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Pheochromocytoma and paraganglioma:
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and 90Y- or 177Lu-DOTA-somatostatin analogs.. . . . . . . . . . . . . . . . . . . . . . . . Page 1192

MSG and 68Ga-PSMA PET/CT: Armstrong
and colleagues use 68Ga-PSMA-11 PET to
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States. . . . . . . . . . . . . . . . . . . . . . . Page 1207
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Pretargeted immuno-PET in MTC: BodetMilin and colleagues describe the results of
analyses to determine the sensitivity of
anti–carcinoembryonic antigen immuno-PET
in relapsing medullary thyroid carcinoma
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18
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and speciﬁcities of 18F-FCH PET in localizing
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detection of tau deposition. . . . . . . Page 1292
Hypermetabolism on brain 18F-FDG PET:
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F-FDG PET studies that should not be interpreted as seizure activity. . . . . . . . Page 1301
D1R PET tracers: Barret and colleagues
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D1 receptor agonist PET radiotracers, racemic
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Enhancing robot-assisted radioguided surgery: Azargoshasb and colleagues describe
development of a real-time ﬂuorescencevideo–based tracking method that integrates
the DROP-IN g-probe with navigated
robotic surgery. . . . . . . . . . . . . . . Page 1314
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18
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limb, and parkinsonism. . . . . . . . . . Page 1318

T

he SNMMI and editors of The Journal of Nuclear Medicine announced on July 1 that the publication had
achieved the highest impact factor in its history, now
ranking third among all medical imaging journals, according
to new data released in the 2020 Journal Citation Reports.
“This is a tribute to the great contributions of diverse scientists
from all areas of the ﬁeld,” said JNM editor-in-chief Johannes
Czernin, MD. “I am grateful for the support of SNMMI and its
Publications Committee, the invaluable contributions of our
staff, the critical input from our editorial board members,
and the hard work and creativity of the team of national and
international associate editors who made this success
possible.”
JNM’s impact factor increased more than 27% from that in
the previous year, from 7.887 (2019) to 10.057 (2020). With
32,949 total citations, the journal moved up to third in impact
factor among all 134 journals in the medical imaging category.
The journal’s total citations increased by 23%, its immediacy
index increased by 68%, and its article inﬂuence score and
5-year impact factor increased by 26%. Among nuclear medicine journals, JNM continues to have the highest impact

factor, total citations, 5-year impact factor, Eigenfactor score,
and article inﬂuence score. “The high journal impact with the
associated high visibility of JNM will continue to attract preclinical and clinical contributors from oncology, neurology,
cardiology, endocrinology, infectious diseases, and other
ﬁelds,” Czernin said.
The impact factor is a quantitative measure of the frequency
with which an article in a journal is cited, It is used as a measure
of the overall inﬂuence of a journal within scientiﬁc, professional, and academic communities. The immediacy index is
an indicator of the speed with which citations to a speciﬁc journal appear in published literature. “Three of our top 10 articles
contributing to the impact factor calculation describe advances
in imaging instrumentation, with the remaining 7 introducing
various important aspects of theranostics,” said Czernin. “It is
thus evident that theranostics and the search for novel and relevant targets remain at the forefront of nuclear medicine research.
Revolutionary advances in instrumentation will open new and
exciting research opportunities. Similarly, artiﬁcial intelligence
will ﬁnd its way into the clinic based on solidly designed clinical
studies.”

FDA Encourages Inclusion of Incurable Cancers in Trials

O

n June 24 the U.S. Food and Drug Administration
(FDA) issued draft guidance encouraging inclusion
of patients with incurable cancers in oncology clinical
trials, regardless of prior therapies. “Historically, many clinical
trials have required that participating patients previously
received multiple therapies,” said Richard Pazdur, MD, director of the FDA Oncology Center of Excellence and acting
director of the Ofﬁce of Oncologic Diseases in the Center
for Drug Evaluation and Research. “The FDA believes
patients with incurable cancers, if provided adequate
information to make an informed decision, should be eligible to participate in oncology clinical trials. If there is no
scientiﬁc rationale for excluding these patients, then clinical trial eligibility criteria should be broadened to include
these patients, with appropriate informed consent.”

The draft guidance, titled “Cancer clinical trial eligibility criteria: Available therapy in noncurative settings,” is
part of the FDA’s broader initiative to encourage “rational
expanded patient eligibility” for oncology clinical trials.
When ﬁnalized, the guidance will provide recommendations to sponsors designing clinical trials of drug and biologic products for expanding eligibility to patients with
incurable cancers as well as inclusion of patients who
have not received available therapy/therapies (e.g., evaluating these patients in separate cohorts from patients who
have received available therapies). The draft guidance is
available at: https://www.federalregister.gov/documents/
2021/06/25/2021-13585/cancer-clinical-trial-eligibilitycriteria-approach-to-available-therapy-in-non-curativesettings.
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ABNM Celebrating 50 Years
George M. Segall, MD, Executive Director, American Board of Nuclear Medicine

T

he American Board of Nuclear Medicine (ABNM) is
celebrating its ﬁrst 50 years as a certiﬁcation board
for nuclear medicine physicians. The ABNM was
the ﬁrst conjoint board established under provisions of the
“Essentials for Approval of Examining Boards in Medical
Specialties” of the American Board of Medical Specialties
(ABMS). It was sponsored by the American Board of Internal
Medicine, the American Board of Pathology, the American
Board of Radiology, and the Society of Nuclear Medicine.
The ABNM was incorporated on July 28, 1971, and had its
ﬁrst meeting on October 23 of the same year. The ABNM
became a primary certifying board in 1985 and is currently 1
of 24 member boards of the ABMS.
The ABNM has certiﬁed 5,917 physicians since the ﬁrst
certiﬁcation examination was given in 1972. Certiﬁcates
issued between 1972 and 1991 were valid for life. There are
currently 1,681 active physicians (not retired or deceased)
with lifetime certiﬁcates. The ABNM began issuing timelimited certiﬁcates in 1992. Diplomates initially certiﬁed
between 1992 to 2017 were required to pass the Maintenance
of Certiﬁcation (MOC) examination every 10 years to maintain certiﬁcation. There are currently 1,996 active physicians
with time-limited certiﬁcates. The ABNM introduced
CertLinkV in 2018, a longitudinal assessment pilot program, as an alternative to the MOC examination. Currently
1,172 diplomates are participating in CertLink, most with
certiﬁcates expiring prior to 2027. The number of participating diplomates is expected to signiﬁcantly increase
next year, because the ABMS approved CertLink in
2021 as a regular part of the ABNM’s MOC program,
and the board will require all ABNM diplomates who do
not wish to take the MOC examination for recertiﬁcation
to begin participating in CertLink by January 2022.
CertLink is only a part of the ABNM MOC program. Other
parts are professionalism, lifelong learning and selfassessment, and practice improvement. The ABNM has taken
several steps to make MOC easier and more valuable for
physicians. Diplomates should log onto their proﬁles on the
ABNM website at least once each year to update their information and see the latest news. All 24 ABMS member boards are
reevaluating their MOC programs following the report issued
by the ABMS Commission on Continuing Certiﬁcation:
Vision for the Future (https://visioninitiative.org/). The farreaching report made several recommendations to make
R
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certiﬁcation a “meaningful,
contemporary, and relevant professional development
activity
for
diplomates that ensures
they remain up-to-date in
their specialty.” The
ABMS and member
boards have begun a process to implement the recommendations, starting
with a revision of the
standards that all member
boards must follow. The
ABMS board of directors will vote on the ﬁnal standards in
October. The ABNM has already made changes to comply
with the recommendations of the ABMS commission and
the draft standards, which include adoption of CertLink.
One of the potentially most signiﬁcant impacts of the new
standards, if approved, is the adoption of a uniform assessment cycle of 5 years for diplomates of all 24 member boards.
The practice of medicine and health care economics have
dramatically changed over the past 50 years, and nuclear medicine has grown to include hybrid imaging, molecular imaging, and theranostics. The ABNM has made signiﬁcant
changes in certiﬁcation standards to keep up with these and
other changes, including support for training leading to dual
certiﬁcation in Nuclear Medicine and Diagnostic Radiology
because of the importance of hybrid imaging and revision of
the requirements for radionuclide therapy following the
approval of several new radiopharmaceuticals for targeted
radionuclide therapy. The ABNM has also made signiﬁcant
changes to keep up with society at large, including a process
to select new board members that supports diversity, equity,
and inclusion, and revision of the leave policy during training
to support trainees who need to take medical/parental/caregiver leave. Other challenges remain to be addressed, such
as attracting more young professionals into the specialty and
maintaining high standards for certiﬁcation that differentiate
a nuclear medicine physician from other specialists doing
the same work.
Nuclear medicine has a bright future, and the ABNM is
prepared to meet the opportunities and challenges of the
next 50 years.
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Progress in Prostate Cancer Theranostics
Richard L. Wahl, MD, SNMMI President

