over previously pub-

lished GluN2B PET radioligands (10). These include high specif-
icity to the target receptor and topologic distribution that matches
the known expression pattern (22,23). Furthermore, the radioli-
gand is easily and efficiently synthesized in good radiochemical
yields using a 1-step synthetic approach.
The results of the metabolite analysis showed the presence of

2 hydrophilic radiolabeled compounds, which were more polar than
parent (R)-11C-Me-NB1 and likely unable to cross the blood–brain
barrier. This reasoning is based on previous studies in rodents that
showed that more than 95% of radioactivity in rodent brain
was intact (R)-11C-Me-NB1 (14). In a recent study using mice
liver microsomes, glucuronidation of the benzylic hydroxyl
group and hydroxylation of the aromatic moiety in Me-NB1
were reported. Although we did not identify the radiometabo-
lites, the HPLC profile suggests that the 2 hydrophilic radio-
metabolites may correspond to a hydroxylated species and the
glucuronide of (R)-11C-Me-NB1, respectively (24).

FIGURE 3. Kinetics of (R)-11C-Me-NB1. Reversible kinetics were obtained within measurement
time. (A) Time–activity curves demonstrate homogeneous kinetics in cortical regions. (B) Subcortical
regions showed variable kinetics, with highest uptake observed in striatum. Lowest SUV and mark-
edly different kinetics were observed in centrum semiovale and corpus callosum.

FIGURE 4. SUV and VT using Logan plot. (A) SUV of each ROI for several time points. (B) Exploratory VT computed with Logan plot.
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Brain uptake and distribution of (R)-11C-Me-NB1 in humans were
similar to those in rodent studies in most brain regions, including the
cortex, striatum, and thalamus. However, although the cerebellum
exhibited generally low radioligand uptake in rodents (14), cerebellar
uptake in humans was region-dependent. Indeed, whereas the cere-
bellar white matter was among regions with limited tracer uptake,
the cerebellar gray matter exhibited high (R)-11C-Me-NB1 uptake in
the present study. Whether the cerebellar uptake of (R)-11C-Me-NB1
in humans reflects specific binding would need to be confirmed in
blocking studies with GluN2B antagonists such as CP-101,606.
An important feature of a useful radioligand is the pharmacoki-

netic profile for absolute quantification. In this regard, (R)-11C-
Me-NB1 exhibited reversible binding to the GluN2B-enriched
NMDAR, which was quantifiable with the Logan plot and 2TCM.
The moderate correlation between VT and SUV 70–90 min might
indicate a substitution of the absolute quantification although this
requires further validation, including a comprehensive assessment
of different modeling strategies.
Another benefit is the high test–retest reliability of around

8% (APD) for SUV and VT 2TCM and 11% for VT Logan plot,
for a desirable measurement time of 90 min. The reliability is sim-
ilar to that of other successfully translated radioligands (25), mak-
ing it a promising tool for clinical applications.
We acknowledge the small sample size of 6 subjects but suggest

that this is acceptable for a first proof-of-concept study in humans. A
limitation is that only young men were included. Hence, further work
is required to assess potential sex differences and alterations with age.
The possibility to map GluN2B-enriched NMDAR in humans now

enables receptor occupancy studies for drug development to treat neu-
rodegenerative and other neuropsychiatric diseases. The notion is to
modulate GluN2B-containing NMDAR with selective antagonists.
However, substances such as EVT-101 or CERC-301 did show in vitro
but not in vivo displacement of (R)-11C-Me-NB1 in rodents (14) and
limited efficacy in humans for CERC-301 (8). In contrast, CP-101,606
competed with (R)-11C-Me-NB1 in rodents (14) and demonstrated anti-
depressant effects similar to ketamine in a clinical trial (26). However,
the further development of the GluN2B antagonist was discontinued
because of side effects (27). Hence, GluN2B-specific radioligands could
aid the clinical investigations of the mechanism of action behind these
drugs and the correlation between efficacy and receptor occupancy.

CONCLUSION

For the first time (to our knowledge), a GluN2B subunit
NMDAR-specific radioligand showing valuable characteristics in

terms of pharmacokinetics and brain uptake was successfully trans-
lated into humans. A heterogeneous brain uptake with a robust tes-
t–retest variability (,10%) was demonstrated. In an exploratory
analysis, we showed that absolute quantification of the total volume
of distribution with the Logan plot is feasible. The results suggest
that (R)-11C-Me-NB1 is a promising radioligand for visualizing the
GluN2B-containing NMDARs in humans and potentially could be
used in drug development programs to select appropriate doses of
GluN2B-targeting drugs.
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KEY POINTS

QUESTION: Is (R)-11C-Me-NB1 a suitable radioligand to map the
GluN2B- NMDAR in the human brain?

PERTINENT FINDINGS: The radioligand demonstrated an area-
specific brain uptake pattern with reversible pharmacokinetics and
a high test–retest reliability.

IMPLICATIONS FOR PATIENT CARE: The possibility to map the
GluN2B subunits of NMDAR provides new opportunities for the
treatment of neuropsychiatric disorders such as Alzheimer disease
and major depression in terms of drug development.

FIGURE 5. Absolute percentage difference (APD) of SUV and Logan plot. (A) APD of SUV is comparable over time in most regions with slightly larger inter-
quartile ranges for 40–60 min. (B) APD of Logan plot visualizes similar median differences as for SUV but with 1 outlier.
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Synaptic Vesicle Glycoprotein 2A Is Affected in the Central
Nervous System of Mice with Huntington Disease and in the
Brain of a Human with Huntington Disease Postmortem

Daniele Bertoglio1, Jeroen Verhaeghe1, Leonie Wyffels1,2, Alan Miranda1, Sigrid Stroobants1,2, Ladislav Mrzljak3,
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1Molecular Imaging Center Antwerp (MICA), University of Antwerp, Wilrijk, Belgium; 2Department of Nuclear Medicine, Antwerp
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Synaptic dysfunction is a primary mechanism underlying Huntington dis-
ease (HD) progression. This study investigated changes in synaptic vesicle
glycoprotein 2A (SV2A) density by means of 11C-UCB-J small-animal PET
imaging in the central nervous system of mice with HD.Methods:Dynamic
11C-UCB-J small-animal PET imaging was performed at clinically relevant
disease stages (at 3, 7, 10, and 16 mo) in the heterozygous knock-in
Q175DN mouse model of HD and wild-type littermates (16–18 mice per
genotype and time point). Cerebral 11C-UCB-J analyses were performed to
assess genotypic differences during presymptomatic (3 mo) and symptom-
atic (7–16 mo) disease stages. 11C-UCB-J binding in the spinal cord was
quantified at 16mo. 3H-UCB-J autoradiography and SV2A immunofluores-
cence were performed postmortem in mouse and human brain tissues.
Results: 11C-UCB-J binding was lower in symptomatic heterozygous mice
than in wild-type littermates in parallel with disease progression (7 and 10
mo:P, 0.01; 16mo:P, 0.0001). Specific 11C-UCB-Jbindingwasdetect-
able in the spinal cord, with symptomatic heterozygous mice displaying a
significant reduction (P , 0.0001). 3H-UCB-J autoradiography and SV2A
immunofluorescence corroborated the in vivo measurements demonstrat-
ing lower SV2A in heterozygousmice (P, 0.05). Finally, preliminary analysis
of SV2A in the human brain postmortem suggested lower SV2A in HD gene
carriers than in controls without dementia. Conclusion: 11C-UCB-J PET
detected SV2A deficits during symptomatic disease in heterozygous mice
in both the brain and the spinal cord and therefore may be suitable as a
novel marker of synaptic integrity widely distributed in the central nervous
system. On clinical application, 11C-UCB-J PET imagingmay have promise
for SV2Ameasurement in patients with HD during disease progression and
after disease-modifying therapeutic strategies.

Key Words: SV2A; 11C-UCB-J; spinal cord; Huntington disease;
animal model
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Huntington disease (HD) is an autosomal dominant neurodegen-
erative disorder caused by an expanded polyglutamine repeat in exon

1 of the gene encoding the huntingtin protein (1), leading to the
expression of mutated huntingtin (mHTT). Pathologic features of HD
include widespread progressive accumulation of mHTT, selective neu-
rodegeneration, and forebrain atrophy (2,3).
A growing body of evidence suggests that mHTT induces synaptic

transmission dysfunction (4), so synaptic dysfunction represents one
of the main mechanisms underlying the progression of HD (5). Alter-
ations in presynaptic proteins, including regulators of endocytosis and
exocytosis of synaptic vesicles such as synaptosome-associated pro-
tein 25 and rabphilin 3A, have been reported in both clinical (6,7) and
preclinical (8–10) postmortem studies. Previous work demonstrated
that mHTT abnormally associates with synaptic vesicles, resulting in
impaired synaptic function (11), and changes in synaptic proteins
correlate with behavioral deficits (10), Thus, alterations in synaptic
proteins may be suitable as candidate markers for monitoring HD pro-
gression (12–14). Given the current lack of effective treatment for
preventing the disease or halting its progression, synaptic markers
may play an important role in the development and evaluation of
novel disease-modifying therapies throughout the entire central ner-
vous system (CNS) (15).
Among presynaptic proteins, synaptic vesicle glycoprotein 2A

(SV2A) is an essential vesicle membrane protein involved in neuro-
transmitter release and is expressed ubiquitously in synapses of the
brain (16,17). Recent studies reported that SV2A can be imaged non-
invasively in nonhuman primates, humans, and rodents by use of
PET with the selective and high-affinity radioligand 11C-UCB-J
(18–20). 11C-UCB-J PET may be suitable as a proxy for assessing
synaptic density in vivo given its optimal clinical and preclinical phar-
macokinetics and quantification properties (20,21). Thus, it provides a
quantitative measure of synaptic changes during HD progression.
Here, we investigated 11C-UCB-J PET imaging for quantifying

cerebral SV2A levels at clinically relevant disease stages in the
knock-in Q175DN mouse model of HD (22–24). Additionally,
given the evidence of mHTT pathology in the spinal cord (25), we
evaluated the use of 11C-UCB-J PET imaging for detecting SV2A
density changes in the rodent cervical spinal cord. Finally, postmor-
tem measurements of SV2A were obtained in the mouse brain as
well as in the human brain in a preliminary exploratory evaluation.

MATERIALS AND METHODS

Animals
Male wild-type (WT) mice (n 5 35) and age-matched heterozygous

knock-in Q175DN littermates (n 5 35) (C57BL/6J background; CHDI-
81003019) were obtained from Jackson Laboratories. The animals were
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housed singly in individually ventilated cages under a 12-h light/dark
cycle in a temperature- and humidity-controlled environment with food
and water ad libitum and at least 1 wk to acclimatize. All experiments
were approved by the Ethical Committee for Animal Testing (ECD
2017–27) at the University of Antwerp (Antwerp, Belgium) and followed
European Committee Guidelines (decree 2010/63/CEE).

The Q175DN model displays moderately slow disease progression
with the hallmark of mHTT accumulation increasing from 3 to 12 mo
(26). This animal model features motor deficits appearing around 6 mo
and cognitive decline around 10 mo (22,27). Thus, 11C-UCB-J PET imag-
ing was performed at clinically relevant disease stages: cross-sectional at
3mo (presymptomatic stage; 16 mice per genotype); longitudinal at 7, 10,
and 16 mo (appearance, progression, and advanced symptomatic stages,
respectively; 19 mice per genotype).

Tracer Radiosynthesis
11C-UCB-J synthesis was performed on an automated synthesis mod-

ule (Carbosynthon I; Comecer) by adapting the previously described pro-
cedure (18) to our system (20). Average radiochemical purity was greater
than 99%, and molar activity (mean6 SD) was 96.56 13.3 GBq/mmol.

11C-UCB-J Dynamic Small-Animal PET Scan
Small-animal PET/CT imaging was performed on 2 Siemens Inveon

PET/CT scanners (Siemens Preclinical Solutions). Animal preparation was
performed as previously described (20). At the start of the dynamic small-
animal PET scan, animals were injected via the tail vein with a bolus of
11C-UCB-J (5.4 6 1.3 MBq) over a 12-s interval (1 mL/min) by use of an
automated pump (Pump 11 Elite; Harvard Apparatus). The activity was
injected in a trace dose, keeping the cold mass within 2.0 mg/kg across
time points for consistency. Data were acquired in list-mode format. After
the small-animal PET scan, a 10-min CT scan (80 kV; 500 mA) was per-
formed for coregistration and attenuation correction. Detailed information
on the scan parameters is reported in Supplemental Table 1 (supple-
mental materials are available at http://jnm.snmjournals.org). Published
work from our group (20) was reanalyzed for blocking validation of
11C-UCB-J binding in the spinal cord. Blocking was achieved by pre-
treatment with levetiracetam injected intraperitoneally at either 50
(n 5 4) or 200 (n 5 4) mg/kg 30 min before radioligand delivery.
Representative SUV images were generated on the basis of the
interval from 10 to 90 min.

Image Processing and Analysis
Acquired PET data were reconstructed into 33 frames of increasing

length (12 3 10 s, 3 3 20 s, 3 3 30 s, 3 3 60 s, 3 3 150 s, and 9 3

300 s). For quantitative analysis, all images were reconstructed using a
list-mode iterative reconstruction with spatially variant resolution
modeling, 8 iterations, and 16 subsets of the 3-dimensional ordered-
subset expectation maximization algorithm (28). Normalization, dead
time, and CT-based attenuation corrections were applied. PET image
frames were reconstructed on a 128 3 128 3 159 grid with 0.776 3

0.776 3 0.796 mm3 voxels. PET images were processed and analyzed
using PMOD 3.6 software (PMOD Technologies).

Spatial normalization of the PET images was done through brain
normalization of the PET images to an 11C-UCB-J PET template as
previously described (20). Using the volume-of-interest template based
on the Waxholm atlas (29), time–activity curves of different regions
(striatum, motor cortex, hippocampus, and thalamus) were extracted
from the images. The cervical spinal cord volume of interest was man-
ually delineated on the individual CT images (by a researcher blind to
condition), and time–activity curves were extracted. Kinetic modeling
was performed to fit the time–activity curves to a standard 1-tissue
compartmental model to determine the total volume of distribution
(VT) by use of a noninvasive image-derived input function (IDIF); the
VT determined by use of the IDIF [VT (IDIF)] was used as a surrogate of

the VT estimate, as we recently validated (20). No genotypic difference
in the plasma-to-whole blood ratio or plasma radiometabolites was pre-
sent between genotypes; therefore, no correction was applied (20).