T

he past few months have been very exciting for the ﬁeld
of nuclear medicine and molecular imaging, speciﬁcally the advances made in the diagnosis and treatment
of prostate cancer. New agents are changing the course of
treatment for prostate cancer patients and will ultimately
help to improve outcomes.
According to the Surveillance, Epidemiology, and End
Results (SEER) program, an estimated 248,500 new prostate
cancer cases will be diagnosed in 2021, and more than 34,000
men will die from the disease. About 30% of prostate cancer
patients will have a recurrence, including those who will develop
castration-resistant prostate cancer. With the latest advances in
imaging and theranostics, nuclear medicine and molecular
imaging professionals hope to help many of these men.
In May, the U.S. Food and Drug Administration (FDA)
approved a new imaging agent for detection of prostate
cancer, providing a more effective imaging approach to detect
metastases. 18F-piﬂufolastat injection is the ﬁrst ﬂuorinated
prostate-speciﬁc membrane antigen (PSMA) agent approved
by the FDA and also the ﬁrst widely commercially available
PSMA PET imaging agent in the United States.
Recently published results from the phase III VISION trial
are also promising for patients with metastatic castrationresistant prostate cancer. The study reported a 38% reduced
risk of death and a 60% reduced risk of progression for those
treated with the targeted radiopharmaceutical 177Lu-PSMA-617
vs. standard of care controls.
Given the number of patients who would beneﬁt from these
diagnostic and therapeutic radiopharmaceuticals, prostate cancer is an area of high interest and growth for SNMMI. SNMMI’s
Value Initiative—the society’s strategic vision and roadmap
for advancing the ﬁeld—includes many programs that support
the progress being made in nuclear theranostics for prostate
cancer.
To gather research on targeted radiopharmaceutical therapies (RPT), the SNMMI Board of Directors approved the development of the Radiopharmaceutical Therapy Registry. This
registry will monitor anonymized data from patients who
received radiopharmaceutical therapies. Work will soon begin
to identify pilot sites and partners to collect these important data.
A Coding and Reimbursement Workgroup has been created to evaluate existing radiation oncology codes that could
be used for nuclear medicine, identify common therapy pathways with applicable codes for RPT, and develop standardized
billing criteria for medical physicists. The workgroup will also
provide education for members on coding and reimbursement
for RPT through webinars and educational articles.
SNMMI has also launched a Radiopharmaceutical
Therapy Centers of Excellence (RPTCOE) program. Sites utilizing radiopharmaceutical therapies can apply to earn

designation as a clinical or comprehensive RPTCOE, which conﬁrms
that the site meets strict regulatory,
training, qualiﬁcation, experience,
and performance criteria.
The RPTCOE is also working to
standardize how and when dosimetry
should be implemented when treating
patients with RPT. A 177Lu Dosimetry Challenge was launched in early
Richard L. Wahl, MD
2021 to assess variability in methodology, equipment, personnel, time
requirements, and results in calculating personalized dosimetry. The response to the challenge has been overwhelmingly
positive and will result in a valuable dataset to identify areas
for standardization. Early results from the challenge are
expected to be published in a supplement to The Journal of
Nuclear Medicine (JNM) in December.
SNMMI’s RPTCOE and R&D Domain have developed a
Cancer Cooperative Group Junior Faculty Mentorship Program to enhance the presence of nuclear medicine and molecular imaging professionals in the NCI National Clinical Trial
Network cooperative groups. Six awards will be granted in
2021 to individuals in an effort to help inﬂuence, design,
and lead these trials.
To ensure that these new radiopharmaceuticals are accessible to patients, SNMMI is collaborating with regulatory
agencies. The society is working with the FDA to streamline
approval processes and with the Centers for Medicare and
Medicaid Services to approve and streamline reimbursement.
Appropriate use criteria for PET PSMA are near completion.
SNMMI is also focused on promoting innovative and
impactful research as it relates to prostate cancer. JNM articles
are now available online immediately following acceptance,
and articles are published online up to a month ahead of print
release. A targeted public relations campaign has also been
launched to share this research on a broader level.
With all of these great advances, the nuclear medicine and
molecular imaging workforce pipeline must be strong.
SNMMI’s Workforce Pipeline Domain has formed a subgroup to focus on outreach to medical, undergraduate, and
high school students in an effort to expose them to nuclear
medicine. The SNMMI Diversity, Equity, and Inclusion
Task Force, Women in Nuclear Medicine Committee, Early
Career Professionals Committee, and Resident/In-Training
Committee are collaborating on this effort as well.
The ﬁeld of nuclear medicine and molecular imaging is
being transformed, as shown by advances in the treatment of
prostate cancer. SNMMI is committed to being there every
step of the way to ensure success.
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Humana Reverses Nononcologic
PET/CT Noncoverage Policy
Humana, Inc. (Louisville, KY)
convened a medical review board in
late May to address its previous decision to deny coverage for PET/CT for
cardiac indications and PET/CT and
SPECT/CT for neurologic indications.
This followed a decision earlier in the
year to reverse previous denial of coverage for PET/CT imaging in gastric
and esophageal oncologic indications.
The result of the May meeting was a
broad cardiac PET/CT coverage policy
that is current with scientiﬁc evidence
and the Centers for Medicare and Medicaid Services National Coverage
Decision on 18F-FDG PET for infection and inﬂammation. The policy,
which in July was still in draft form,
included the following coverage areas:
(1) myocardial viability assessment as
indicated by 1 or more of the following: chronic secondary mitral regurgitation, and individual is candidate for
revascularization if viable myocardium
identiﬁed; known or suspected ischemic cardiomyopathy with left ventricular ejection fraction 35% or less;
SPECT myocardial perfusion scan or
stress echocardiogram ﬁndings inconclusive or no viable myocardium evident; OR (2) suspected prosthetic
valve endocarditis as indicated by
ALL of the following: clinical suspicion of endocarditis; AND nondiagnostic echocardiogram results; AND
prosthetic valve implanted more than
3 months prior; OR (3) sarcoidosis
with suspected cardiac involvement.
The draft policy also made changes to
SPECT/CT and PET/CT for neurologic
indications, including that Humana
members may be eligible for SPECT
with concurrently acquired CT for preoperative localization of parathyroid
adenomas and for PET with concurrently acquired CT for presurgical
evaluation to localize the focus of
refractory seizure activity.
Since November 2020, SNMMI has
worked closely with several other
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medical societies in communicating
with Humana about expanding its
coverage.
Humana, Inc.
CMS and Nononcologic
18
F-FDG PET
In December 2020, the Centers for
Medicare and Medicaid Services (CMS)
retired the National Coverage Determination (NCD) for 18F-FDG PET for infection and inﬂammation, effective January
1, 2021. In the absence of an NCD, coverage determinations for PET for infection and inﬂammation were then to be
made at the discretion of local Medicare
Administrative Contractors (MACs).
The CMS decision to retire the NCD for
18
F-FDG PET in infection and inﬂammation opened a path to reimbursement and
improved care in a range of disease
settings.
On June 8, 2021, CMS published
an updated transmittal with lists of
nationally covered and noncovered
ICD-10-CM indications for the various NCDs. To the surprise of the
nuclear medicine community, the
ICD-10-CM codes for some osteomyelitis and fever of unknown origin
codes were listed as noncovered
under the infection and inﬂammation
NCD that was retired. Because the
transmittal was binding on MACS,
those indications would not be covered by local MACs.
On July 13, however, CMS published its CY 2022 Medicare Physician
Fee Schedule Proposed Rule, which
included a proposal to remove the
“exclusionary language” from the
NCD transmittal. This will leave nononcologic PET indications (unless
noted by NCD 220.6.1-220.6.20) to
the discretion of local MACs. CMS
stated, “We believe that extending local
contractor discretion for nononcologic
indications of PET provides an immediate avenue to potential coverage in
appropriate candidates and provides
a framework that better serves the
needs of the Medicare program and
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its beneﬁciaries.” New U.S. Food and
Drug Administration–approved nononcologic radiopharmaceuticals will be
covered under MAC discretion.
In online commentary on the latest
proposed rule, SNMMI noted: “Unfortunately, in this proposal, the national
noncoverage determination for beta
amyloid PET (NCD 220.6.20) remains.
SNMMI and our partners are working to
resolve this coverage discrepancy.
Also, to our dismay, the proposed rule
proposes to cut the conversion factor
to $33.58 in CY 2022, as compared to
$34.89 in CY 2021; this follows the
expiration of the 3.75% payment
increase, a 0.00% conversion factor
update, and a budget neutrality adjustment. SNMMI will work with the medical community to prevent cuts to
physician reimbursement.”
SNMMI
Centers for Medicare and Medicaid
Services
SNMMI “Ones to Watch” in 2021
SNMMI announced on July 16 its
annual list of 30 early-career professionals selected as “Ones to Watch” in
2021. Launched in 2018, the society’s
Ones to Watch campaign aims to recognize those with the potential to shape
the future of precision medicine across
all areas of the ﬁeld. Members can
nominate themselves or others whose
actions, work, or studies have set them
apart as future thought leaders in
nuclear medicine and molecular imaging. Recipients are selected with the
help of the SNMMI Committee on
Councils and Centers. The honorees
included Olayinka Abiodun-Ojo,
MD, MPH (Emory University School
of Medicine); Eduardo AluicioSarduy, PhD (University of Wisconsin–Madison); Benjamin Auer, PhD
(University of Massachusetts Medical
School); Eric Berg, PhD (University
of California, Davis); Jessica J. Comstock, PharmD, BCNP (PharmaLogic
Holdings); Matthew F. Covington,
MD (University of Utah/Huntsman
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National Coverage Determination
Analysis on AD Treatment Opens
The Centers for Medicare and Medicaid Services (CMS) announced on
July 12 the opening of a National Coverage Determination (NCD) Analysis to
provide data to determine whether
Medicare will establish a national

coverage policy for monoclonal antibodies targeting amyloid in the treatment of Alzheimer disease (AD). This
NCD analysis will be applicable to
national coverage considerations for
aducanumab, which was recently
approved by the U.S. Food and Drug
Administration, as well as any future
monoclonal antibodies that target amyloid for treatment of AD. As part of the
NCD process, a 30-day public comment
period was opened from July 12 to
August 11. CMS hosted 2 public listening sessions to provide an opportunity
for public input.
“Alzheimer’s is a devastating illness that has touched the lives of millions of American families, and as
CMS opens our NCD analysis, we invite
interested stakeholders to participate,”
said CMS Administrator Chiquita
Brooks-LaSure. “We want to consider
Medicare coverage of new treatments
very carefully in light of the evidence
available. That’s why our process will
include opportunities to hear from
many stakeholders, including patient
advocacy groups, medical experts,
states, issuers, industry professionals,
and family members and caregivers of
those living with this disease.”
The nuclear medicine and molecular
imaging community is a key stakeholder, with projected uses of PET in
AD diagnosis and monitoring of treatment. One of the 5 focal areas to
be addressed in the analysis is “What
health care providers should be included
as part of the patient’s treatment team?
Should medical specialists be included
in the care team of patients receiving
treatment? If so, which specialists
should be included in the care?”
To determine whether a national
policy is appropriate, CMS will follow
a standard process that includes multiple
opportunities for the public to participate and present comments through
both listening sessions and the CMS
Coverage website. The analysis will
determine whether the evidence meets
the Medicare law’s requirements that
items or services be “reasonable and
necessary for the diagnosis or treatment
of illness or injury … .” To make this
determination, CMS uses a formal

process that includes an assessment of
clinical evidence, such as published
clinical studies, professional society
guidelines, and public comments. Following this analysis, CMS will post a
proposed NCD, which will be open to
a second 30-day public comment period.
After review, CMS will announce its
ﬁnal decision for a national policy,
which could range from Medicare coverage of this product type, coverage
with evidence development, noncoverage, or deference to local Medicare
Administrative Contractors. A proposed decision is expected to be posted
within 6 months and a ﬁnal within 9
months.
NCDs are posted with additional
developing information on the CMS
Medicare Coverage Center website:
https://www.cms.gov/Center/SpecialTopic/Medicare-Coverage-Center#skip
NavTarget.
To submit or view public comments,
see:
https://www.cms.gov/medicarecoverage-database/details/nca-trackingsheet.aspx?NCAId=305.
Centers for Medicare and Medicaid
Services
Annual Report on U.S. Cancer
Status
Overall cancer death rates continue
to decline for all racial and ethnic groups
in the United States, according to the latest Annual Report to the Nation on the
Status of Cancer. From 2001 to 2018,
these declines accelerated for lung cancer death rates and, more recently, melanoma death rates, the latter reﬂecting
advances in treatment for metastatic
melanoma. Declines in prostate, colorectal, and female breast cancers, however, have slowed and in some disease
settings disappeared. Overall incidence
of cancer increased slightly for females,
children, and adolescents and young
adults but remained stable for males in
this period.
The report was published on July
8 ahead of print in JNCI: The Journal
of the National Cancer Institute and
featured in a press release from the
American Cancer Society (ACS) on
the same day. All trends in the report
covered the period before the COVID-
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19 pandemic. The annual publication is
a collaborative effort from the ACS,
the Centers for Disease Control and Prevention, the National Cancer Institute
(NCI), and the North American Association of Central Cancer Registries
(NAACCR).
Death rates decreased for 11 of the
19 most common cancers among men
and 14 of the 20 most common cancers
among women. Death rates increased
for a few cancers, including brain, other
nervous system, and pancreas in both
sexes; oral cavity and pharynx in males;
and liver and uterus in females.
The report also found that overall
cancer death rates decreased in every
racial and ethnic group during the period
from 2014 to 2018, despite signiﬁcant
disparities remaining. “When evaluating health disparities, it is critical to
acknowledge the social factors that
inﬂuence the health of the communities
and access to health care,” said Betsy
A. Kohler, MPH, NAACCR Executive
Director. “Social and economic indicators, particularly based on small area
assessments, are increasingly important
to understanding the burden of cancer.”
Preventable disease was also
addressed in detail in the report. “The
continued decline in cancer death rates
should be gratifying to the cancer
research community, as evidence that
scientiﬁc advances over several decades
are making a real difference in outcomes
at the population level,” said Norman
E. “Ned” Sharpless, MD, director of
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NCI. “I believe we could achieve even
further improvements if we address obesity, which has the potential to overtake
tobacco use to become the leading
modiﬁable factor associated with
cancer.”
American Cancer Society
JNCI: The Journal of the National
Cancer Institute
Sharp Declines in Breast and
Cervical Cancer Screening
The total number of cancer screening tests received by women through
the Centers for Disease Control and Prevention (CDC) National Breast and Cervical Cancer Early Detection Program
declined by 87% for breast cancer and
84% for cervical cancer in April 2020
compared with the previous 5-year averages for that month. These ﬁndings
were published online on June 30 ahead
of print in Preventive Medicine and
accompanied on the same day by a press
release from CDC. The authors concluded that prolonged delays in screening related to the COVID-19 pandemic
may lead to delayed diagnoses, poor
health consequences, and an increase
in cancer disparities among women
already experiencing health inequities.
“This study highlights a decline in
cancer screening among women of
racial and ethnic minority groups with
low incomes when their access to medical services decreased at the beginning
of the pandemic,” said Amy DeGroff,
PhD, MPH, CDC health scientist and
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lead author of the study. “They reinforce
the need to safely maintain routine
health care services during the pandemic, especially when the health care
environment meets COVID-19 safety
guidelines.”
Effects on health equity were
highlighted with speciﬁc data, noting,
for example, that declines in breast cancer screening varied from 84% percent
among Hispanic women to 98% among
American
Indian/Alaskan
Native
women and that declines in cervical cancer screening varied from 82% among
Black women to 92% among Asian
Paciﬁc Islander women. Screening volumes had begun to recover in all groups
by June 2020, the end of the observation
period.
“CDC encourages health care professionals to help minimize delays in
testing by continuing routine cancer
screening for women having symptoms
or at high risk for breast or cervical
cancer,” said DeGroff. “The Early
Detection Program can help women
overcome barriers to health equity by
educating them about the importance
of routine screening, addressing their
concerns about COVID-19 transmission, and helping them to safely access
screening through interventions like
patient navigation.” For more information about CDC’s work on breast
and cervical cancer, see https://www.
youtube.com/watch?v=mDlYzBjgNHQ
and
https://www.cdc.gov/cancer/
nbccedp/.
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The Annual Journal Impact Factor Saga
Johannes Czernin
David Geffen School of Medicine at UCLA, Los Angeles, California