Parametric VT (IDIF) and K1 maps were generated in PMOD through
voxelwise analysis (1-tissue compartmental model) (20). Brain para-
metric maps were represented as averages for each genotype overlaid
on a 3-dimensional mouse brain MRI template for anatomic reference,
whereas maps focusing on the spinal cord were represented as data for
an individual animal overlaid on CT.

Mouse Brain Tissue
On termination of the longitudinal study, 16-mo-old animals (WT,

n 5 16; heterozygous, n 5 13) were euthanized by decapitation while
anesthetized, and brains were snap-frozen in 2-metylbuthane at 235"C
for 2 min and preserved at 280"C until use. Serial sagittal sections
(20mm thick) were collected starting at 1.80 mm in the lateral bregma
(30) in triplicate on Superfrost Plus slides (Thermo Fisher Scientific) using
a cryostat (Leica).

Postmortem Human Brain Tissue
Freshly frozen postmortem superior frontal gyrus tissue was obtained

from The Netherlands Brain Bank, Netherlands Institute for Neuroscience
(open access: www.brainbank.nl). All material was collected from donors
for or from whom written informed consent for a brain autopsy and the
use of the material and clinical information for research purposes had
been obtained by The Netherlands Brain Bank. Ethics permission for the
study was obtained from the Committee for Medical Ethics of the Uni-
versity of Antwerp/Antwerp University Hospital (20/13/155).

Tissue was obtained from female donors (age range, 50–67 y) with
a postmortem interval of less than 8 h for all cases. Because SV2A
has been reported to be decreased in patients with Alzheimer disease
(31), tissue was assessed for evidence of neurologic morbidities
(b-amyloid and tauopathy) through immunostaining. After the exclu-
sion of controls who did not have dementia but were positive for
b-amyloid aggregates or tau tangles and the exclusion of symptomatic
HD gene carriers who were positive for b-amyloid aggregates or
tau tangles, only 1 control without dementia (ID 2017–005; 60-y-old
female; postmortem interval 5 5.5 h) and 1 symptomatic HD gene
carrier (ID 2017–060; 57-y-old female; postmortem interval 5 6.7 h)
were included in the investigation. Although the CAG repeat length
for individuals with HD was not available in The Netherlands Brain
Bank database, the presence of mHTT aggregates was confirmed his-
tologically. Serial sections (10 mm thick) were collected on Superfrost
Plus slides using a cryostat.

Autoradiography
3H-UCB-J autoradiography was performed on mice at 16 mo as

well as on postmortem human tissue as previously described (32) after
the validation of SV2A selectivity using a blocking solution (1 nM
3H-UCB-J plus 1 mM levetiracetam in binding buffer) to validate
3H-UCB-J specificity for SV2A (Supplemental Fig. 1). 3H-UCB-J was
synthesized at Pharmaron and had a molar radioactivity of 1,295
MBq/mmol and a radiochemical purity of greater than 99%.

Regional quantification was performed without knowledge of genotype
using Fiji software (National Institutes of Health). 3H-UCB-J binding was
measured in triplicate on 3 manually drawn slices. Region-specific binding
of 3H-UCB-J was measured by converting the mean gray matter values
into radioactivity density (Bq/mg) using commercial tritium standards
(American Radiolabeled Chemicals). Next, using 3H-UCB-J molar activity
on the day of the experiment, radioactivity density was converted into bind-
ing density (fmol/mg) for each region.

Immunofluorescence
SV2A immunofluorescence was determined in mice at 16 mo as

well as in postmortem human tissue. Sections were air dried for 5 min
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and incubated with 4% paraformaldehyde for
15 min for tissue postfixation. Next, slices
were rinsed using phosphate-buffered saline
(PBS), and nonspecific binding sites were
blocked using 20% normal donkey serum in
PBS for 1 h. Then, sections were incubated
with an anti-SV2A primary antibody (rabbit
antimouse; 1:400; 66724 [Cell Signaling
Technologies]) in antibody diluent containing
5% normal donkey serum in PBS overnight at
room temperature. On the next day, sections
were washed with PBS before being incu-
bated for 1 h with a secondary donkey anti-
rabbit antibody (1:100; Alexa Fluor 488
[Jackson ImmunoResearch]) in antibody dilu-
ent containing 5% normal donkey serum in
PBS. After washes with PBS, sections were
mounted with 49,6-diamidino-2-phenylindole
(Vector Laboratories), and coverslips were
added. Images at magnifications of 320 and
3100 were acquired for quantification with a high-throughput fluores-
cence microscope (Nikon) with NIS-Elements Software (Nikon).

Quantification was performed without knowledge of genotype using
Fiji software. Because the white matter was devoid of a specific signal,
after conversion into an 8-bit gray scale, an intensity threshold was
set to remove the background signal in the white matter (threshold,
27 of 255) and convert images into binary data. Regions of interest
(striatum, motor cortex, hippocampus, and thalamus for mouse tissue;
cortical gray matter for human tissue) were manually drawn on each
image, and the percentage of surface area after thresholding was
measured as the positive area. Quantification was done in triplicate (3 slices)
for each region, and the average was used for statistical analysis.

Statistical Analysis
All data were normally distributed, as assessed using the Shapiro–Wilk

test. Longitudinal PET data were analyzed with a linear mixed model by
fitting each region separately using 11C-UCB-J VT (IDIF) or K1 determined
by use of the IDIF as the dependent variable; genotype (WT and hetero-
zygous), time (7, 10, and 16 mo), and the interaction between genotype
and time (genotype 3 time) as fixed effects; and subjects as a random
effect. The comparison was performed to evaluate regional temporal and
genotypic differences. A 2-way ANOVA (with genotype and region as
variables) was applied to investigate the 3-mo data and postmortem anal-
yses. A 1-way ANOVA was used for blocking analysis in the spinal
cord, whereas an unpaired t test was used to compare the genotypic dif-
ferences in spinal cord SV2A PET. A Pearson correlation test was used
to determine the relationship between variables. Normality and 2-way
ANOVA were performed with GraphPad Prism (v 9.0) statistical soft-
ware (GraphPad Software), analysis of the linear mixed model was per-
formed with JMP Pro 13 (SAS Institute Inc.),
and calculation of the effect size d was per-
formed with G*Power software (http://www.
gpower.hhu.de/). P values were corrected for
multiple comparisons using the Tukey test.
Data are represented as mean 6 SD. All
tests were 2-tailed, and statistical signifi-
cance was set at P , 0.05.

RESULTS

SV2A Density Decreased with HD
Progression
Longitudinal mean VT (IDIF) parametric

maps of 11C-UCB-J at 7, 10, and 16 mo

displayed a broad cerebral reduction of 11C-UCB-J binding in symp-
tomatic heterozygous mice compared with WT littermates (Fig. 1A).
Accordingly, 11C-UCB-J VT (IDIF) values were significantly lower in
heterozygous mice than in WT animals at all stages of disease
investigated (i.e., 7, 10, and 16mo) in parallel with HD pro-
gression (e.g., 213.4% 6 3.4% [P , 0.01],210.8% 6 4.0% [P ,
0.01], and 220.3% 6 4.0% [P , 0.0001] at 7, 10, and 16 mo,
respectively, in the striatum) (Fig. 1B and Supplemental Table 2).
Notably, the reduced 11C-UCB-J uptake was not related to altered K1

values (delivery rate of the tracer) (Supplemental Fig. 2), suggesting
that the reduced binding did not reflect a mere decrease in cerebral
perfusion.
No difference in 11C-UCB-J VT (IDIF) values between WT and

presymptomatic heterozygous mice (3 mo) was observed (F1,116 5
2.847 [P 5 0.092]; e.g., 23.1% 6 4.1% for the striatum)
(Fig. 2). VT (IDIF) values at different ages are reported in Supple-
mental Table 3.

SV2A Levels Were Reduced in Spinal Cord of Symptomatic
Heterozygous Mice
We explored the potential application of 11C-UCB-J PET for

the detection of SV2A in the mouse spinal cord. 11C-UCB-J bind-
ing was quantifiable and specific, as validated after pretreatment
with levetiracetam (F2,10 5 78.96 [P , 0.0001]) (Fig. 3).

Next, on the basis of clinical evidence indicating the presence
of mHTT pathology in the spinal cord, we quantified 11C-UCB-J
PET in the cervical spinal cord of symptomatic heterozygous mice
(16 mo). 11C-UCB-J binding was significantly lower in the cervical

FIGURE 1. 11C-UCB-J binding is reduced in symptomatic heterozygous (HET) mice. (A) Mean
parametric 11C-UCB-J VT (IDIF) maps of 7-, 10-, and 16-mo-old mice overlaid on MRI template for
anatomic localization. (B) Cerebral VT (IDIF) quantification denoting significant reduction in HET mice
compared with WT littermates. **P, 0.01. ***P, 0.001. ****P, 0.0001.

FIGURE 2. 11C-UCB-J binding is not altered in presymptomatic heterozygous (HET) mice. (A)
Mean parametric 11C-UCB-J VT (IDIF) maps of 3-mo-old mice overlaid on MRI template for anatomic
localization. (B) Cerebral VT (IDIF) quantification at 3 mo does not differ between genotypes. HC 5

hippocampus; MC5motor cortex; ns5 not significant; STR5 striatum; THAL5 thalamus.
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spinal cord of heterozygous mice than in that of WT littermates
(222.5% 6 3.8% [P , 0.0001]) (Fig. 4B),
and there was a strong association with corti-
cal quantification (r2 5 0.90 [P , 0.0001])
(Fig. 4C).

Postmortem Rodent and Human Studies
Corroborated SV2A Reduction in HD

3H-UCB-J–specific binding was signifi-
cantly lower in heterozygous mice than in WT
littermates (F1,104 5 35.77 [P , 0.0001]; e.g.,
222.1% 6 8.3% for the striatum), in agree-
ment with the in vivo measurement and as cor-
roborated by SV2A immunostaining (F1,104 5
51.42 [P , 0.0001]; e.g., 212.0% 6 4.5%
for the striatum) (Fig. 5A).
We performed a preliminary assessment

of 3H-UCB-J binding in postmortem hu-
man cortex tissues from a control and an
HD gene carrier (Fig. 5B). Both 3H-UCB-
J–specific binding and SV2A immunostain-
ing indicated a lower SV2A signal in the
HD gene carrier (Fig. 5C).

DISCUSSION

This work assessed synaptic integrity
using the PET radioligand 11C-UCB-J in

heterozygous mice at clinically relevant presymptomatic and
symptomatic stages of the disease. To our knowledge, this work
represents the first evidence of in vivo changes in SV2A density. In
particular, changes in synaptic density were detectable at all symp-
tomatic stages of HD with mHTT accumulation broadly affecting
SV2A levels in the entire CNS.

FIGURE 3. 11C-UCB-J binding is specific and quantifiable in mouse spi-
nal cord. (A) Representative 11C-UCB-J SUV PET/CT images of WT
mouse at baseline and after pretreatment with levetiracetam (LEV,
200mg/kg, intraperitoneal). Arrowheads indicate cervical spinal cord. (B)
Cervical spinal cord SUV time–activity curves showing dose-dependent
blocking effect. (C) Quantification of 11C-UCB-J VT (IDIF) in cervical
spinal cord. LEV50 5 LEV at 50 mg/kg; LEV200 5 LEV at 200 mg/kg.
****P, 0.0001.

FIGURE 4. 11C-UCB-J binding is decreased in spinal cord of symptom-
atic heterozygous (HET) mice. (A) Representative maps of 16-mo-old mice
overlaid on CT. Arrowheads indicate cervical spinal cord. (B) Spinal VT (IDIF)

is significantly lower in 16-mo-old HET mice than in WT mice. ****P ,

0.0001. (C) Correlation between spinal and cortical 11C-UCB-J binding.

FIGURE 5. Postmortem quantification displayed SV2A reduction in HD. (A) SV2A immunostaining
and 3H-UCB-J–specific binding in murine brain. (B) Representative SV2A immunostaining and
3H-UCB-J total binding autoradiograms of human control and HD gene carrier. (C) 3H-UCB-J–specific
binding and SV2A immunostaining tissue suggest reduction in cortical SV2A in human tissue.
*P , 0.05. **P , 0.01. ***P , 0.001. CC 5 corpus callosum; CTX 5 cortex; DAPI 5 49,6-diamidino-
2-phenylindole; GM 5 gray matter; HC 5 hippocampus; HET 5 heterozygous; MC 5 motor cortex;
ns5 not significant; STR5 striatum; THAL5 thalamus; WM5 white matter. Scale bar5 20 mm.
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Despite mounting evidence indicating that mHTT induces presynap-
tic transmission dysfunction during the progression of HD (4,5), to
date no clinical or preclinical studies have assessed alterations in pre-
synaptic proteins in vivo. Nonetheless, cross-sectional findings in ani-
mal models of HD suggested a reduction in different synaptic proteins
in different animal models at symptomatic but not presymptomatic
stages of the disease (8–10), in agreement with our observations in vivo
in heterozygous mice as well as in vitro in the tissues of mice with
HD and postmortem human tissue.
Since the development of SV2A radioligands for in vivo imaging

of SV2A (18,19), preclinical and clinical investigations have been
restricted to the brain despite the fact that SV2A is distributed in all
gray matter, including the spinal cord (33). Thus, on the basis of our
previous levetiracetam blocking study (20), we evaluated the specif-
icity of the 11C-UCB-J signal in the cortical spinal cord; we demon-
strated the capability of SV2A PET imaging in the spinal cord of a
living animal. Interestingly, Lambeng et al. reported a 2- to 3-fold
difference in SV2A expression in the spinal cord compared with the
cerebral cortex in the rat (33). In the present work, we measured a
2.5-fold difference in 11C-UCB-J binding between the spinal cord
and the motor cortex, in agreement with the previous report for the
rat (33). Next, on the basis of the clinical evidence of mHTT pathol-
ogy in the spinal cord (25), we explored 11C-UCB-J binding in the
cervical spinal cord of symptomatic heterozygous mice and observed
a decline in SV2A density of a magnitude similar to that in the brain.
Altogether, these observations support the exploration of SV2A PET
imaging as a synaptic integrity marker in spinal cord–related disor-
ders, such as amyotrophic lateral sclerosis, as well as spinal cord
injury. On the basis of recent evidence that levetiracetam treatment
leads to functional recovery in spinal cord injury models (34), the
latter is currently being investigated by our group.
In recent years, the use of PET imaging in the identification of

different striatal markers for monitoring HD progression has sig-
nificantly progressed (35–41). However, since the whole CNS is
affected in HD, noninvasive markers with a ubiquitous brain dis-
tribution, such as 11C-UCB-J PET imaging, may provide unique
insights for elucidating global pathophysiologic changes during
HD. Intriguingly, the clinical feasibility of detecting SV2A decline
has been reported in other neurodegenerative disorders, including
Alzheimer disease and Parkinson disease (31,42).