T

he Journal of Nuclear Medicine Journal Impact Factor (JIF) has
reached a new milestone at 10.057 and now ranks #3 among all
imaging journals. This achievement should not be overhyped, but
it does provide evidence for the high visibility of the published
work. We are aware that the calculation of the JIF has changed. Clarivate Analytics announced that it was moving toward a future that
calculated the JIF based on the date of electronic publication and
not the date of print publication (1). Thus, citations of early content
were included in the calculation of the JIF for 2020, and drops in JIF
will invariably follow in 2021. However, the overall JNM ranking
improved, and JNM is the #1 publication among all nuclear medicine
and molecular imaging journals (Fig. 1).
This is a tribute to the great contributions of diverse scientists
from all areas of the ﬁeld. Three of the top 10 articles contributing
to the JIF calculation describe advances in imaging instrumentation
(2–4), with the remaining 7 introducing various important aspects of
theranostics (standardization of image interpretation (5), new targets
and probes (6–8), translational or clinical PSMA-targeting diagnostic studies (9,10), and therapeutic approaches (11)).
It is thus evident that theranostics and the search for novel and relevant targets remain at the forefront of nuclear medicine research.
However, revolutionary advances in instrumentation will open new
and exciting research opportunities. Similarly, artiﬁcial intelligence
will ﬁnd its way into the clinic through solidly designed clinical studies (12). The high JIF, with the associated high visibility of the journal, will continue to attract leading basic and clinical scientists from
oncology, neurology, cardiology, endocrinology, infectious diseases,
and other ﬁelds. Continuation of scientiﬁc growth and advances is a

FIGURE 1. JIF: top 10 in medical imaging (June 30, 2021).
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condition for the sustainable success of
nuclear medicine, molecular imaging,
and theranostics (13). With signiﬁcant
industry buy-in (14), we expect further
clinical translation into powerful theranostic approaches that we will publish
in our ﬂagship journal.
I am grateful for the support of
SNMMI and its publications committee,
the invaluable contributions of our staff,
the critical input from our editorial board
members, and the hard work and creativity of the team of national and international associate editors who made this
success possible.

Johannes Czernin
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Leadership Focus on Advancing Cancer Research and
Treatment
A Conversation Between Johannes Czernin, Caius Radu, and Antoni Ribas
Johannes Czernin1, Caius Radu1, and Antoni Ribas2
1

Department of Molecular and Medical Pharmacology, University of California Los Angeles, Los Angeles, California; and 2Department of
Medicine, Department of Surgery, University of California Los Angeles, Los Angeles, California

J

ohannes Czernin, MD, editor-in-chief of The Journal of Nuclear
Medicine, and Caius Radu, MD, PhD, a professor of Molecular and
Medical Pharmacology at the University of California Los Angeles
(UCLA), talked with Antoni Ribas, MD, PhD. Dr. Ribas is a professor of Medicine, Surgery, and Molecular and Medical Pharmacology
and director of the Parker Institute for Cancer Immunotherapy
Center at UCLA. He is also director of the UCLA Jonsson Comprehensive Cancer Center Tumor Immunology Program. He is the president of the American Association for Cancer Research.
He earned his medical and doctoral degrees from the University of
Barcelona (Spain). He completed internship and residency at the
Hospital Vall d’Hebron (Barcelona) and postdoctoral fellowships
in surgical oncology and a clinical fellowship in hematology/oncology at the UCLA David Geffen School of Medicine. From 2001
to 2010, Dr. Ribas was the assistant director for Clinical Programs
at the UCLA Human Gene Medicine Program and led the Jonsson
Cancer Center’s Cell and Gene Therapy Core Facility from 2004
to 2010. He also co-led the Stand Up to Cancer Cancer Research
Institute–AACR Immunotherapy Dream Team with Nobel Laureate
James Allison, PhD.
His research has focused on the use of immunotherapy to treat
melanoma. He led the clinical program that demonstrated the effectiveness of the immunotherapeutic pembrolizumab (Keytruda), a
signiﬁcant advance in treatment of melanoma and other malignancies. Recent work includes laboratory and clinical translational
research in adoptive cell transfer therapy with T-cell receptor engineered lymphocytes; examining the antitumor activity of PD1blocking antibodies; testing novel targeted therapies blocking
oncogenic events in melanoma; and studying primary and acquired
resistance to melanoma therapies. Dr. Ribas and his laboratory
team use molecular imaging technologies to investigate the mechanisms of novel immunotherapies.
Dr. Czernin: Thank you for taking the time to talk to us. What
inspired you to become a translational cancer researcher?
Dr. Ribas: I ﬁnished my clinical training as a medical oncologist in
Spain in the mid-1990s. At that time, all we could do was to give chemotherapy. This worked in some patients but not in many others, and it
was toxic. I did not think it was a good idea to spend the next years giving these drugs to patients without deeper knowledge. I wrote letters to
various labs in the United States that pursued gene therapy and immunotherapy for cancer. My colleagues in Barcelona told me I was crazy
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and that this had no future. How could the
immune system treat cancer? When I
joined UCLA, I worked with Jim Economou, MD, PhD, who tried exactly that. I
interacted with Michael Phelps, PhD,
Owen Witte, MD, and Harvey Herschman,
PhD, who taught me to understand the process and turn it into a therapeutic. To me,
the term “translational medicine” makes
a lot of sense, because if you want to treat
cancer successfully you have to understand
Antoni Ribas, MD, PhD
the cause and what is happening.
Dr. Radu: What was a deﬁning moment in your career when you
reached a crossroads and made a decision that brought you to where
you are right now?
Dr. Ribas: After 2 years as a postdoc with Jim Economou the easy
thing would have been to return to Spain. However, we were doing
these interesting things, like making dendritic cells and giving them
to mice where there was beneﬁt. There was also anecdotal evidence
of beneﬁt in humans. The potential of doing something that was
completely academic in a clinical trial was exciting. This helped
me later to understand how things could be translated into the clinic.
I decided to become a melanoma expert, understand the disease, and
then apply approaches that were science based, including immunotherapy. There was a real clinical need, because radiation and chemotherapy had limited-to-no beneﬁt in this cancer. Surgery was
the only option for a cure but only for early-stage disease. It was a
wide-open ﬁeld where anything new that made sense could be
used. That is when the BRAF mutation was discovered, and I had
the beneﬁt of seeing ﬁrst-hand the work of Charles Sawyers, MD,
in translating the concept of inhibiting driver mutations with drugs
like Gleevec. I thought that when people made drugs targeting
BRAF I wanted to be there to give them to patients. I have always
focused on things that I thought had a good chance to work in
patients. I have little patience for continuing with treatments that
are not working. For example, when I concluded that dendritic cells
were not working for the majority of patients, that was it. Even if I
had grants, I would not do more experiments.
Dr. Radu: You already mentioned people with whom you interacted and by whom you were inﬂuenced. Are there other people
who inspired you?
Dr. Ribas: I would go back to the names I mentioned already and
would add John Glaspy, MD, my clinical mentor. These are inspirational people with whom I was lucky to be associated. Fifteen years
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ago, David Baltimore, PhD, put T-cell receptor genes into hematopoietic stem cells, and he wanted to work with someone who could
do this in humans. This project also gave us the opportunity to do what
Sam Gambhir, MD, PhD, had pioneered with Dr. Herschman, putting
reporter genes into cells and then tracking them in people with a PET
scanner. We did that and acquired these incredible images that helped
us develop new therapies and understand how they work.
Dr. Czernin: Tell us a little bit about the history of chimeric T-cell
receptor studies.
Dr. Ribas: The early clinical trials with engineered T cells demonstrated that if we gave enough T cells that have a receptor that recognizes a cancer antigen, we could get regressions of melanoma and
synovial sarcomas. These cancers are now considered treatable. At
that time, they were not treatable. In parallel, Arie Belldegrun, MD,
set up a company to develop immunotherapies. I thought that redirecting T cells to a surface marker would empower T cells, for example, to
treat incurable lymphoma that progressed after prior therapies. We
were creating these modiﬁed T cells in our GMP facility, which helped
with translation. Then we talked about commercialization, and this
was the start of Kite Pharma, which became a great success story.
Dr. Czernin: What is your vision of the most appropriate and efﬁcient industry–academia relationships? Do you have a model in
mind or is it just simplifying the processes? What is the future there?

Dr. Ribas: I think molecular imaging has much to give that we
have not yet realized. We do not need to image every treatment,
every time. We just need to understand what the treatments do.
Where does the drug go? Visualizing CD81 T cells together with
Anna Wu, PhD, using immuno-PET imaging has been among the
most exciting things I have done in my career. It is a key to understanding all immunotherapy for cancer. It took her several years,
and now we see the images in humans and can track T cells as
they invade the tumor.
Dr. Radu: As I think back to many meetings and discussions, you
have always emphasized that one must understand not only what the
immune system does but also what happens in tumor cells. Sometimes
we focus too much on one part or the other and lose sight of how immunotherapies impact the dynamic interplay between cancer cells and
immune cells. What made you think along these lines in the ﬁrst place?
Dr. Ribas: So much knowledge about how cancers grow and how
they interact with their microenvironment has been generated, and
we learned how one could use molecular biology to understand
how cancers change and adapt to therapies. In addition, when we
started seeing acquired resistance to immunotherapy, we knew we
had to study cancer cells themselves. We knew we had to study
what genes and which signal transduction networks had changed
to allow the cancer to become resistant to immunotherapy.

“The biggest difference in the last few years has been that we no longer look at 1 gene at a time when we do an
experiment; many times we look at all the genes. Every time we do something, we tend to allocate less time for the
actual experiment and a lot longer for analyzing and interpreting the data.”
Dr. Ribas: Our job is to develop things that work. Financial
investments are needed to change medical practice and improve
patients’ lives. There is no way this can be done with academic
grants alone. If the idea is good, people are willing to invest in it.
This then becomes what we call a company. However, it is also an
extension of our work. I think the academic ﬁeld must embrace
entrepreneurship. It is something we should not be ashamed of.
Let us make things clear: we are trying to develop things that
work, and someone must invest enough money to help develop
that clinically. There is nothing wrong with that. We need to be
open. We disclose and are honest about the goals. I think this is a process that should be celebrated, cherished, and supported as opposed
to being hidden or talked down.
Dr. Czernin: Do you think that the current academic environment
nationally and internationally is supportive of that concept?
Dr. Ribas: There must be checks and balances. But I do not think
these interactions and collaborations should be discouraged. When
there is a success, everyone jumps on it, yet you have people who
frown on these relationships or talk behind others’ backs. Success
should mean that we develop effective therapies that help people.
The NIH has always had a policy that its funds should create new
knowledge. You disclose the funds that make it happen, and this
becomes a patent. Then the investigator can develop the intellectual
property with no strings attached. This concept has been perhaps the
biggest source of new ideas and drugs that help people—more than
any other funding. It has ampliﬁed and leveraged the money invested
by the NIH in a logarithmic scale with beneﬁt to many people.
Dr. Radu: Back to molecular imaging. You were one of the early
adopters. What do you think about the status and future of molecular
imaging? Where do you see it going?

Dr. Czernin: This leads to the question of combination therapies.
What is your view of accelerating the application of rational combination therapies in cancer?
Dr. Ribas: It is rather naïve to think that in complex processes like
cancer a single drug could treat a signiﬁcant number of cancers successfully. We have to start somewhere, and then we need to understand how the cancers respond or escape from the treatment. We
need to develop combination treatments. Cancer tries to escape in
many ways. Our best options are upfront combination therapies.
The cancers that are not being treated successfully with current therapies need to be tested for the effects of 3 or 4 drug combinations if this
can be done safely at therapeutic levels. Our goal is to cure cancer.
Dr. Radu: I take it you don’t buy into the view that one can convert the remaining most challenging types of solid tumors into some
type of chronic disease that can be managed?
Dr. Ribas: When we did not have good treatments for melanoma,
people were saying, “Oh, well, let us try to get people to live 2 or 3
months longer.” That changed when we started seeing that we can
get these metastatic cancers to respond for years. I would not want
to lower the bar to say that we will turn cancer into a chronic disease.
My aim will continue to be to make metastatic cancer disappear,
because we understand the vulnerabilities of the cancer and we really
hit it hard. These standards have led to some people with diseases
that were once a death sentence going on to live normal lives. This
remains the unchanged goal.
Dr. Czernin: There is a lot of excitement about the new vaccination approaches, particularly in light of the COVID pandemic. Is
there any potential translation into cancer therapies?
Dr. Ribas: Let us start with the opposite, which is the reason we
had these mRNA vaccines available for COVID-19 so rapidly. They
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were developed as mRNA vaccines for mutational antigens that
differentiate cancer cells from normal cells to make a vaccine
that would tell the immune system to target them. To do this, the
developers needed a sufﬁciently versatile platform to move from
the sequencing of the tumor to vaccinating a person in as little as
2 months. Within 2 months of having the sequence of the
COVID-19 virus, 2 companies were already doing vaccine trials
in humans. That’s because the platform existed. The process of
sequencing and making that RNA vaccine was not that different
for a virus for cancer. For cancer, the problem is that it keeps growing and establishes metastases that have a whole different set of
issues. We will have to see whether those vaccines are powerful
enough to treat them.
Dr. Radu: In your lab, what has changed over the last decade in
how people are approaching research? What would be your advice
to researchers in training? What should they focus on and why?
Dr. Ribas: The biggest difference in the last few years has been
that we no longer look at 1 gene at a time when we do an experiment; many times we look at all the genes. Every time we do
something, we tend to allocate less time for the actual experiment
and a lot longer for analyzing and interpreting the data. The number of people in my lab who are experts in bioinformatics keeps
increasing, and the ones who are not admit that these skills are
needed. With CRISPR screens, we are now doing experiments
genome wide, which was unthinkable not that long ago. And we
are learning a lot because now we can study multiple targets in
a single experiment.
Dr. Radu: Are there any downsides in generating massive datasets with so many potential correlations or emerging hypotheses?
What advice would you give a young scientist about dealing with
and managing big data?
Dr. Ribas: The NIH grants review dogma of focusing on a system
that you control completely and then interrogate only 1 thing is no
longer the goal. On the other hand, ﬁshing expeditions leading to
uninterpretable data are also a bad idea. There is an approach
between these, however, where you develop and incorporate new
techniques that give high-throughput data but you know what you
are looking for. You know why you did the experiment and then
are interpreting the results based on your understanding of that biologic system.
Dr. Czernin: What are your goals as president of the AACR, and
what is its current mission?
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Dr. Ribas: The AACR is the oldest and largest cancer research
association in the world, and it is an honor to serve as its president.
The goal is to improve the life of all people with cancer. I assumed
this leadership position when we were in the pandemic lockdown,
when I was chair of the organizing committee of an annual meeting
with close to 30,000 people registered. We converted the meeting to
a virtual format at a time when there was no existing platform for
large virtual meetings. We owed it to scientists who had sent their
best work for oral and poster presentations. So, in an incredibly short
time, the professionals at the AACR got it done and we held 2 virtual
meetings. We had close to 100,000 people who attended remotely. It
became the most attended medical conference ever.
Then we had the tragic deaths of George Floyd, Breonna Taylor,
Ahmaud Arbery, and others. It shocked us to see that there can be so
much ongoing racism in society—that our colleagues who are Black
Americans struggled because they know that racism is part of their
lives and that many people see them as Black before they see
them as cancer researchers, clinicians, entrepreneurs, nurses, or
health care workers. We had to speak up. It does not matter that
some people do not agree that a cancer organization should speak
up against racism. It’s the right thing to do. All disparities, including
health care disparities, need to be addressed. We are developing therapies that work but are very expensive. Our job is to make them
available to everyone.
Dr. Radu: Can you comment on what the focus of young people
who embark on a career in translational science should be?
Dr. Ribas: My father was a professor and chair of Medicine in
Barcelona. He had trained in Germany and Switzerland and in the
United States when he was young. He always went back to Spain
because he wanted to build his department there. When I was growing up and became a physician, he taught me that it was most important to understand why things happen. When I was a full-time
clinician, it was hard to focus on why things were happening. There
was perhaps time to open Harrison’s Principles of Internal Medicine
to identify the best drug to use for a speciﬁc problem, but not always
to completely understand the processes at work. However, we can
only change and improve things when we understand why things
happen. Only then can we intervene and change the outcomes.
Dr. Czernin: This is the perfect closing statement! Thank you for
taking the time to talk with our readers and us.
Dr. Ribas: Thank you for the great questions and to both of you
for doing this. It’s an honor.
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Image-Guided High-Intensity Focused Ultrasound, A Novel
Application for Interventional Nuclear Medicine?
Xinrui Zhang1, Lisa Landgraf1, Nikolaos Bailis2, Michael Unger1, Thies H. Jochimsen3, and Andreas Melzer1,4
1
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Key Words: image-guided HIFU; targeted drug delivery; tumor ablation; hyperthermia; PET/MR image guidance