CONCLUSION

Collectively, these findings demonstrate significant SV2A defi-
cits in the brain and spinal cord of symptomatic heterozygous
mice. 11C-UCB-J PET imaging may be a promising marker for the
assessment of synaptic integrity in patients with HD during disease
progression and after disease-modifying therapeutic strategies.
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KEY POINTS

QUESTION: Is SV2A density affected during the progression of
HD?

PERTINENT FINDINGS: In this 11C-UCB-J PET study, we demon-
strated brain and spinal cord SV2A deficits during symptomatic
HD in mice, highlighting the potential of SV2A PET as a marker in
the entire CNS.

IMPLICATIONS FOR PATIENT CARE: 11C-UCB-J PET imaging
may be a unique CNS functional marker for HD and may have
promise as an application for SV2A measurement in patients with
HD during disease progression and following therapeutic
interventions.
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Increased expression of fibroblast-activating protein (FAP) in fibrous
caps may contribute to progression of atherosclerotic plaques.
Methods: Forty-one patients who underwent 68Ga-conjugated
quinoline-based FAP inhibitor (68Ga-FAPI-04) PET/CT for noncardio-
vascular indications were retrospectively analyzed. Correlations were
assessed between the uptake of 68Ga-FAPI-04 in large arterial walls
(SUVmax and target-to-background ratio, TBR) and degree of calcifica-
tion and cardiovascular risk factors. Results: Focal arterial uptake of
68Ga-FAPI-04 or calcification was detected in 1,177 arterial segments
in all 41 patients. TBR was negatively correlated with the degree of cal-
cification (Hounsfield units) (r520.27, P, 0.01). Mean TBR in higher-
risk patients was greater than in lower-risk patients (2.26 0.3 vs. 1.86

0.3, P , 0.01). Immunohistochemical labeling of carotid plaques
exhibited prominent FAP expression in a thin fibrous cap and moder-
ate FAP expression in a thick cap. Conclusion: 68Ga-FAPI-04 PET/CT
might have potential for imaging fibroblastic activation in the arte-
rial wall.

Key Words: 68Ga-FAPI-04; fibroblast-activating protein; PET/CT;
active arterial wall
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Atherosclerosis is the primary cause of cardiovascular disease,
defined by the chronic, progressive accumulation of lipids and fibrous
elements in large arterial walls. The major contributors to plaque vul-
nerability include a large necrotic core, a thin fibrous cap, expansive
remodeling, neovascularization, plaque hemorrhage, and adventitial
inflammation (1). The identification of specific biomarkers of plaque
vulnerability remains highly important, yet difficult (2). Destabiliza-
tion of fibrous caps is mediated by collagen degeneration and the
activity of extracellular proteases (1). Fibroblast-activating protein
(FAP) is a type II membrane-bound serine protease (3). Preliminary
ex vivo analysis detected higher FAP expression in human atheroscle-
rotic aortic plaques than in plaque-free arterial walls; particularly,
FAP expression increased in thin-capped compared with thick-capped

atheromas (4,5). Recently, the development of PET imaging using
several 68Ga-labeled FAP inhibitors (FAPIs) introduced the possibility
of noninvasive, in vivo visualization of human FAP expression (6). In
this study, we aimed to quantify the arterial fibroblast activation
via 68Ga-conjugated quinoline-based FAP inhibitor (68Ga-FAPI-04)
PET/CT imaging in correlation with cardiovascular risk factors.

MATERIALS AND METHODS

Patients
Forty-one patients (10 women and 31 men; mean age 6 SD, 59 6

11 y) with suggestive hepatic lesions (n 5 27) or IgG4-related disease
(n 5 14) underwent 68Ga-FAPI-04 PET/CT imaging between January
2019 and January 2020. The baseline characteristics and cardiovascular
risk factors were documented (Table 1). The exclusion criteria included
periaortitis, vasculitis, and chemotherapy within 4 wk. The study proto-
col complied with the tenets of the Declaration of Helsinki and its later
amendments. The study protocol was approved by the institutional
review board of Peking Union Medical College Hospital, and all sub-
jects signed an informed consent form before undergoing imaging.

Radiopharmacy and PET/CT Scans
Radiolabeling with 68Ga-FAPI-04 was performed as previously

described (7,8). All subjects underwent scans on a dedicated PET/CT
scanner (Polestar m660; SinoUnion) after an uptake time of 42–70
min after intravenous injection of 68Ga-FAPI-04 (92.5–260 MBq).
After an unenhanced low-dose CT scan (120 keV, 30–50 mA), PET
images were obtained from the tip of the skull to the mid thigh in
3-dimensional mode with a scan time of 2 min per bed position.

Image Analysis
We performed an active-segment analysis (target-to-background ratio

[TBR] $ 1.6) in the 5 major arteries, including the aortic arch, ascending
aorta, thoracic aorta, abdominal aorta, and iliac arteries (9). The regions
of interest were manually drawn around each active segment (10-mm
diameter), and SUVmax was determined from transaxial PET/CT images.
The TBR of each active segment was derived as the segment’s SUVmax

divided by the SUV of the blood pool (average SUVmean of 3 regions of
interest within the vena cava). We calculated the mean TBR of all active
arterial segments to assess the overall burden for each patient (9). The
radioactivity in calcified arterial segments with a minimum density of
130 Hounsfield units (HU) on unenhanced CT images was also assessed
(10). Two experienced nuclear medicine physicians assessed the PET/CT
images. Discrepancies were reassessed by the 2 readers working in
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consensus. All analyses were conducted using Hybrid 3D (Hermes Medi-
cal Solutions).

Immunohistochemistry to Assess FAP Expression in Carotid
Arterial Plaques

Cryosections of tissue samples containing carotid plaques were
obtained from patients who underwent endarterectomy secondary to
carotid artery stenosis. Fibrous caps were identified as collagen-rich
tissues visualized with elastin Masson trichrome stain separating the
lumen from the necrotic core. Immunohistochemistry assessed the
FAP expression with anti-FAP antibody (1:300, SP325; Abcam).

Statistics
Parametric variables are expressed as mean 6 SD or as median along

with first and third quartiles. Arterial segments were categorized on
the basis of calcification (noncalcified [,130 HU], mildly calcified
[130–399 HU], or severely calcified [$400 HU]). Patients were divided
into high-risk (prevalence of $4 cardiovascular risk factors) and low-risk
(,4 cardiovascular risk factors) groups. FAPI uptake was compared
among the 3 calcification groups by 1-way ANOVAs. The variation in
mean TBR for each patient in different cardiovascular risk factor groups
and high-risk or low-risk groups was assessed by unpaired t tests. Inter-
observer reliability was tested in all patients with intraclass correlation
coefficients using a 2-way random model applying absolute agreement.
All statistical analyses were performed using SPSS Statistics (version 25,
IBM Corp.). P values of less than 0.05 denoted statistical significance.

RESULTS

68Ga-FAPI-04 Uptake of Active Arterial Segments and
Relationship to Calcification
In total, 1,177 arterial segments of focal uptake of 68Ga-FAPI-

04 or calcification were identified in all 41 patients. The mean
SUVmax and mean TBR for 68Ga-FAPI-04 were 1.6 6 0.5 and
2.0 6 0.7, respectively. Among all assessed arterial segments, the
abdominal aorta exhibited the highest number of segments (n 5

379), followed by the thoracic aorta (n 5 272) and the ascending
aorta (n 5 203). Analysis of all 1,177 segments showed a signifi-
cant correlation between the extent of calcification (HU) and the
intensity of 68Ga-FAPI-04 uptake (TBR) (r 5 20.27, P , 0.01;

Fig. 1A). Noncalcified segments had significantly higher uptake
(TBR, 2.2 6 0.6; n 5 603) than mildly calcified segments (TBR,
1.9 6 0.8; n 5 220) (P , 0.01). Severely calcified segments
exhibited the lowest uptake of 68Ga-FAPI-04 (TBR, 1.7 6 0.6;
n 5 354) (P , 0.01) (Fig. 1B). The correlation coefficient was
0.89 (95% CI, 0.80–0.95) for interobserver agreement on TBR.

Relationship Between Arterial 68Ga-FAPI-04 Uptake and
Cardiovascular Risk Factors
The mean number of active arterial segments per patient was 29 6

13 (range, 8–78). In the per-patient analysis, the mean TBR for 68Ga-
FAPI-04 was 1.9 6 0.4. The mean individual TBR was significantly
higher in overweight or obese patients (body mass index $ 24.0,
2.2 6 0.4; n 5 10) than in those with normal weight (1.8 6 0.3;
n 5 21). There was no significant difference in 68Ga-FAPI-04 uptake
in other cardiovascular risk factor groups (Fig. 2), including male sex,
older age, hypertension, diabetes mellitus, dyslipidemia, smoking hab-
its, and past cardiovascular events. The mean TBR and the number of
identified arterial segments in the high-risk patients with 4 or more
cardiovascular risk factors (TBRmean, 2.2 6 0.3; segment number,
36 6 17; n 5 15) was significantly higher than that in the low-risk
patients (TBRmean, 1.8 6 0.3; segment number, 24 6 9; n 5 26)
(both P , 0.01). Figure 3 shows examples of radiotracer uptake pat-
terns of 68Ga-FAPI-04 in the arterial wall. All patients in the figure
were over 60 y old with more than 4 cardiovascular risk factors.

FAP Expression in Human Carotid Atherosclerotic Plaques
Collagen tissue was assessed by Masson trichrome staining (Fig. 4,

in blue) of human carotid arterial plaques. On the basis of the fibrous
cap thickness, the specimens were characterized as thin-capped
(,65 mm) or thick-capped ($65 mm) plaques. Immunohistochemical
labeling with an anti-FAP antibody in sections demonstrated a promi-
nent FAP expression in the thin fibrous cap, versus a relatively lower
expression in the thick fibrous cap (Fig. 4). Specific FAPI expression
localized in denatured collagen fibers (Fig. 4).

DISCUSSION

To our knowledge, this was the first noninvasive study to
describe the expression of FAP in human arterial walls via 68Ga-
FAPI-04 PET/CT imaging. In this retrospective study of a noncar-
diovascular cohort, we observed significantly elevated uptake in
noncalcified active arterial segments compared with advanced
chronic lesions presenting extensive calcification, and we observed
elevated 68Ga-FAPI-04 uptake in patients with increased cardio-
vascular risk factors. We also found higher arterial uptake in

TABLE 1
Baseline Patient Characteristics (n 5 41)

Characteristic Data

Age (y) 59 6 11

Sex ratio (female-to-male) 1:3.1

Hepatic lesion suggestive of malignancy 27 (66%)

IgG4-related disease 14 (34%)

Body mass index (kg/m2) 23 6 3

Risk factors

Hypertension 12 (30%)

Diabetes mellitus 10 (24%)

Dyslipidemia 7 (17%)

Smoking 21 (51%)

History of cardiovascular event 4 (10%)

Qualitative data are number and percentage; continuous data
are mean and SD.

FIGURE 1. 68Ga-FAPI-04 uptake correlates with degree of calcification
in per-segment analysis (n5 1,177).
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high-risk patients than in low-risk patients. Obesity presented a
relatively more prominent impact on arterial uptake, in comparison
to other cardiovascular risk factors. This observation might be
related to increased image noise in obese patients.
The role of FAP in atherosclerosis is complex. Evrard et al. detected

a significant number of endothelial-lineage–derived cells expressing
FAP in rupture-prone, thin-capped plaques—more so than in stable
plaques in atherosclerosis-prone mice and ex vivo human aortic pla-
ques (11). Nonetheless, Monslow et al. demonstrated colocalization of
FAP and vascular cell adhesion molecule 1, which marked vascular
smooth muscle cells with a proliferative and matrix-producing ten-
dency in atherosclerotic mice (12). In accordance with pioneering
results from studies by Evrard and Monslow, elevated FAP expression
in both thin fibrous caps and fibrosis (collagen-rich tissues in the
intima) was detected in our immunohistologic findings. The role of
FAP in both remodeling and stabilizing the extracellular matrix in ath-
erosclerosis is under further investigation. Interpretation of the 68Ga-
FAPI-04 signal in arterial walls is challenging. We found increased
FAPI uptake in noncalcified and low-level calcified lesions, compared
with higher-level calcified lesions, as might indicate that aggravated
fibroblast activation is irrelevant to arterial calcification burden. None-
theless, there is a need for further evidence of arterial fibrosis quantifi-
cation and calcification activation.
The retrospective and noncardiovascular nature of this study led to

several inevitable limitations. The first is that the discriminatory value
of FAPI uptake needs to be further validated in a cardiovascular cohort.
The second is that none of the patients had concurrent histologic evi-
dence, autoradiography, or other in vivo enhanced imaging approaches
that may further facilitate identification of atherosclerotic plaques (13).
The third is that scans were performed using a routine protocol that was
not optimal for vessel imaging (14). The fourth is that coronary arterial
lesions were not assessed because the PET scans were not cardiac-
gated, with increasedmotion effects and partial-volume effects. Finally,

FIGURE 2. Comparison of overall arterial 68Ga-FAPI-04 burden with
respect to cardiovascular risk factors. CVD 5 cardiovascular disease.
*Statistically significant difference (P , 0.05) in 68Ga-FAPI-04 TBRs
between patients who were overweight/obese or normal weight based on
their body mass index.