provides adequate tissue penetration, ranging from 1 to 20 cm, with
speciﬁc focal spot. Therefore, it overcomes the limitation of electromagnetic wave-based techniques. Moreover, HIFU is a promising
alternative and the only noninvasive technique for clinical ablation
and hyperthermia (4).
In recent years, image-guided therapeutic interventions have
become an increasingly important area in the oncology ﬁeld, integrating radiologic imaging methods such as MRI, ultrasound imaging, CT, radiography, and PET with surgery and therapies (2).
Evaluation of treatment with an adequate imaging protocol is essential as a clinical prognostic readout. The broad clinical applications
of HIFU were reviewed by Izadifar et al. (5). In addition to that
review, we provide clinical details of some of the most prevalent
and important clinical HIFU applications, describing the relative
systems for these clinical cases. An overview of the latest preclinical
and clinical studies is given in this review.

J Nucl Med 2021; 62:1181–1188
DOI: 10.2967/jnumed.120.256230

PRINCIPLES OF HIFU

Image-guided high-intensity focused ultrasound (HIFU) has been
increasingly used in medicine over the past few decades, and several
systems for such have become commercially available. HIFU has
passed regulatory approval around the world for the ablation of various
solid tumors, the treatment of neurologic diseases, and the palliative
management of bone metastases. The mechanical and thermal effects
of focused ultrasound provide a possibility for histotripsy, supportive
radiation therapy, and targeted drug delivery. The integration of imaging
modalities into HIFU systems allows for precise temperature monitoring
and accurate treatment planning, increasing the safety and efﬁciency of
treatment. Preclinical and clinical results have demonstrated the potential of image-guided HIFU to reduce adverse effects and increase the
quality of life postoperatively. Interventional nuclear image–guided
HIFU is an attractive noninvasive option for the future.

H

igh-intensity focused ultrasound (HIFU) has gained clinical
acceptance for therapeutic applications, especially as a thermal ablative treatment modality for benign uterine ﬁbroids, bone metastases,
and prostate carcinoma, as well as for essential and Parkinson tremors (1). HIFU ablation at temperatures above 55" C is considered
noninvasive surgery without physical access to the target region,
and clinical HIFU systems have received regulatory approval in
Europe, America, and Asia (2). Additionally, HIFU-induced hyperthermia in a temperature range of 40" C–45" C for up to 60 min was
reported as a sensitizer for ionizing radiation and a mediator of
thermal-sensitive drug delivery in the treatment of solid tumors (3).
Compared with other clinically used techniques for thermal therapy (ablation) such as laser, radiofrequency, and microwaves, which
generate heat through probes by electromagnetic waves, causing the
rotation of water molecules and thus inducing heating, ultrasound is
a mechanical-wave–based technique. Although it is possible to generate focused heat through microwaves or radiofrequencies, electromagnetic waves cannot be focused as precisely as ultrasound waves,
and the penetration depth of electromagnetic waves is limited. HIFU
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Regarding the application of HIFU, ultrasound waves are typically generated by piezoelectric material, and focusing is enabled
either by a single focused transducer that bundles sound waves
with the bowl-shape transducer (Fig. 1A) or by phased-array transducers via beam forming (Fig. 1B).
Numerous parameters should be taken into consideration from the
physical aspect. For example, the selected frequency, in the range of
0.25–3 MHz for medical applications, is related to penetration depth,
indications, and the required acoustic intensity. For intraabdominal
applications, a frequency of 1 MHz is typically used to produce sufﬁciently high intensities for deep-seated tissues. Another important
parameter is the acoustic impedance, which comprises sound speed
in the medium and the density of the medium, affecting the transport
of sound waves. When ultrasound waves propagate through tissues,
sound waves are reﬂected at the interface if the acoustic impedances
of 2 tissues are different. The reﬂection of sound waves can increase
the signal display and help to distinguish the tissue interface (e.g.,
muscle and bone interface) with diagnostic ultrasound; however,
reﬂection of sound waves is unexpected and may cause injuries in
HIFU applications. Thus, air bubble–free coupling of the patient
to the HIFU system is required to avoid reﬂection-induced skin damage. In this context, image guidance is of high importance to prevent
scattering or the reﬂection of sound waves and avoid potential safety
issues, especially for applications close to speciﬁc regions such as
the lungs, intestines, and bones (6).
HIFU generates acoustic waves at a high energy level; absorption
of acoustic energy creates a thermal effect in the tissues via mechanical friction. Cavitation, acoustic radiation force, acoustic streaming,
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HIFU system into PET/MRI provides additional information on metabolism in the targeted tissue and allows precise HIFUtriggered drug delivery, especially for the
treatment of neurodegenerative diseases.
Ultrasound imaging enables real-time
anatomic imaging during HIFU treatment,
offering an advantage in the treatment of
moving organs. For example, tumor in the
liver moves together with respiration during treatment and may lead to noise in
MR images, but ultrasound imaging can
overcome such limitations (9). The main
drawback of ultrasound imaging–guided
HIFU (USgHIFU) is the lack of real-time
temperature mapping; the temperature and
the thermal dose inside the target region
cannot be determined. Since temperature
feedback to control ultrasound power is
not available, USgHIFU is usually conducted using a short sonication duration
(e.g., 3–4 s) to avoid overheating and may
FIGURE 1. Schematic representation of HIFU ablation. (A) High level of sound energy in focal spot
result in incomplete ablation (10). More"
leads to heating of tissue to temperatures above 55 C, resulting in coagulation with subsequent necroover, the high absorption and reﬂection of
sis in tissue. Sensitive structures in near and far ﬁelds can be spared. (B) Ablation of large-volume tumors
ultrasound by the skull bone are the main
is realized by scanning focal zone through entire tumor using phased-array transducer via beam formlimitations of transcranial ultrasound and
ing. (C) Histotripsy destroys tissue by induction of cavitation events, generating lesions in target region.
restrict the treatment of neurologic diseases
using USgHIFU.
In contrast, MRI-guided HIFU (MRgHIFU) provides spatial
and shock waves are considered nonthermal mechanisms of HIFUinduced biologic effects. Cavitation describes the oscillation and guidance in the targeted area for precise treatment planning. Nearly
collapse of gas-ﬁlled cavities in the acoustic ﬁeld. The process is real-time temperature monitoring during treatment is feasible via
divided into stable (noninertial) and inertial cavitation (7). Enhanced MR thermometry using temperature-dependent proton resonance
membrane permeability via the induction of stable cavitation is frequency shifting, T1 temperature mapping, or diffusion temperanamed sonoporation, and this is applied to open the blood–brain bar- ture mapping (11). However, MRgHIFU is more costly than
rier and support drug delivery into the central nervous system. In USgHIFU, and the patient is required to be enclosed in a conﬁned
contrast, inertial cavitation is typically used for tissue destruction MRI scanner during treatment.
(histotripsy) or in combination with chemotherapy, which is the
so-called sonodynamic therapy (8). Histotripsy describes the disin- CLINICAL APPLICATIONS OF IMAGE-GUIDED HIFU
tegration or liquefaction of tissue by short ultrasound shots, showing
Image-guided HIFU systems have been developed and are used clinthat HIFU is capable of generating pure mechanical damage to tis- ically for the treatment of various diseases. On the basis of physical
sues (Fig. 1C).
parameters and available clinical systems with a focused spot of 1
IMAGING GUIDANCE MODALITIES AND THERMOMETRY

To ensure the noninvasiveness of HIFU application, imaging
guidance plays essential roles in treatment planning, temperature
monitoring, and follow-up after therapy. Currently, only singlemodality imaging guidance, either ultrasound imaging or MRI, is
used in the clinic. Dual-modality imaging, such as PET/CT and
PET/MRI, has drawn attention in recent years. Integration of the
NOTEWORTHY
!