FIGURE 3. Three examples of 68Ga-FAPI-04 uptake by active arterial
segments. All 3 patients were over 60 y old with history of hypertension
and dyslipidemia. Patients A and C also had diabetes mellitus and experi-
enced myocardial infarction and percutaneous coronary intervention.
Patient A was obese (body mass index, 30.0), and patient B had history of
heavy smoking.

FIGURE 4. FAP expression in thin-capped (A) and thick-capped (B) human
carotid atherosclerotic plaque lesions. Masson staining shows collagen-rich
thin and thick fibrous caps. Plaque A had thin fibrous cap with major FAP
expression (*). Fibrosis-rich region in intima also showed moderate FAP
expression (**). Plaque B had thick fibrous cap with sparse FAP expression
overall and FAP expression only in denatured collagen fibers (* and **).
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a fifth limitation is that because of the inherent limitation of unenhanced
CT, noncalcified segments could be underestimated. Although we did
not use the novel whole arterial segmentation method, such a method
may allow a more global impression of tracer activity across vessel
beds (15). Overall, our preliminary study provides a potentially feasible
method to image atherosclerosis in vivo by 68Ga-FAPI-04 PET/CT.
Prospective studies using 68Ga-FAPI-04 PET imaging in symptomatic
atherosclerotic cohorts are warranted.

CONCLUSION

68Ga-FAPI-04 PET/CT might have potential for imaging fibro-
blast activation in the arterial wall, which could provide new
insights into the pathologic mechanisms. Further studies to investi-
gate the performance of FAP imaging in symptomatic atheroscle-
rosis cohorts are highly warranted.
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KEY POINTS

QUESTION: How well does 68Ga-FAPI-04 PET/CT perform for
imaging of arterial walls in humans?

PERTINENT FINDINGS: In this retrospective analysis of 41
patients, we observed elevated 68Ga-FAPI-04 uptake in patients
with increased cardiovascular risk factors.

IMPLICATIONS FOR PATIENT CARE: 68Ga-FAPI-04 PET/CT has
potential as a feasible method of imaging fibroblastic activation in
the arterial wall and may provide new insights into the pathologic
mechanisms driving its progression.
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Fibroblast activation protein (FAP) has become an attractive target for
diagnosis and therapy, and a series of FAP inhibitor (FAPI)–based
radiotracers has been developed and had excellent performance for
diagnosis outcomes in clinical applications. Yet, their fast clearance
and insufficient tumor retention have hampered their further clinical
application in cancer treatment. In this study, we developed 2 albumin
binder–conjugated FAPI radiotracers, TEFAPI-06 and TEFAPI-07.
They were derived from FAPI-04 and were optimized by conjugating
2 types of well-studied albumin binders, 4-(p-iodophenyl) butyric acid
moiety (TEFAPI-06) and truncated Evans blue moiety (TEFAPI-07), to
try to overcome the above limitations at the expense of prolonging the
blood circulation. Methods: TEFAPI-06 and TEFAPI-07 were synthe-
sized and labeled with 68Ga, 86Y, and 177Lu successfully. A series of
cell assays was performed to identify the binding affinity and FAP spe-
cificity in vitro. PET imaging, SPECT imaging, and biodistribution stud-
ies were performed to evaluate the pharmacokinetics in pancreatic
cancer patient–derived xenograft (PDX) animal models. The cancer
treatment efficacy of 177Lu-TEFAPI-06 and 177Lu-TEFAPI-07 were
evaluated in pancreatic cancer PDX–bearing mice. Results: The bind-
ing affinities (dissociation constants) to FAP of 68Ga-TEFAPI-06 and
68Ga-TEFAPI-07 were 10.16 6 2.56 nM and 7.81 6 2.28 nM, respec-
tively, which were comparable with that of 68Ga-FAPI-04. Compara-
tive PET imaging of HT-1080-FAP and HT-1080 tumor–bearing mice
and a blocking study showed the FAP-targeting ability in vivo of these
2 tracers. Compared with 177Lu-FAPI-04, PET imaging, SPECT imag-
ing, and biodistribution studies of TEFAPI-06 and TEFAPI-07 demon-
strated their remarkably enhanced tumor accumulation and retention,
respectively. Notable tumor growth inhibition by 177Lu-TEFAPI-06 and
177Lu-TEFAPI-07 were observed, whereas the control group and
the group treated by 177Lu-FAPI-04 showed a slight therapeutic effect.
Conclusion: Two albumin binder–conjugated FAPI radiopharmaceuti-
cals have been developed and evaluated in vitro and in vivo. Signifi-
cantly improved tumor uptake and retention were observed,
compared with the original FAPI tracer. Both 177Lu-TEFAPI-06 and
177Lu-TEFAPI-07 showed remarkable growth inhibition of PDX
tumors, whereas the side effects were almost negligible, demonstrat-
ing that these radiopharmaceuticals are promising for further clinical
translational studies.

KeyWords: albumin binder; FAP inhibitor; radionuclide therapy
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Fibroblast activation protein (FAP) is overexpressed in cancer-
associated fibroblasts, which are one of the main tumor stroma compo-
nents and constitute a major proportion of cells within the tumor (1,2).
Though stromal cells are not malignant, the growth factor and chemo-
kine produced by stromal cells, especially cancer-associated fibroblasts,
can lead to the direct stimulation of tumor cell growth, migration, and
progression (3). Considering the vital role in tumor survival and cancer
growth, cancer-associated fibroblast–targeted diagnosis and therapy via
the biomarker FAP have become an attractive strategy for tumor treat-
ment (4,5). FAP-targeted radiopharmaceutical therapy might deliver
therapeutic radioisotopes to cancer-associated fibroblasts. It damages
the stromal cells and the neighboring tumor cells through the crossfire
effect of the b- or a-emitting radionuclides, potentially augmenting the
therapeutic efficacy (6).
Recently, a variety of quinolone-based FAP inhibitor (FAPI) radio-

pharmaceuticals has been developed and demonstrated excellent
uptake in different FAP-positive tumors of cancer patients (7–9). For
FAP-targeted radiotherapy, an emerging strategy is to directly modify
the inhibitor structure to enhance tumor uptake and retention while
keeping the accumulation in nontarget tissues unchanged or decreas-
ing it (10–12). A series of FAPI probes, including FAPI-04, FAPI-21,
and FAPI-46, has been successfully developed; their improved phar-
macokinetic properties make them promising candidates for therapeu-
tic outcome improvement (13–16). Though this is one of the optimal
ways to develop therapeutic radiopharmaceuticals, the relatively rapid
washout from the tumor is still a considerable limitation. Besides, it
may be challenging to achieve notable enhancement of pharmacoki-
netic properties by subtle structure modification.
Several studies have shown that prolonging the blood circulation

of drug molecules using albumin-binder moieties could remarkably
improve the therapeutic dose (17). 4-(p-iodophenyl) butyric acid and
truncated Evans blue moieties are the most widely used albumin
binders. The previous studies suggest that they can enhance the tumor
uptake and retention of radiopharmaceuticals, resulting in improved
therapeutic efficacy (18–23). Further clinical translation studies also
validate the promise of this strategy to be a platform technology for
radiopharmaceutical development (24–26). Therefore, we were curi-
ous whether attaching an albumin-binder moiety to the FAPI
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molecules would improve the FAP-targeted radiotherapy efficacy at
the expense of increased retention in blood.
In this study, 2 albumin binder–FAPI conjugates, TEFAPI-06

and TEFAPI-07, were developed by logistic fabrication of 3 func-
tional components: a quinoline-based FAPI originating from
FAPI-04, a chelator (i.e., DOTA group) that allows radionuclide
labeling for imaging (68Ga or 86Y) or therapy (177Lu), and an albu-
min binder: 4-(p-iodophenyl) butyric acid moiety (TEFAPI-06) or
truncated Evans blue moiety (TEFAPI-07). The purpose of the
study was to evaluate whether the modification improves tumor
retention in vivo and which albumin binder better matches FAPI
molecules. A series of detailed experiments and comparisons,
including cell binding assays, a PET imaging study, a biodistribu-
tion study, and a radiotherapy study, was performed. The results
demonstrated these 2 albumin binder–conjugated FAPI radio-
tracers to have high FAP binding affinity and specificity, enhanced
tumor retention, and improved radiotherapy efficacy.

MATERIALS AND METHODS

Ligands and Radionuclides
The synthesis route and chemical characterization of TEFAPI-06

and TEFAPI-07 are described in Supplemental Figures 1–20 (supple-
mental materials are available at http://jnm.snmjournals.org). 68Ga-Cl3
was eluted with a solution of 0.6 M hydrochloride from a 68Ge–68Ga
generator (iThemba LABS). 86Y-Cl3 was produced with a 14.6-MeV
cyclotron; the target design follows our previous report (27), and the
purification procedure follows the previous protocol (28). 177Lu-Cl3 in
a solution of 0.1 M hydrochloride was purchased from ITG.

Radiolabeling and Stability In Vitro
The radiolabeling of 68Ga, 86Y, and 177Lu was performed by incuba-

tion with 50 nmol of precursor at pH 4.5–5.0 at 90"C for 10 min. The
product was purified by C18 column extraction, and the radiochemical
purity was determined by high-performance liquid chromatography
equipped with a radioactivity detector. The stability of 177Lu-TEFAPI-06
and 177Lu-TEFAPI-07 in saline and human serum was monitored from
2 to 168 h using radio–high-performance liquid
chromatography (13). More details about the
radiochemistry, the quality control testing, and
the stability assay can be found in the supple-
mental materials (section 3).

Cell Culture and Assay
The human fibrosarcoma cell line (HT-

1080), and the HT-1080 cell line transfected
with human FAP gene (HT-1080-FAP, from
WuXi AppTec), were cultivated in Eagle mini-
mum essential medium containing 10% fetal
bovine serum, 1% antibiotic–antimycotic, and a
4 mg/mL concentration of blasticidin S at 37"C
under conditions of 5% carbon dioxide. For
competition assays, HT-1080-FAP cells were
seeded in 6-well plates and cultivated until they
reached about 1.2 3 106 cells per well. The
cells were incubated simultaneously with unla-
beled FAPI-04, TEFAPI-06, or TEFAPI-07
(1025–1029 M) with 68Ga-FAPI-04 in 1 mL of
fresh medium without fetal bovine serum for
1h. The medium was removed, and the cells
were washed twice with phosphate-buffered
saline (PBS). Subsequently, the cells were lysed
with 0.5 mL of 1 M NaOH and washed with
0.5 mL of PBS twice, and the NaOH (0.5 mL)

and PBS (0.5 mL3 2) were collected to determine the uptake counts. For
saturation binding assays, HT-1080-FAP and HT-1080 cells were seeded
in 24-well plates and cultivated until they reached about 23 105 cells per
well. 68Ga-FAPI-04, 68Ga-TEFAPI-06, or 68Ga-TEFAPI-07 was diluted
to a concentration 0.01–200 nM in fresh medium without fetal bovine
serum. The cells were incubated in the above solution for 1 h and then
washed twice with PBS. The lysed cells and the PBS for washing were
collected to determine the counts.

Tumor-Bearing Animal Models
All animal care and experimental procedures were performed by fol-

lowing the animal protocols (CCME-LiuZB-2) approved by the ethics
committee of Peking University. The mice were from the Beijing Vital
River Laboratory Animal Technology Co., Ltd. For cell-line–derived
xenograft models, 53 106 HT-1080-FAP or HT-1080 cells were subcuta-
neously inoculated into the right shoulder of 6-wk-old female nu/nu-mice.
To establish the patient-derived xenograft (PDX) model, tumor specimens
were obtained from patients who underwent presurgical 68Ga-FAPI-04
PET/CT imaging to confirm that the tumor was FAP-positive. After surgi-
cal resection, the tumor specimens were immediately placed in ready-to-
use fresh tissue preservation solution (TM2701-100) and transported under
refrigerated conditions within 2 h. The research protocol was approved by
the Institutional Ethics Committee of Peking Union Medical College Hos-
pital (JS-2628). Six-week-old female nonobese diabetic/severe combined
immunodeficiency (NOD/SCID) mice were used to establish the PDX
models. After being removed from the preservation solution, the tumor
specimens were immediately immersed in sterile PBS solution and minced
with scissors, and the fragments were then implanted subcutaneously into
the left and right shoulders of the mice, which were anesthetized with iso-
flurane in advance. Engraftment efficiency was determined by 68Ga-FAPI-
04 PET/CT imaging (Supplemental Fig. 21A). Immunohistochemical
staining (Supplemental Fig. 21B) demonstrated that the pancreatic cancer
PDX model used in this study was indeed FAP-overexpressed.

Small-Animal PET Imaging
All PET scans were performed on a Mediso nanoScan PET 122S

small-animal PET/CT imaging system. For the 60-min dynamic PET

FIGURE 1. (A) Chemical structures of TEFAPI-06 and TEFAPI-07. (B) Competition assays of
TEFAPI-06 and TEFAPI-07. (C) Saturation binding assays of radiolabeled TEFAPI-06 and TEFAPI-
07. (D) Cellular uptake assays of 68Ga-TEFAPI-06 and 68Ga-TEFAPI-07 in HT-1080-FAP and
HT-1080 cells. IC50 5 half-maximal inhibitory concentration.
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scan, 29.6–37.0 MBq of 68Ga-TEFAPI-06 or 68Ga-TEFAPI-07 were
given to healthy NOD/SCID mice through tail-vein injection. The
static PET imaging was performed on mice bearing pancreatic PDX
tumors, HT-1080-FAP tumors, and HT-1080 tumors at the indicated
time points after intravenous injection of 7.4–11.1MBq of
86Y-FAPI-04,86Y-TEFAPI-06, or 86Y-TEFAPI-07.

Small-Animal SPECT Imaging
SPECT scans were performed on a Mediso nanoSPECT/CT imag-

ing system. 177Lu-TEFAPI-06 or 177Lu-TEFAPI-07 SPECT imaging
was performed on pancreatic cancer PDX–bearing mice at the

indicated time points after intravenous injec-
tion of 37 MBq of 177Lu-TEFAPI-06 or
177Lu-TEFAPI-07, respectively.

Biodistribution Study
PDX-bearing mice were injected with

925.0 kBq of 177Lu-TEFAPI-06 or 177Lu-
TEFAPI-07 for an ex vivo biodistribution
study. The mice were killed at 24 h and
96 h after injection, the counts of the differ-
ent organs were measured with a g-counter,
and the data were normalized to percentage
injected dose (%ID)/g using 1% of total
counts.

Radiotherapy Study
68Ga-FAPI-04 PET imaging was per-

formed to evaluate the tumor volume, and the
mice were treated when their average tumor
volume reached 35 mm3. The PDX-bearing
mice (6 groups, 7–9 mice per group) were
treated by saline, 3.7 MBq of 177Lu-FAPI-04,
1.85 MBq of 177Lu-TEFAPI-06, 3.7 MBq of
177Lu-TEFAPI-06, 1.85 MBq of 177Lu-TEFAPI-
07, or 1.85 MBq of 177Lu-TEFAPI-07. Tumor

volume and body weight were monitored every 2 or 3 d, and the ani-
mals were euthanized when the tumor volume exceeded 1,000 mm3.
Histopathologic staining was performed with an antihuman FAP mono-
clonal antibody (ab207178; Abcam), and hematoxylin and eosin stain-
ing was performed as previously described (29).

RESULTS

Radiochemistry and Stability In Vitro
The radiolabeling yield of TEFAPI-06 and TEFAPI-07 (Fig. 1A)

was over 90%, and the radiochemical purity was over 99% (n . 20).
The specific activity of 68Ga-FAPI-04, 68Ga-TEFAPI-06, and 68Ga-

TEFAPI-07 was 5.2–6.7 GBq/mmol. The
specific activity of 86Y-TEFAPI-06 and
86Y-TEFAPI-07 was 2.2–3.4 GBq/mmol.
The specific activity of 177Lu-FAPI-04,
177Lu-TEFAPI-06, and 177Lu-TEFAPI-
07 was 2.9–4.4 GBq/mmol. Stability of
177Lu-TEFAPI-06 and 177Lu-TEFAPI-07 in
saline and human serum was analyzed using
radio–high-performance liquid chromatogra-
phy, as shown in Supplemental Figure 22.
The radiochemistry purity of both 177Lu-
TEFAPI-06 and 177Lu-TEFAPI-07 was still
over 90% after incubation in saline and
human serum for 7 d.

Binding Assay
As shown in Figure 1B and Supplemental

Figure 23A, cellular uptake of 68Ga-FAPI-04
can be significantly inhibited by treatment
with cold TEFAPI-06 and TEFAPI-07. The
ligand concentrations required for 50% inhibi-
tion (half-maximal inhibitory concentration)
of TEFAPI-06 and TEFAPI-07 are 12.24 6

0.65nM and 17.02 6 1.43nM, respectively.
The dissociation constants of 68Ga-TEFAPI-
06 and 68Ga-TEFAPI-07 were 10.16 6

FIGURE 2. (A) Dynamic PET imaging of 68Ga-TEFAPI-06 and 68Ga-TEFAPI-07 in healthy NOD/
SCID mice. (B) Corresponding blood time–activity curves of 68Ga-TEFAPI-06 and 68Ga-TEFAPI-07.

FIGURE 3. (A) PET imaging of 86Y-TEFAPI-06 and 86Y-TEFAPI-07 in PDX-bearing mice. (B)
Time–activity curves for tumor and major organs of 86Y-TEFAPI-06 and 86Y-TEFAPI-07.
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2.56nM and 7.81 6 2.28 nM (Fig. 1C), respectively, which are com-
parable to that of 68Ga-FAPI-04 (1.91 6 0.62 nM, Supplemental Fig.
23B). As shown in Figure 1D, both 68Ga-TEFAPI-06 and 68Ga-
TEFAPI-07 exhibited almost negligible uptake in HT-1080 cells but
had significant uptake in HT-1080-FAP cells. We also performed the
binding assays in 0.05% human serum albumin (20), with the follow-
ing results. The half-maximal inhibitory concentrations of TEFAPI-
06 and TEFAPI-07 were 11.39 6 1.15 nM and 27.68 6 5.00 nM,
respectively, in the presence of albumin. The dissociation constants
of TEFAPI-06 and TEFAPI-07 were 4.37 6 0.81 nM and 19.12 6
5.54, respectively, in the absence of albumin. The half-maximal
inhibitory concentration and dissociation constant of TEFAPI-07
were slightly impacted by the presence of albumin, which may be the
reason why blood clearance was faster than for TEFAPI-06.

Small-Animal PET Imaging
To evaluate the in vivo pharmacokinetics of these 2 radiotracers,

dynamic PET imaging of 68Ga-TEFAPI-06 and 68Ga-TEFAPI-07
was performed on healthy NOD-SCID mice. The signal in heart
peaked rapidly at about 2 min after injection and then declined grad-
ually. For 68Ga-TEFAPI-06, the signal decreased by 35.70% 6
4.74% from 10 to 60 min after injection, a decrease that was greater

than that of 68Ga-TEFAPI-07 (23.15% 6 2.16%), whereas from 60
to 240 min after injection, the signal decreased by 31.80% 6 1.15%
and 40.56% 6 5.25% for 68Ga-TEFAPI-06 and 68Ga-TEFAPI-07,
respectively, resulting in a similar proportion in the decrease of these 2
radiotracers from 10 to 240 min, at 56.18% 6 2.50% and 54.28% 6

4.98% for 68Ga-TEFAPI-06 and 68Ga-TEFAPI-07, respectively.
As shown in Figure 2, for both 68Ga-TEFAPI-06 and 68Ga-
TEFAPI-07, most of the radioactivity was retained in the blood
circulation during the monitoring period, and the uptake in other
organs, such as the liver, spleen, and kidney, was lower than in
the heart or main blood vessels.
To identify the tumor-targeting ability and monitor the in vivo phar-

macokinetics quantitatively over a longer period, TEFAPI-06, TEFAPI-
07, and FAPI-04 were labeled with the radionuclide 86Y, which has a
half-life of 14.7 h, and the PET imaging was performed using pancre-
atic cancer PDX–bearing mice. As shown in Figure 3 and Supplemen-
tal Figure 24, for both 86Y-TEFAPI-06 and 86Y-TEFAPI-07, tumor
was completely visible at 2 h after injection. The tumor SUVmean of
86Y-TEFAPI-06 peaked at 0.73 at 18 h after injection, and that of
86Y-TEFAPI-07 peaked at 0.81 at 8 h after injection. Then, the tumor
SUVmean decreased slowly but still remained high until 36 h after
injection, with a value of 0.602 and 0.606 for 86Y-TEFAPI-06
and 86Y-TEFAPI-07, respectively. However, the tumor SUVmean

of 86Y-FAPI-04 peaked at 0.35 at 0.2 h after injection and then
decreased rapidly, and the areas under the curve for TEFAPI-07
and TEFAPI-06 were 35.5-fold and 37.9-fold that for FAPI-04.

To further confirm the FAP specificity in vivo of these 2 radiotracers,
PET imaging of HT-1080-FAP and HT-1080 tumor–bearing mice was
performed. As shown in Figure 4, Supplemental Figure 25, and Supple-
mental Figure 26, the uptake of 86Y-TEFAPI-06 and 86Y -TEFAPI-07
in HT-1080-FAP tumors was consistently 2- to 6-fold higher than that
in HT-1080 tumors. A blocking study was also performed, as shown in
Supplemental Figure 27; tumor uptake decreased at 12 h and 24 h after
treatment with cold TEFAPI-06 and TEFAPI-07.

Small-Animal SPECT Imaging
To further characterize these 2 molecules, SPECT imaging was con-

ducted on PDX tumor models for a longer time. As shown in Supple-
mental Figure 28, high tumor–to–nontargeted-tissue signal ratios were

FIGURE 5. Biodistribution study of 177Lu-TEFAPI-06 and 177Lu-TEFAPI-
07 in pancreatic cancer PDX–bearing mice at 96 h after injection (n5 5).

FIGURE 4. (A) PET imaging of 86Y-TEFAPI-06 and 86Y-TEFAPI-07 in HT-
1080-FAP and HT-1080 tumor–bearing mice at 24 h after injection. (B)
Uptake of 86Y-TEFAPI-06 and 86Y-TEFAPI-07 in HT-1080-FAP and
HT-1080 tumors at 24 h after injection. ***P, 0.001.
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observed for both 177Lu-TEFAPI-06 and 177Lu-TEFAPI-07 until 144h
after injection. The blood circulation properties of these 2 molecules were
similar to those found in the previous PET study.

Biodistribution Study
To further evaluate the metabolic properties in vivo, biodistribution

studies using the pancreatic cancer PDX–bearing mice were performed.
As shown in Figure 5 and Table 1, the tumor uptake of 177Lu-TEFAPI-
06 and 177Lu-TEFAPI-07 were, respectively, 8.68 6 0.73 %ID/g and
7.87 6 2.08 %ID/g at 24 h after injection, and the tumor-to-liver ratios

were 2.91 and 2.45, respectively. The tumor uptake remained high until
96 h after injection, at 7.33 6 2.28 %ID/g and 7.57 6 2.68 %ID/g for
177Lu-TEFAPI-06 and 177Lu-TEFAPI-07, respectively, and the tumor-to-
liver ratios increased to 4.21 and 3.28, respectively. As is consistent
with the results of PET and SPECT imaging, the kidney uptake of
177Lu-TEFAPI-07 remained high at both 24 and 96 h after injection,
at 8.67 6 2.30 and 10.16 6 3.28 %ID/g, respectively, whereas the
kidney uptake of 177Lu-TEFAPI-06 was much lower, at 2.66 6 0.54
%ID/g, at 96 h after injection. By comparison, the blood clearance of
177Lu-TEFAPI-06 (24 h, 13.32 6 1.33 %ID/g; 96 h, 2.25 6 0.68

%ID/g) was slower than that of 177Lu-
TEFAPI-07 (24 h, 5.64 6 1.50 %ID/g; 96 h,
0.516 0.24 %ID/g).

Radiotherapy Study
To make the assessment of therapeutic

efficacy more relevant to the clinical setting,
pancreatic cancer PDX–bearing mice were
used for the indicated radiotherapy study
(Fig. 6A). In a comparison to the group
treated by saline or 3.7MBq of 177Lu-
FAPI-04, the groups treated with 1.85 MBq
or 3.7MBq of 177Lu-TEFAPI-06 and 177Lu-
TEFAPI-07, respectively, showed remark-
able suppression of tumor growth (Fig. 6B).
No statistical difference in treatment efficacy
was observed between 177Lu-TEFAPI-06
and 177Lu-TEFAPI-07. This result corrobo-
rates the PET imaging and biodistribution
studies, as they showed equally high uptake
in the tumors. Except for the control group

TABLE 1
Biodistribution Results for 177Lu-TEFAPI-06 and 177Lu-TEFAPI-07

177Lu-TEFAPI-06 177Lu-TEFAPI-07

24 h 96 h 24 h 96 h

Organ Mean SD Mean SD Mean SD Mean SD

Blood 12.32 1.33 2.25 0.68 5.64 1.49 0.51 0.24

Pancreas 2.01 0.26 0.75 0.42 2.16 0.69 0.53 0.22

Spleen 3.00 0.66 3.66 1.22 2.69 0.87 1.88 0.34

Small intestine 2.55 0.64 0.61 0.28 1.19 0.26 0.16 0.09

Large intestine 1.66 0.27 0.53 0.35 1.15 0.33 0.10 0.15

Liver 2.98 0.64 1.74 0.57 3.21 0.81 2.31 0.17

Kidney 3.20 0.84 2.66 0.54 8.67 2.30 10.16 3.28

Stomach 1.75 0.17 0.54 0.21 1.20 0.45 0.29 0.14

Fat 1.86 0.90 1.55 1.17 1.82 1.18 0.48 0.25

Muscle 1.09 0.18 0.45 0.05 1.00 0.37 0.28 0.16

Bone 1.32 0.30 0.35 0.20 1.71 0.63 0.18 0.28

Lung 4.33 1.44 1.95 0.70 2.58 0.75 0.73 0.28

Heart 3.70 1.59 1.51 0.42 2.53 1.19 0.62 0.17

Brain 0.37 0.08 0.09 0.03 0.23 0.09 20.01 0.04

Tumor 8.68 0.73 7.33 2.28 7.87 2.08 7.57 2.68

Data are %ID/g.

FIGURE 6. Treatment assay of 177Lu-TEFAPI-06 and 177Lu-TEFAPI-07 in pancreatic cancer PDX-
bearing mice. (A) Design of therapy protocols and treatment scheme. (B) Tumor growth curve after
treatment (n5 7–9 mice for each group). (C) Body weight change after treatment.
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treated with only saline, transient weight loss was observed for all
treatment groups, including 177Lu-FAPI-04, but then returned to the
healthy level 7 d after the initial treatment. Hematoxylin and eosin
staining of the main organs revealed that side effects from 177Lu-
TEFAPI-06 and 177Lu-TEFAPI-07 treatment were almost negligible
(Supplemental Fig. 29).