!
!

HIFU ablation has been used in the clinic for the noninvasive
treatment of various diseases under ultrasound or MRI
guidance.
The combination of HIFU with other therapies showed promising advances in recent preclinical and clinical studies.
Integration of the multifunctional imaging guidance modality
into HIFU is required for precise treatment and accurate evaluation of treatment outcome.
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mm–4 cm (5), HIFU treatment is typically conducted through several
subsequential sonications (refers to the application of ultrasound
energy) across the whole treated region. Here, we discuss some of the
most commonly used clinical applications and relevant HIFU systems.
Commercially available clinical HIFU systems are listed in Table 1.
Ablation of Uterine Fibroids

Uterine ﬁbroids are the most common benign tumors in the uterus,
showing great variability in shape, size, and localization. They occur
in up to 80% of women during the reproductive period and are the
leading indication for hysterectomy. Clinically relevant symptoms,
including pelvic pain, dysmenorrhea, and dyspareunia, can be
released with pharmacologic agents; however, adverse effects and
a lack of adequate control are the main problems. Hospitalization
and several weeks of recovery time are required after surgical
resection (12).
The MRgHIFU system ExAblate 2000 (Insightec) was ﬁrst
approved by the U.S. Food and Drug Administration to treat uterine
ﬁbroids in 2004, and the Sonalleve system from Profound Medical
was approved in Europe in 2011 (Fig. 2A). The Sonalleve system
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TABLE 1
Clinically Used HIFU Systems
Device

Company

Location

Application field

MRgHIFU
Low-intensity FUS pulsation

BrainSonix

Sherman Oaks, California

Neuromodulation

Sonalleve

Profound Medical

Mississauga, Canada

Myomas, bone metastasis

SonoCloud

CarThera

Paris, France

Brain

Targeted FUS

Image Guided Therapy

Pessac, France

Breast, uterus

ExAblate 2000

Insightec

Tirat Carmel, Israel

Uterus

Tulsa-Pro

Prostate carcinoma

ExAblate 4000

Essential tremor

ExAblate 2100 CBS

Bones

ExAblate Prostate

Prostate

ArcBlate

EpiSonica

Hsichu City, Taiwan

Uterus, pancreas

Edison

HistoSonics

Ann Arbor, Michigan

Prostate

HIFU Synthesizer

International Cardio Corp.

Minnetonka, Minnesota

Arteriosclerosis

Mirabilis

Mirabilis Medical

Bothell, Washington

Uterus ﬁbroids

Sonablate

SonaCare Medical

Charlotte, North Carolina

Prostate

Valvopulse

Cardiawave

Paris, France

Aortic valve stenosis

EchoPulse

Theraclion

Malakoff, France

Fibroadema breast, thyroid

USgHIFU

Alpius 900

Alpinion Medical Systems

Seoul, Korea

Uterus

FEP-BY02

Beijing Yuande Bio-Medical
Engineering

Beijing, China

Pancreas

JC200

Chongqing Haifu Medical
Technology Co.

Chongqing, China

Uterus, liver, bones, breast

HIFUNIT 9000

Shanghai A&S Science Technology
Development Co.

Shanghai, China

Pancreas

PRO2008

Shenzhen PRO HITU Medical Co.

Shenzhen, China

Uterus

Ablatherm

EDAP-TMS

Lyon, France

Prostate

Focal One

is introduced here as an example. The phased-array transducer consists of 256 elements that can be controlled independently, allowing
beam forming. Formation of the ultrasound beam is established
through electronic activation of each element separately at different
phases, thereby creating a target zone with variable sizes and orientations. Treatment planning is based on the T2-weighted MR image,
and the treatment volume within the target ﬁbroids is determined in 3
orthogonal planes. Each sonication increases the temperature to
60" C–85" C in a matter of seconds and causes coagulative necrosis.
The treatment outcome is evaluated with the nonperfused volume
via contrast-medium–supported T1-weighted images (Fig. 2B).
Nonperfused volume describes the tissue volume without blood
ﬂow and correlates with a ﬁbroid volume reduction. In most cases,
only a few hours of clinical monitoring are necessary, and the
patients can continue with their daily activities after HIFU treatment.
Compared with traditional surgery, HIFU treatment is less invasive, avoids general anesthesia, and has the advantages of low morbidity, fewer complications, and a shorter recovery time. The
symptoms subside either entirely or almost entirely 3–12 mo after
successful therapy (nonperfused volume . 60%). Various studies
have shown a reduction in ﬁbroid-associated complaints and an
improved quality of life. The most signiﬁcant advantages of

image-guided HIFU over myomectomy are the higher pregnancy
rate and the signiﬁcantly reduced interval between pregnancy and
treatment. The incidence of uterine rupture is rare in pregnant patients
who have received HIFU ablation previously but should be considered to avoid serious adverse effects (13). The disadvantages are limited to the relatively long treatment duration of 2–4 h and the latency
period until freedom from symptoms. Notably, the thick abdominal
subcutaneous fat and the abdominal scar from previous surgery are
associated with thermal injury and inﬂuence the risk of unsuccessful
HIFU ablation of uterine ﬁbroids (14). This complication can be
avoided by careful preparation of the patients.
Ablation Treatment of Essential Tremors

Essential tremor is a neurologic disorder that causes rhythmic
shaking, most often in the hands, and has a great impact on the quality of life. Some patients may not be able to work because of uncontrolled movements (15). Medications can be used at the early stage
but are insufﬁcient when the tremor progresses. Surgery is highly
effective; however, open neurosurgical operation is associated
with risks such as serious neurologic deﬁcits and infections.
The ExAblate Neuro system from Insightec (Fig. 3A), compatible
with both GE Healthcare and Siemens MRI scanners, has been
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system. The linear-array imaging probe uses frequencies of 7.5–12
MHz as guidance, and the treatment is performed with the HIFU
probe at 3 MHz with an acoustic power of up to 125 W.
The ﬁrst-in-humans trial of HIFU ablation of thyroid nodules was
performed in France (20). The pathologic analysis showed signiﬁcant nodule destruction, and histologic examination demonstrated
that ablated lesions were conﬁned to the target region, without damage to surrounding tissues. The safety and efﬁciency of the treatment
were conﬁrmed by Prakash et al. (21). The diameters of the thyroid
nodules were reduced at 6 mo after treatment without complications
(e.g., skin burns and hematoma), demonstrating the great potential of
HIFU in the treatment of thyroid nodules.
In addition, breast ﬁbroadenoma is another indication that can be
treated using the EchoPluse system. A clinical trial was conducted in
which patients were treated at an intensity of 40 W for 38 min under
local anesthesia; a success rate of 89% was reported (22).
Ablation of Prostate Cancer

FIGURE 2. MRgHIFU for uterine ﬁbroid treatment. (A) Schematic drawing
of MRgHIFU treatment of uterine ﬁbroids with Sonalleve or ExAblate 2000.
Diagnostic T2- and T1-weighted contrast-enhanced (gadolinium) images
are shown of patients with hyper- and dysmenorrhea and Funaki type 1
ﬁbroid before (B, white arrow) and after (C, black circle) MRgHIFU. Fibroid
volume is 184 mL; treatment duration is up to 4 h. w 5 weighted.

approved for the treatment of essential and Parkinson tremors and
pain treatment. The helmet-shaped phased-array transducer contains
1,024 individual elements, enabling the focus of ultrasound beams in
deep brain targets without a surgical incision. A sealed degassed
water system is used for coupling and cooling during treatment.
Clinical systems for the blood–brain barrier opening operate at
250 kHz, and systems for ablation while penetrating the skull operate
at 720 kHz. The frequencies used for neurologic applications are
lower than those used for body applications.
A pivotal clinical trial, conducted at 8 international centers for the
treatment of essential tremors using the ExAblate transcranial
MRgHIFU system (NCT01827904), is in the ﬁnal phase of a 5-y
follow-up. Improvement in the hand-tremor score was observed 3
mo after treatment (16), and continued beneﬁcial effects in tremor
control and the quality of life, with no progressive complications,
were reported during follow-up for up to 4 y (17).
Ablation of Thyroid Nodules and Breast Fibroadenomas