DISCUSSION

The purpose of this study was to develop FAPI-based radiopharma-
ceuticals that are more effective than the existing candidates for FAP-
targeted radiotherapy. Two different albumin binders, 4-(p-iodophenyl)
butyric acid and truncated Evans blue moieties, were chosen to be
attached with FAPI-04. The resulting TEFAPI-06 and TEFAPI-07
were synthesized and radiolabeled with 68Ga, 86Y, and 177Lu. The
radiolabeled TEFAPIs exhibited good stability in saline and
human serum and high FAP binding affinity in vitro. In addition,
SPECT imaging and biodistribution studies of 177Lu-TEFAPI-
06 and 177Lu-TEFAPI-07 showed that tumor uptake was still
notable even at 6 d after the injection. Meanwhile, almost no radio-
active signal could be detected for 177Lu-FAPI-04 at 24 h after injec-
tion. We also wondered whether further modifications of the
structure may lengthen the blood circulation and, thus, increase the
tumor accumulation. However, it can be challenging to balance treat-
ment efficacy against potential side effects from blood circulation.
With regard to the clearance pathway, there was no significant differ-

ence in uptake between 177Lu-TEFAPI-06 and 177Lu-TEFAPI-07 in
tumor and main organs, except for the kidney. For TEFAPI-07, both
the PET and the SPECT imaging results showed significantly higher
kidney uptake than that of TEFAPI-06. Of note, imaging indicated that
there was no obvious clearance of TEFAPI-07 from the kidneys over
time, a finding that was consistent with the results of the biodistribution
study. Besides, because both TEFAPI-06 and 177Lu-TEFAPI-07 have
relatively longer blood circulation than the classic radiopharmaceuticals,
the side effects may not be negligible. Therefore, a comprehensive
hematoxylin- and eosin-staining study of major organs was performed,
and no tissue damage was observed (Supplemental Fig. 29).
As reported in previous studies, the radiolabeled albumin binder may

target the tumor because of enhanced permeability and retention of
albumin (30,31). Thus, we were curious about whether the enhanced
tumor uptake and retention of 177Lu-TEFAPI-06 and 177Lu-TEFAPI-07
are FAP-dependent. The PET imaging results of FAP-positive (HT-
1080-FAP) and FAP-negative (HT-1080) tumor–bearing mice
showed much higher uptake by FAP-positive tumors than by FAP-
negative tumors, demonstrating that the higher tumor uptake was
dependent on the FAP-targeting ability in vivo. For the blocking
study, the tumor uptake of 68Ga-FAPI-04 decreased significantly
when the mice were treated with cold TEFAPI-06 and TEFAPI-07
until 24 h after injection—a finding that supported the possibility
that the prolonged tumor retention of these 2 radiotracers was also
dependent mainly on their excellent FAP-targeting ability in vivo.

CONCLUSION

In this study, 2 albumin binder–conjugated FAPIs, denoted as
TEFAPI-06 and TEFAPI-07, were developed to optimize the phar-
macokinetics of current FAPI radiopharmaceuticals for cancer radio-
therapy. Compared with 177Lu-FAPI-04, both 177Lu-TEFAPI-06 and
177Lu-TEFAPI-07 showed enhanced uptake and retention in tumors.
The tumor accumulations were highly FAP-selective and resulted in
remarkable inhibition of PDX tumor growth, with negligible side
effects. Their promising pharmacokinetics warrant further

investigations toward clinical translation for the treatment of
FAP-positive cancers.
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KEY POINTS

QUESTION: Do albumin binder–conjugated FAPI radiopharma-
ceuticals have high FAP specificity and provide enhanced tumor
retention and improved radiotherapy efficiency?

PERTINENT FINDINGS: Albumin binder–conjugated FAPI radio-
pharmaceuticals exhibited notably improved tumor uptake and
retention compared with the original FAPI tracers and showed
remarkable inhibition of PDX tumor growth, with negligible side
effects.

IMPLICATIONS FOR PATIENT CARE: Albumin binder conjuga-
tion is a promising strategy in the development of FAP-targeted
radiopharmaceuticals for treating cancers.
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Feasibility of Acquisitions Using Total-Body PET/CT with an
Ultra-Low 18F-FDG Activity
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The present study aimed to evaluate the feasibility of ultra-low 18F-
FDG activity in total-body PET/CT oncologic studies.Methods: Thirty
patients with cancer were enrolled prospectively and underwent a
total-body PET/CT scan 60 min after injection of an ultra-low 18F-FDG
activity (0.37 MBq/kg). Of the 30 enrolled patients, 11 were diagnosed
with colorectal cancer (CRC). PET raw data were acquired within 15
min and reconstructed using data from the first 1, 2, 4, 8, and 10 min
and the entire 15 min (G1, G2, G4, G8, G10, and G15, respectively).
Image quality was qualitatively assessed twice by 2 readers using a
5-point Likert scale. The Cohen k-test was used to investigate the
intra- and interreader agreement. The SUVmax of lesions; the SUVmax,
SUVmean, and SD of the livers; the tumor-to-background ratio; and the
signal-to-noise ratio were measured and compared. The acquisition
time for a clinically acceptable image quality using an ultra-low-activity
injection was determined. In a matched-pair study, 11 patients with
CRC who received a full 18F-FDG activity (3.7 MBq/kg) with an acqui-
sition time of 2 min were selected retrospectively by matching sex,
height, weight, body mass index, glucose level, uptake time, and
pathologic types with the 11 CRC subjects in the prospective study.
Qualitative and quantitative analyses were performed and compared
between the 11 patients with CRC in the ultra-low-activity group and
their matched full-activity controls. Results: Qualitative analysis of
image quality showed good intra- and interreader agreements (all k .

0.7). All the images acquired for 8 min or longer scored over 3 (indicat-
ing clinical acceptability). There was no significant difference in tumor-
to-background ratio and liver signal-to-noise ratio among all the
images acquired for 8 min or longer. In the matched study, no signifi-
cant difference was found in the image quality score and quantitative
parameters between the ultra-low-activity group with an 8-min acqui-
sition and the full-activity group with a 2-min acquisition. Conclusion:
An ultra-low 18F-FDG activity with an 8-min acquisition in a total-body
PET/CT study can achieve acceptable image quality equivalent to that
in the full-activity group after a 2-min acquisition.

KeyWords: ultra-low activity; image quality; total-body PET/CT

J Nucl Med 2022; 63:959–965
DOI: 10.2967/jnumed.121.262038

PET is an important tool for in vivo quantification of physio-
logic, biochemical, or pharmacologic processes. 18F-FDG PET is
a sensitive imaging method for staging, restaging, and therapy response
monitoring of malignancies (1–4). However, radiation exposure is a
concern for adults, and even more so for pediatric patients, because of
the summed doses from both the PET and the CT scans. According to
the current procedure guideline of the European Association of
Nuclear Medicine for 18F-FDG–based PET/CT oncologic imaging, the
minimum time–mass activity product, defined as the product of
injected activity and the acquisition duration per bed position, is 14 or
7 MBq$min/kg for a PET system that applies a PET bed overlap of
less than or equal to 30% or more than 30%, respectively (5). This
time–mass activity product is based on the performance of a current
conventional PET scanner with an axial field of view of 15–25 cm.
With the advent of the total-body PET/CT scanner with ultra-high sen-
sitivity, the time–mass activity product of 18F-FDG could be signifi-
cantly reduced. Previously, our group investigated the effects of a
short acquisition duration on image quality and lesion detectability
using the latest PET/CT scanner model, which demonstrated the feasi-
bility of a significantly shorter acquisition time while maintaining
image quality and diagnostic performance (6,7). By contrast, several
studies have proposed a reduction in the injected 18F-FDG activity
with total-body PET/CT (8–10). A recent study investigated the kinet-
ics of 18F-FDG in healthy volunteers using a 10-times reduction of the
injected activity (0.37 MBq/kg) in a total-body PET/CT scanner,
which showed an image quality equivalent to that of full-activity imag-
ing (11). However, to the best of our knowledge, no studies have
investigated the effects of a 10-times reduction of the injected activity
on 18F-FDG PET image quality in patients with various types of can-
cers. In the study on 18F-FDG kinetics, “full activity” had different
definitions, 3.7 or 4.4 MBq/kg, according to the adjusted routine prac-
tice in our department. Therefore, in the present study, the lower value
of 3.7 MBq/kg was used as the full activity definition. The purpose of
the study was to investigate the feasibility of a 10-times reduction
of the injected activity for 18F-FDG PET imaging in a total-body
PET/CT scan for oncologic application.

MATERIALS AND METHODS

Patients
Thirty patients with various cancers and all referred for a total-body

18F-FDG PET/CT study from June to September 2020 were enrolled pro-
spectively in the first part of this study. All patients had pathologically
diagnosed malignant tumors. The exclusion criteria included lesions less
than 10 mm in diameter, no uptake of 18F-FDG in primary lesions, disease
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in the liver precluding measurement of quantitative metrics in the normal
liver, body mass index of at least 30 kg/m2, blood glucose level of more
than 7.0 mmol/L, and an 18F-FDG uptake time of more than 70 min. On
the basis of our previous work, an ultra-low 18F-FDG activity (0.37 MBq/
kg) was administered (11). During the uptake phase, patients were
instructed to remain quiet in a warm room for about 60 min and drink
0.5–1 L of water. In the subsequent matched study, 11 patients with colo-
rectal cancer (CRC) who underwent full-18F-FDG-activity (3.7 MBq/kg)
total-body PET/CT imaging were selected retrospectively from our data-
base and matched with the same demographic and pathologic results of
the 11 patients with CRC in the ultra-low-activity group; the sex, height,
weight, body mass index, blood glucose level, and uptake time were well
matched. The uptake procedure in the matched study was the same as that
in the ultra-low-activity group. The study was approved by the Institu-
tional Review Board of Zhongshan Hospital, Fudan University, and writ-
ten informed consent was obtained from all the subjects in the prospective
study. The need for written informed consent was waived for the 11
patients in the matched study given its retrospective design with anony-
mous retrieval of imaging data.

Data Acquisition and Reconstruction
All patients fasted for at least 6 h before the 18F-FDG injection, and

their level of fasting blood glucose was no more than 7.0 mmol/L.
All PET/CT scans were performed in a total-body PET/CT scanner
(uEXPLORER; United Imaging Healthcare) with an axial field of
view of 194 cm. The PET images of the ultra-low-activity group were
acquired after 15 min and then reconstructed using the first 1, 2, 4, 8,
and 10 min of data by temporally down-sampling from the acquired
15-min raw data to simulate faster acquisitions, hereafter referred to as
G1, G2, G4, G8, G10, and G15, respectively. The PET images of the
full-activity group were reconstructed using an acquisition time of
2 min, hereafter referred to as g2. PET reconstructions were performed
using the ordered-subset expectation maximization algorithm with the
following parameters: time of flight and point-spread-function model-
ing, 3 iterations, 20 subsets, matrix of 192 3 192, slice thickness of
1.443 mm, and gaussian filter of 3 mm in full width at half maximum.

Image Quality Assessment
The PET image quality was assessed independently by 2 readers (both

nuclear medicine physicians and both with 5 y or more of experience in
interpreting PET/CT images). The qualitative analysis of image quality
was scored on a Likert scale of 1–5 (1, unacceptable image quality:
extremely poor contrast with significant noise; 2, poor image quality: low
contrast with noise; 3, acceptable image quality: moderate contrast with
noise; 4, good image quality: good contrast with less noise; 5, excellent
image quality: perfect contrast with minimal noise). A score of 3 indicated
the minimum acceptable image quality for clinical reporting. For each
patient, all the PET images were loaded into the viewer using software
(uWS-MI, R001; United Imaging Healthcare). The order of the PET
images was randomized by an independent operator. The readers were
unaware of the patient’s demographic information, medical history, and
acquisition duration. In addition, each reader reassessed the image quality
1 wk later to eliminate the memory effect, using a different order of
patients and PET images. The image quality values of each reader were
averaged and compared between the ultra-low- and full-activity groups.

In a separate session performed 1 wk after the second qualitative
assessment, the quantitative analysis of image quality was first per-
formed by 1 of the 2 readers by manually drawing a 2-dimensional cir-
cular region of interest (ROI) with a diameter of 2 cm on the
homogeneous area of the right lobe of the liver. ROIs were placed
automatically at exactly the same location and slice for the entire
loaded PET series. The ROI was carefully drawn to avoid lesions and
was at least 1 cm away from the edge of the liver. The SUVmax, the
SUVmean, and the SD were recorded. The SUVmax of the primary

lesion was delineated at the corresponding PET transverse slice with
the maximum diameter in the CT images for comparison of image
datasets. The size of the ROIs was adapted to the lesion size. The liver
signal-to-noise ratio (SNR) was calculated by dividing the SUVmean

by its SD, and the tumor-to-background ratio (TBR) was calculated by
dividing the lesion SUVmax by the liver SUVmax.

Statistical Analysis
Statistical analysis was conducted using SPSS 20.0 (IBM Corp.) and

Prism 6.0 (GraphPad Software Inc.). Numeric parameters are presented as
the mean 6 SD, and categoric variables are described as frequencies. A
P value of less than 0.05 indicated statistical significance. The intra- and
interreader agreement for the qualitative scores was analyzed using the
Cohen k-test (0.00–0.205 low; 0.21–0.405 medium; 0.41–0.605 mod-
erate; 0.61–0.805 good; 0.81–1.005 excellent). The Kolmogorov–Smir-
nov test was performed to test the normality of the objective image
quality, and the Wilcoxon rank-sum test was used to compare these
parameters in G1–G10 with those in G15. The Fisher exact test and an
independent-sample t test were used to compare the categoric and numeric
variables between the ultra-low- and full-activity groups, respectively.

RESULTS

Patient Demographics in Ultra-Low-Activity Group
The patient demographics in the ultra-low-activity group are

summarized in Table 1. Thirty patients were enrolled in the

TABLE 1
Demographics of Patients in Ultra-Low-Activity Group

Variable Dataset

Sex*

Men 20

Women 10

Age (y)† 66.1 6 8.44 (48.00–77.00)

Height (cm)† 165.5 6 7.25 (157.00–186.20)

Weight (kg)† 62.28 6 10.2 (44.80–88.00)

BMI (kg/m2)† 22.73 6 3.28 (15.76–29.75)

Blood glucose (mmol/L)† 5.75 6 0.66 (4.80–7.00)

Uptake time (min)† 60.97 6 5.96 (51.00–70.00)

Injected dose (MBq)† 25.53 6 4.07 (17.76–33.67)

Primary tumor type*

HCC and ICC 4

CRC 11

Lung cancer 1

Pancreatic cancer 3

Esophageal cancer 2

Mediastinal sarcoma 1

Bladder cancer 4

Ovarian cancer 2

Lymphoma 1

Laryngeal cancer 1

*Number of patients.
†Data are presented as mean 6 SD followed by range in

parentheses.
BMI 5 body mass index; HCC 5 hepatocellular carcinoma;

ICC 5 intrahepatic cholangiocarcinoma.
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prospective part of the study (20 men and 10 women; mean age
of 66.10 6 8.44 y). The average fasting blood glucose level was
5.75 6 0.66 mmol/L, and the mean uptake time after injection
was 60.97 6 5.96 min. Diagnoses of the malignancies were con-
firmed using pathologic examinations.

Image Quality in Ultra-Low-Activity Group
The subjective image quality scores of the ultra-low-activity

group are summarized in Table 2. The intra- and interreader agree-
ments were good for the subjective image quality score (all k .
0.7). In groups with an acquisition duration of 8 min or longer, the
agreement was excellent (all k . 0.85). There was a significant
difference in image quality regarding the Likert scale between
G15 and the other groups (G1–G10) (P , 0.001). All images with
an 8-min acquisition time or longer had a score over 3 and were
judged acceptable for clinical reporting.
As shown in Table 3 and Figures 1 and 2, the lesion SUVmax

increased with the duration of acquisition; however, the difference
was significant for an acquisition time of only 1 min compared with
that for G15 (all P. 0.05). The liver SUVmax decreased with longer
acquisition times, and the TBR increased; however, the difference
was significant for both parameters only for acquisition times shorter
than 4 min (P , 0.05). The liver SUVmean, SD, and SNR are sum-
marized in Table 4. There was no difference in the liver SUVmean

among all the groups (P . 0.05). The liver SD decreased rapidly

from G1 to G15, whereas the SNR increased progressively. How-
ever, there were no statistical differences between G8, G10, and G15
(P . 0.05). Therefore, images from G8 had an image quality equiv-
alent to that from G15 and were suitable for clinical reporting.

Patient Demographics of Matched Patients in
Ultra-Low-Activity and Full-Activity Groups
Eleven patients (7 men and 4 women in each group) with CRC

(10 well-to-moderately differentiated adenocarcinoma and 1 high-
grade intraepithelial neoplasia) were enrolled in the matched
study. The demographics of the patients with CRC in G8 and g2
are provided in Table 5. As expected, a significant difference in
the injected dose was found between G8 and g2 (P , 0.001),
although other variables, including sex, body mass index, blood
glucose, uptake time, and pathologic classification, were well
matched, without significant differences (all P . 0.05).

Comparison of Image Quality Between G8 and g2
The results from the subjective and objective analyses of image

quality in G8 and g2 are shown in Table 6. The visual image qual-
ity score in G8 was 3.91 6 0.30, which was equivalent to that in
g2 (3.82 6 0.60). The lesion SUVmax and TBR in G8 (23.43 6

8.64 and 7.07 6 2.74) were slightly lower than those in g2 (24.22 6

12.15 and 7.56 6 3.51) but without statistical significance (all
P . 0.05). The liver SUVmean and liver SD were similar in G8

TABLE 2
Subjective Image Quality Score in Ultra-Low-Activity Group

Acquisition duration (min)

Image quality score

Likert scale score Cohen k-test result

Reader 1* Reader 2* Intrareader agreement Interreader agreement

1 1.10 6 0.31 1.14 6 0.35 0.898 (0.694–1.000) 0.849 (0.530–1.000)

2 2.07 6 0.37 2.10 6 0.41 0.902 (0.711–1.000) 0.885 (0.674–1.000)

4 3.00 6 0.38 2.90 6 0.49 0.895 (0.688–1.000) 0.750 (0.492–1.000)

8 4.07 6 0.53 3.97 6 0.63 0.900 (0.701–1.000) 0.852 (0.638–1.000)

10 4.38 6 0.49 4.38 6 0.49 0.921 (0.738–1.000) 0.854 (0.648–1.000)

15 4.62 6 0.49 4.59 6 0.50 0.945 (0.812–1.000) 0.930 (0.790–1.000)

*Mean value and SD were calculated on basis of subjective scores for each patient.
Data in parentheses are 95% CIs.

TABLE 3
Quantitative Image Quality in Ultra-Low-Activity Group

Acquisition duration (min) Lesion SUVmax Liver SUVmax TBR

1 12.44 6 5.00* 4.56 6 0.86* 2.84 6 1.36*

2 14.58 6 6.86 3.80 6 0.60* 3.89 6 1.80*

4 16.95 6 7.78 3.53 6 0.52 4.83 6 2.18

8 18.09 6 8.26 3.31 6 0.50 5.53 6 2.50

10 18.37 6 8.06 3.21 6 0.46 5.78 6 2.50

15 18.96 6 7.93 3.08 6 0.42 6.18 6 2.52

*Significant difference compared with that in G15 (P , 0.05).
Data are presented as mean 6 SD, based on measurement in ROIs.
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and g2 (liver SUVmean [mean 6 SD], 2.78 6 0.33 vs. 2.84 6
0.47, and liver SD [noise in liver], 0.21 6 0.05 vs. 0.23 6 0.08,
respectively). The SNRs in G8 and g2 were 13.77 6 2.14 and
13.40 6 2.90, respectively, without a significant difference (P 5
0.716). None of the quantitative parameters showed significant

differences between the groups (all P .
0.05), indicating an equivalent performance
between the 2 groups (Figs. 3 and 4).

DISCUSSION

The 194-cm-long total-body PET/CT sys-
tem has a spatial resolution of approximately
3.0 mm and a system sensitivity of up to
174 kcps/MBq with NEMA NU-2-2018 (12).
The system enables excellent image quality
and provides new opportunities to assess clin-
ical imaging protocol modifications such as
shorter scan durations, low-activity tracer in-
jection, delayed imaging, or repeated scans.
The current study assessed the feasibility of
using a low-activity 18F-FDG injection. The
dominant physical characteristic of the
total-body PET scanner is its high sensi-
tivity, being 40-fold higher than that of
current systems (13). The SNR in PET
images, representing the image quality, is
proportional to the square root of the prod-
uct of system sensitivity, injected activity,
and acquisition time (14). For the total-
body PET/CT scanner, the data quality is as
important as the data quantity (i.e., total
true counts). Data quality is often measured
as noise-equivalent counts, which are cal-
culated as T2/(T 1 R), where T and R are
the trues and randoms, respectively. The
random rate is considered to be proportional
to the square of the injected activity, whereas
the true rate is proportional to the injected
activity, so the random rate is approximately

100 times higher in the full-activity situation than in the ultra-low-
activity (one tenth of a full-activity dose) situation. As a result, if
the ultra-low-activity data and the full-activity data have equivalent
total true counts, the ultra-low-activity data would have a higher
noise-equivalent count, that is, better data quality. Therefore, it is

possible to achieve comparable image qual-
ity with a shorter acquisition time than that
estimated from the rule of constant product
of the acquisition time and the activity. Our
previous studies demonstrated the capa-
bility of the total-body PET/CT scanner
to achieve good image quality with a
reduced injected activity of up to one half
and one seventh the recommended stan-
dard in the clinic (3.7 MBq/kg) (9,15).
However, these studies were on only a
small number of cases and did not evalu-
ate both the qualitative and the quantita-
tive aspects. Therefore, the current study
aimed to provide qualitative and quanti-
tative assessments of image quality after
injection of an ultra-low 18F-FDG activ-
ity in oncologic patients using the total-
body PET/CT scanner.
Our results demonstrated that images

taken 8 min after injection of an ultra-low

FIGURE 1. PET images of 63-y-old man with esophagus cancer. Coronal slice of whole body (A),
transverse view of intense uptake of lesions in esophagus (B), and transverse view of liver (C) are
shown in G1, G2, G4, G8, G10, and G15 reconstructions. More superior image quality of liver was
observed in G8 than in G1 and G2 on visual assessment.

FIGURE 2. Box plot of lesion SUVmax (A), liver SUVmax (B), TBR (C), liver SUVmean (D), liver SD (E),
and SNR (F). Lesion SUVmax, TBR, and SNR increased with extension of acquisition time, whereas
liver SUVmax, liver SUVmean, and SD decreased. Compared with G15, no significant differences for
these parameters were found in G8 and G10. *P, 0.05. ns5 not significant.
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18F-FDG activity provided acceptable image quality for clinical
reporting. The liver SUVmean showed good consistency for all
PET series, without significant differences between groups among
G1–G15. However, the liver SNR showed a lack of significant dif-
ferences between groups only among G8–G15. Lesion SUVmax

and TBR in G8 and G10 did not significantly differ from those in
G15. On the basis of the above results, an 8-min PET acquisition
time with an ultra-low-activity injection protocol could yield diag-
nostic-level image quality for clinical oncologic applications.
In this study, we found that lesion SUVmax increased along with

the acquisition time, a finding that was inconsistent with a previ-
ous study (6). We hypothesized that the additional uptake time
(with a maximum of 15 min) will be more noticeable when the
acquired counts are reduced. The effect on the increased accumu-
lation of 18F-FDG in the malignant lesions will be more significant
and thus increase the lesion SUV, as observed in the time–activity
curves in previous studies (16,17). Additionally, a discrepancy
between qualitative and quantitative analysis was found. In the
quantitative analysis, the TBR and SNR were higher for G10–G15
than for G8, but without statistical differences. The liver SD

TABLE 4
SUVmean, SD, and SNR of Liver

Parameter

Acquisition duration (min)

1 2 4 8 10 15

Liver SUVmean* 2.80 6 0.48 2.78 6 0.44 2.77 6 0.43 2.73 6 0.38 2.72 6 0.39 2.70 6 0.38

Liver SD* 0.56 6 0.19† 0.38 6 0.11† 0.28 6 0.08† 0.21 6 0.06 0.19 6 0.06 0.18 6 0.05

SNR* 5.41 6 1.53† 7.67 6 1.88† 10.41 6 2.54† 13.46 6 3.13 14.72 6 3.46 15.65 6 3.64

*Data are presented as mean 6 SD, based on measurement in ROIs.
†Significant difference compared with that in G15 (P , 0.05).

TABLE 5
Demographics of Patients in G8 and g2

Variable G8 g2 P

Sex* 0.201

Men 7 7

Women 4 4

Height (cm)† 166.05 6 6.48 167.82 6 10.01 0.627

Weight (kg)† 62.96 6 11.87 71.52 6 18.22 0.208

BMI (kg/m2)† 22.75 6 3.46 25.00 6 3.92 0.168

Blood glucose (mmol/L)† 5.81 6 0.61 5.31 6 0.53 0.054

Uptake time (min)† 62.91 6 5.50 58.00 6 5.57 0.051

Injected dose (MBq)† 24.79 6 4.44 271.21 6 61.42 ,0.001‡

Pathologic* 1.000

WMDA 10 10

HGIN 1 1

*Number of patients.
†Data are presented as mean 6 SD, based on data from each subject.
‡Significant difference between G8 and g2 (P , 0.001).
BMI 5 body mass index; WMDA 5 well-to-moderately differentiated adenocarcinoma; HGIN 5 high-grade intraepithelial neoplasia.

TABLE 6
Qualitative Image Quality Score and Quantitative
Parameters in the Ultra-Low-Activity Group and

Full-Activity Group

Parameter G8 g2 P

Image quality score 3.91 6 0.30 3.82 6 0.60 0.311

Lesion SUVmax 23.43 6 8.64 24.22 6 12.15 0.863

Liver SUVmax 3.39 6 0.54 3.17 6 0.55 0.354

Liver SUVmean 2.78 6 0.33 2.84 6 0.47 0.747

Liver SD 0.21 6 0.05 0.23 6 0.08 0.544

TBR 7.07 6 2.74 7.56 6 3.51 0.738

SNR 13.77 6 2.14 13.40 6 2.90 0.716

Data are presented as mean 6 SD. Mean value and SD were
calculated on basis of Likert score for each patient. Mean value
and SD of other quantitative parameters were calculated on basis
of measurement in ROIs.
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decreased as the acquisition time increased, but no significant dif-
ference was observed between G8 and G15. In this study, we used
lesion TBR, liver SNR, and SD as the indices of quantitative
image quality. However, the qualitative analysis process was far
more complex as it could be influenced by the reader’s experience,
preference, and training before the analysis.
In conventional whole-body PET/CT imaging, PET acquisition is

performed in a step-and-shoot mode with 6–7 bed positions. The
total-body PET/CT imaging uses a 1-step acquisition mode because
the 194-cm axial field of view can cover the patient’s entire body in
1 bed position. Our previous study reported that a total-body PET
scan with a 2-min acquisition time and an injected activity of 4.4
MBq/kg could yield images superior to the average image quality
(6). The liver SUVmax and SD in the 2 studies showed a similar ten-
dency with the acquisition time, but with different values. This is
mainly caused by the difference in the uptake time of the enrolled

patients between the 2 studies. Although a 60-s acquisition can
maintain the diagnostic performance at a sufficient level, as reported
in the previous study (6), the injected activity was 18% higher than
the full activity in this study. Thus, in the matched-pair part of this
study, a 2-min acquisition was selected as the control to evaluate the
image quality and feasibility of ultra-low 18F-FDG activity in total-
body PET/CT imaging. Compared with full activity using 2 min of
acquisition, the image quality of ultra-low 18F-FDG activity using
8 min of acquisition revealed an equivalent result. The concept of an
ultra-low-activity 18F-FDG PET scan has several benefits. One is
the significant reduction of radiation from the PET radiotracers,
which is approximately 7 mSv in a conventional PET whole-body
examination (18). If activity can be reduced to one tenth, it allows
for increased use of PET scans in radiation-sensitive populations
(infants, children, and adolescents). For pediatric imaging, there are
risks associated with the acquisition duration and injected dose. An
increased injected activity is associated with an increased risk of
radiation-induced cancer in the pediatric population (19). According
to recently published guidelines, images of diagnostic image quality
using the lowest possible dose are desired in pediatric 18F-FDG
PET/CT for oncology (5). The ultra-low 18F-FDG activity, with
reduced radiation exposure, will provide a more feasible solu-
tion for pediatric imaging. In addition, the ultra-low 18F-FDG
activity is an attractive option for repeated scans for monitoring
treatment response. It may become an effective strategy for patient
management without concerns about the cumulative absorbed radia-
tion dose.
Our study has several limitations. First, 30 patients with 10 types of

cancer were enrolled prospectively in the study. The highest body
weight in the enrolled cases was 88 kg. Image quality can be influ-
enced by patient size (weight and body mass index), and image quality
might be degraded because of excessive attenuation in heavier patients
(5). Additionally, only patients with CRC were validated in the
matched study. Although they were well matched on the basis of the
demographic and pathologic features, some marginal differences
remained. The relatively small number of patients enrolled in the
matched study meant that there was a potential selection bias. Second,
although 18F-FDG is the most widely used radiotracer in onco-
logic studies, it is not applicable to all types of cancer, because
not all tumors are 18F-FDG–avid. Furthermore, the extent of
18F-FDG uptake is easily affected by certain factors. Respiratory

motion might blur the lesions on which the
impact of the SUV measurement may differ
with different acquisition times (20). We
selected lesions at least 10 mm in diameter
(measured on CT images), for which the
error induced by the respiratory motion
could be minimized. Finally, the 2-dimen-
sional ROI did not necessarily capture the
true SUVmax of the whole tumor volume,
as limited by the current measurement soft-
ware. The reconstruction parameters used
in this study were the same as those with
the standard activity used in our department
without specific modification. However,
these parameters were based on the high
counts and the clinical requirements for
diagnosis. To improve lesion detection, we
applied point-spread-function modeling in
the PET reconstruction, the same as in rou-
tine practice, which may cause a bias in the

FIGURE 3. PET images of 63-y-old man with CRC reconstructed in G8
and another 63-y-old man with CRC reconstructed in g2 (A, coronal slice
of the whole body; B, transverse view of CRC lesion [arrow]; C, transverse
image of liver). Image quality in G8 was comparable to that in g2, which
meets standard for clinical diagnosis.

FIGURE 4. Bar graph of values of subjective image quality score (A) and objective parameters (B)
between G8 and g2. Comparable result of qualitative and quantitative analysis was shown between
the 2 groups. ns5 not significant.
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quantitative estimate. Future studies should compare the point-
spread-function reconstruction with the non–point-spread-function
reconstruction, as well as investigate the optimal reconstruction
parameters for the ultra-low 18F-FDG activity.

CONCLUSION

The study demonstrated that use of an ultra-low 18F-FDG activity
(0.37 MBq/kg) in total-body PET/CT was feasible for oncologic
studies, with a clinical diagnostic-level image quality achieved. Fur-
ther investigation will be performed to explore the optimal recon-
struction parameters for an ultra-low 18F-FDG activity in the clinic.
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KEY POINTS

QUESTION: Does an ultra-low 18F-FDG activity (0.37 MBq/kg) in
total-body PET/CT compromise image quality?

PERTINENT FINDINGS: This study demonstrated that the image
quality seen using an ultra-low 18F-FDG activity in total-body
PET/CT meets clinical requirements.

IMPLICATIONS FOR PATIENT CARE: Total-body PET/CT
imaging with an ultra-low 18F-FDG activity can be used in
radiation-sensitive populations such as infants, children, and
adolescents, as well as in patients who need repeated scans to
monitor treatment response.

REFERENCES

1. Martin O, Schaarschmidt BM, Kirchner J, et al. PET/MRI versus PET/CT for
whole-body staging: results from a single-center observational study on 1,003
sequential examinations. J Nucl Med. 2020;61:1131–1136.

2. Findlay JM, Antonowicz S, Segaran A, et al. Routinely staging gastric cancer with
18F-FDG PET-CT detects additional metastases and predicts early recurrence and
death after surgery. Eur Radiol. 2019;29:2490–2498.

3. Noda Y, Goshima S, Kanematsu M, et al. 18F-FDG uptake on positron emission
tomography as a predictor for lymphovascular invasion in patients with lung ade-
nocarcinoma. Ann Nucl Med. 2016;30:11–17.

4. Husby JA, Reitan BC, Biermann M, et al. Metabolic tumor volume on 18F-FDG
PET/CT improves preoperative identification of high-risk endometrial carcinoma
patients. J Nucl Med. 2015;56:1191–1198.

5. Boellaard R, Delgado-Bolton R, Oyen WJG, et al. FDG PET/CT: EANM proce-
dure guidelines for tumour imaging: version 2.0. Eur J Nucl Med Mol Imaging.
2015;42:328–354.

6. Zhang YQ, Hu PC, Wu RZ, et al. The image quality, lesion detectability, and
acquisition time of 18F-FDG total-body PET/CT in oncological patients. Eur J
Nucl Med Mol Imaging. 2020;47:2507–2515.

7. Zhang X, Cherry SR, Xie Z, Shi H, Badawi RD, Qi J. Subsecond total-body imag-
ing using ultrasensitive positron emission tomography. Proc Natl Acad Sci USA.
2020;117:2265–2267.

8. Cherry SR, Jones T, Karp JS, Qi J, Moses WW, Badawi RD. Total-body PET:
maximizing sensitivity to create new opportunities for clinical research and patient
care. J Nucl Med. 2018;59:3–12.

9. Badawi RD, Shi H, Hu P, et al. First human imaging studies with the EXPLORER
total-body PET scanner. J Nucl Med. 2019;60:299–303.

10. Zhang X, Zhou J, Cherry SR, Badawi RD, Qi J. Quantitative image reconstruction
for total-body PET imaging using the 2-meter long EXPLORER scanner. Phys
Med Biol. 2017;62:2465–2485.

11. Liu G, Hu P, Yu H, et al. Ultra-low-activity total-body dynamic PET imaging
allows equal performance to full-activity PET imaging for investigating kinetic
metrics of 18F-FDG in healthy volunteers. Eur J Nucl Med Mol Imaging. 2021;48:
2373–2383.

12. Spencer BA, Berg E, Schmall JP, et al. Performance evaluation of the
uEXPLORER total-body PET/CT scanner based on NEMA NU 2-2018 with addi-
tional tests to characterize PET scanners with a long axial field of view. J Nucl
Med. 2021;62:861–870.

13. Poon JK, Dahlbom ML, Moses WW, et al. Optimal whole-body PET scanner con-
figurations for different volumes of LSO scintillator: a simulation study. Phys Med
Biol. 2012;57:4077–4094.

14. Yan J, Schaefferkoette J, Conti M, Townsend D. A method to assess image quality
for low-dose PET: analysis of SNR, CNR, bias and image noise. Cancer Imaging.
2016;16:26.

15. Tan H, Sui X, Yin H, et al. Total-body PET/CT using half-dose FDG and com-
pared with conventional PET/CT using full-dose FDG in lung cancer. Eur J Nucl
Med Mol Imaging. 2021;48:1966–1975.

16. Yang M, Lin Z, Xu Z, et al. Influx rate constant of 18F-FDG increases in metastatic
lymph nodes of non-small cell lung cancer patients. Eur J Nucl Med Mol Imaging.
2020;47:1198–1208.

17. Tan H, Gu Y, Yu H, et al. Total-body PET/CT: current applications and future per-
spectives. AJR. 2020;215:325–337.

18. Huang B, Law MWM, Khong PL. Whole-body PET/CT scanning: estimation of
radiation dose and cancer risk. Radiology. 2009;251:166–174.

19. Fahey FH. Dosimetry of pediatric PET/CT. J Nucl Med. 2009;50:1483–1491.
20. Liu C, Pierce LA II, Alessio AM, Kinahan PE. The impact of respiratory motion

on tumor quantification and delineation in static PET/CT imaging. Phys Med Biol.
2009;54:7345–7362.

ULTRA-LOW
18F-FDG ACTIVITY ! Hu et al. 965



L E T T E R S T O T H E E D I T O R

The Will Rogers Phenomenon and PSMA
PET/CT

TO THE EDITOR: Soon after initiating 18F-PSMA imaging, our
team realized that we were able to detect and stage prostate cancer
with far greater sensitivity than former imaging technologies
allowed. One of our early cases involved identification of disease
we had difficulty characterizing because the low-dose CT scan and
standard PET reconstructions were unable to fully resolve the
abnormalities. We therefore increased the CT scanner tube poten-
tial to 120 reference mAs (CareDose 4D; Siemens) and applied
the higher-resolution option (HiRez; Siemens) on the PET scanner
to a 400 3 400 matrix with increased imaging time in the abdo-
men and pelvis. Now, clear identification of positive 3-mm lymph
nodes is a routine event.
We recently saw a clearly positive PSMA PET scan within pelvic

lymph nodes smaller than 3 mm in a patient after radical prostatec-
tomy with a prostate-specific antigen rise from 0.02 to 0.09 ng/mL.
This use has truly unleashed the capabilities of high-resolution PET/
CT and the promise of this technology.
How is patient care impacted? For the first time, I have heard

my colleagues refer to this as the “classic Will Rogers phenomen-
on,” a term often used to describe stage migration. Will Rogers, a
renowned vaudeville cowboy whose career peaked in the 1930s, is
purported to have said, “When the Okies left Oklahoma and
moved to California, they raised the average intelligence level in
both states.” Stage migration occurs when disease is reclassified

either by changes in technology or by changes in staging algo-
rithms. In the end, survival in the healthier patient group improves,
as the least healthy patients have been eliminated from the group
by upstaging of their disease. The less healthy group also has bet-
ter survival, as the patients can enter the group at an earlier time in
their disease process.
Stage migration is not unfamiliar to the nuclear medicine com-

munity, who witnessed the changes in delivery of care for thyroid
cancer. Although the death rate from thyroid cancer is stable, there
was a marked increase in disease detection. As a consequence,
treatment algorithms were modified.
However, the similarity to thyroid cancer is only superficial at

best. Prostate cancer has far greater complexity in treatment options,
and guidelines are based on large-scale prospective clinical trials. It
will take years to incorporate the effects of stage migration through
modification of treatment options. I hope that these issues are
addressed for all men in their 60s and 70s, as we may find the baby
boomer generation reclassified as the chemically castrate generation.

Nicholas C. Friedman*
Edward Hines, Jr.

*VA Hospital
Hines, Illinois

E-mail: nicholas.friedman@va.gov
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B o o k R e v i e w s

Nuclear Medicine Textbook: Methodology and
Clinical Applications

D. Volterrani, P.A. Erba, I. Carri$o, H.W. Strauss, and G. Mariani,
eds.

Springer, 2019, 1,331 pages, $179.99

Nuclear medicine is a small specialty, but it has been and contin-
ues to be one of the most innovative and exciting branches of medi-
cine. Nuclear medicine combines biology, chemistry, physics, and
mathematics with the art and science of clinical medicine. Tracer-
principle–based radiopharmaceutical therapy and diagnosis, which
may be targeted and integrated systematically in the form of thera-
nostics, may be applied to all major organ systems and disease
processes. Theranostics was born about 80 years ago with radioio-
dine in the imaging and treatment of thyroid diseases. Therefore,
whereas the concept is not new, it has undergone a renaissance
with the development of novel agents for imaging and targeted
radionuclide therapy of cancer (e.g., neuroendocrine tumors, pros-
tate cancer, and pheochromocytoma/paraganglioma). Other agents
are anticipated relatively soon that are targeted to chemokine recep-
tors and fibroblast activation protein, with the list expanding as fur-
ther biologic insights and biomarker developments emerge.
Nuclear medicine and theranostics are also anticipated to cultivate
a rational link between precision health and precision medicine.

There have been many comprehensive textbooks published on the
science and clinical practice of nuclear medicine. However, nuclear
medicine is a fast-advancing field that demands new textbooks or rel-
atively frequent updates to the ones previously published. Here, I
review a book published by Springer in 2019. The book is entitled
Nuclear Medicine Textbook: Methodology and Clinical Applications
and is edited by five renowned academic experts in nuclear medi-
cine: three from the University of Pisa, one from the Autonomous
University of Barcelona (past editor of the European Journal of
Nuclear Medicine and Molecular Imaging), and one from Cornell
University Weill (past editor of The Journal of Nuclear Medicine
and past president of the Society of Nuclear Medicine and Molecular
Imaging). The editors also contributed as coauthors to several chap-
ters, along with a remarkable 122 invited international contributors,
most from Italy but also contributors from Austria, Germany, Japan,
Jordan, Spain, Sweden, The Netherlands, and the United States.

This comprehensive book is structured into 51 chapters organized
as 3 parts and encompasses 1,331 pages, with numerous tables,
graphs, diagrams, and high-quality images, many in color. Part I,
on basic science, includes 16 chapters covering a brief history of
radiation and radioactivity; radiation physics and radiation protec-
tion; radiopharmaceuticals (categorized conveniently under single-
photon–emitting, positron-emitting, and therapy); instrumentation,
including camera systems; image data acquisition; processing and

quantification techniques; and principles and interpretation of CT
and MRI as an introduction to hybrid imaging. Part I culminates
with an expedient summary of radioguided biopsy and surgery in
the relevant clinical scenarios. Part II, on clinical applications, has
22 chapters covering all major organ system diseases in both adults
and children, with an emphasis on hybrid imaging, including a chap-
ter on the expanding utility of PET/CT in dose painting and radia-
tion treatment planning in several malignancies. Part III, on practice
and procedures, contains 13 chapters and provides useful ancillary
information on the radiochemistry of single-photon–emitting and
positron-emitting radiopharmaceuticals, their quality assurance pro-
cedures, their regulatory processes in both Europe and the United
States, quality control of instrumentation and camera systems, prac-
tice guidelines for major nuclear medicine procedures, and dual-
energy x-ray absorptiometry for assessment of bone mineral density.
Part III closes with 36 nononcologic and 42 oncologic illustrative
teaching cases (mostly 18F-FDG PET, with a few cases of 18F-FDOPA
and 18F-fluorocholine PET) and techniques for optimal image inter-
pretation, along with concise and informative reporting of results,
including sample reports for 56 different clinical scenarios and
nuclear medicine procedures. Each chapter includes learning objec-
tives and key learning points, with cited references or additional
suggested readings. The book ends with a convenient glossary of
abbreviated terms and a detailed index.

This practical book is particularly useful for trainees but is also
of considerable value to seasoned physicians in nuclear medicine
or radiology and to practitioners in other branches of medicine and
surgery interested in the applicability of nuclear medicine proce-
dures to their disciplines. Other professionals, including technolo-
gists, medical physicists, and radiation safety officers, can also
benefit from this textbook. This book will be a great resource in
the library of any clinical department or medical school.

In the end, I paraphrase a frequently repeated quotation from the
Californian public television personality Huell Howser (1945–
2013), who, in his “California’s Gold” program, explored the natu-
ral, cultural, and historical features of California. He always ended
this program by saying, “… and this is truly a fine example of Cali-
fornia’s gold.” In that same spirit, I must say that Nuclear Medicine
Textbook: Methodology and Clinical Applications is a fine example
of nuclear medicine’s gold.

Hossein Jadvar
USC Keck School of Medicine

University of Southern California
Los Angeles, California

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

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

LEARN MORE: www.snmmi.org/80HourCourse
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