Thyroid nodules are common and are mostly benign, although
some become large and symptomatic (18). Surgical resection is the
standard treatment but may cause bleeding, hematoma, and infection,
and general anesthesia is required. HIFU allows nonsurgical ablation
and offers an alternative treatment for benign thyroid nodules (19).
To date, the EchoPulse (Theraclion; Fig. 3B) is the only commercially available device for the treatment of thyroid nodules. It consists of an ultrasound imaging system and a HIFU delivery
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Prostate cancer is the second-most-common cancer in men worldwide (23). Conventional clinical therapies such as hormone therapy
(chemical castration), radiation therapy (RT), and prostatectomy
have side effects, including loss of sexual function, injury of the neurovascular bundle, and induction of urinary incontinence. Hence,
local treatment options are gaining increasing interest. Laser ablation, cryoablation, and irreversible electroporation are used for prostate ablation (24), all of these applications require the insertion of
probes, with associated side effects.
As the ﬁrst approved MRgHIFU system for prostate cancer ablation, the TUSLA-Pro system (Fig. 3C) developed by Profound Medical combines real-time MRI and robotically driven transurethral
ultrasound with temperature control. The individually controlled
elements in the transurethral applicator generates directional thermal
ultrasound, and an endorectal water-cooling device protects the rectum during treatment. The treated prostate tumor volume is limited
to 40 cm3 for most transrectal HIFU systems; a total ablation of
larger volumes is difﬁcult because of the limited penetration depth.
In contrast, the transurethral applicator has advantages for ablation
of prostate lesions up to 200 cm3 by continuous rotation. The
TUSLA-Pro system can be integrated into MRI scanners from various vendors; clinical feasibility and safety have been proven (25).
The ﬁrst integration with the PET/MRI scanner at OncoRay, University of Dresden, Germany, was realized within our SonoRay BMBF
Project (https://www.oncoray.de/research/sono-ray), and a pilot
clinical study is being conducted.
A multicenter phase I clinical trial of MRgHIFU whole-gland
prostate ablation (NCT01686958) was conducted using the
TUSLA-Pro system, and the radiologic ﬁndings were reported by
Bonekamp et al. (26). Chin et al. (27) reported the oncologic outcomes and quality of life and stated that the erectile function of
the patients was recovered after 12 mo. Klotz et al. (28) reported similar outcomes from a prospective trial (NCT02766543) with 115
patients in 2021, whereby the prostate-speciﬁc antigen decreased
in 96% of the patients, and erections were maintained in 75% of
the patients after 12 mo. The clinical data suggest that TUSLAPro is an effective tool for prostate cancer ablation, with minimal
impact on the quality of life.
The novel HIFU hemiablation procedure targets only the cancerous tissue of the prostate, enabling the healthy tissue to be spared,
which shows the potential to increase the effectiveness and safety
of treatment compared with resection of the entire gland. Ganzer
et al. (29) reported a multicenter phase II trial using the HIFU
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started in 2020 to investigate the pain palliation effect of MRgHIFU as an alternative or
addition to RT (NCT04307914).
For successful HIFU treatment, patient
selection is critical. Lesions of the spinal column should be carefully assessed because of
the adjacent critical nerve structures. Notably, blood perfusion in highly vascularized
lesions will lead to a heat-sink effect, and
embolization should be considered in these
cases.
Ablation of Pancreatic Cancer

Pancreatic cancer is aggressive, with a
poor 5-y survival rate of 8%. Symptoms
include jaundice, malaise, weight loss, and
loss of appetite, reducing patients’ quality
of life severely. Cancer-related abdominal
or back pain is experienced in most patients,
and established chemotherapy or radiochemotherapy has a limited antitumor effect
and pain control duration (33).
The most frequently used clinical
USgHIFU system, JC, was developed by
Haifu (Chongqing; Fig. 3D) and has been
approved for the treatment of uterine ﬁbroids; pancreatic cancer; and liver, bone,
and breast tumors. The system has a 0.8MHz single transducer integrated into the
patient table, and fronted acoustic lenses
allow focus-length adjustment. An
ultrasound-imaging device (1–8 MHz) is
equipped for real-time guidance.
A clinical trial in 2018 showed a reduction
in tumor volume of 58% after 6 mo and a lonFIGURE 3. Clinically approved HIFU systems. (A) MRgHIFU system for neurologic application (ExAblate Neuro). Patient table includes FUS transducer mounted on mechanical positioning unit with
ger median overall survival (16.2 mo) than
MRI-compatible head frame that can be docked to MRI scanner. (B) EchoPulse USgHIFU system
for patients who received chemotherapy or
for treatment of thyroid nodules and breast ﬁbroadenomas. (C) Transurethral TUSLA-Pro MRgHIFU
radiochemotherapy (34). An improvement
ablation system for prostate cancer. (D) JC USgHIFU system for solid tumor ablation of all types of
in quality of life was reported in 2021, with
soft tissue. (Images courtesy of Insightec, Theraclion, Profound Medical, and Chongqing Haifu.)
physical, emotional, and social functioning
hemiablation approach. The 1-y follow-up indicated a signiﬁcant increasing while the rate of side effects remained low, demonstrating
reduction in prostate-speciﬁc antigen from 6.2 to 2.9 ng/mL. Patients that HIFU is a worthwhile supportive treatment for advanced pancrehad a preserved quality of life after treatment. The lack of long-term atic cancer (35).
follow-up on oncologic control and functional outcomes is the main
INNOVATIVE APPLICATIONS OF IMAGE-GUIDED FOCUSED
obstacle to encouraging patients to choose this approach.
ULTRASOUND (FUS)

Relief of Pain from Bone Metastases

Bone is a common site of solid tumor metastases. Symptoms,
including localized pain, pathologic fractures, and functional deﬁcits, may occur early in the metastatic course. The treatment of painful metastases requires an interdisciplinary approach. There are
many procedures available for treatment. The most common is RT
at a single fraction of 8 Gy or at 10 fractions of 3 Gy each; however,
a high toxicity rate was reported (30).
In a phase III study (31), pain relief was observed in two thirds of
the respondents within 3 d after MRgHIFU treatment. Similarly, 89%
of the patients experienced pain reduction, 72% of whom were
completely pain-free, as reported by Napoli et al. (32). These results
highlight the capability of HIFU in pain management of bone metastases, with rapid, successful, and durable effects. A new multicenter,
3-armed, randomized controlled trial including more than 200 patients

In addition to the image-guided HIFU ablation described above,
FUS at various intensities offers advantages in many other potential
applications. The following section presents selected preclinical and
clinical studies of FUS as a single or adjuvant therapy.
Histotripsy

As mentioned previously, dense energetic bubble clouds can be
produced at the focus point by very short, infrequent, highamplitude bursts of acoustic waves that mechanically fractionate
the tissue into subcellular components in histotripsy (36). Compared
with thermal applications, histotripsy avoids overheating and the
heat-sink effect in the targeted tissues, and tissue fragments are
more easily absorbed after treatment.
Several recent studies showed the feasibility of using histotripsy
to create precise lesions at the desired location, such as the liver,
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prostate, or brain (36). Notably, lesions can be created through the
ribs safely throughout the entire liver (37). The ﬁrst-in-humans study
using cavitation histotripsy for the treatment of prostate enlargement
was reported in 2018. An improvement in lower-urinary-tract symptoms was observed, with no intraoperative side effects. However, the
treatment outcome was not as signiﬁcant as expected, because of the
technical limitations of the FUS device (38). The development of a
precisely controlled histotripsy FUS system is necessary.
Histotripsy is a neurosurgical option (39) in which lesions with a
dimension of up to 1 cm are created in the porcine cortex without
thermally induced damage to the surrounding neurons. Moreover,
histotripsy carries the potential to overcome the limitations of current thrombolytic drugs and to shorten the treatment time. In vitro
and in vivo experiments have shown that FUS histotripsy thrombolysis can cause a direct mechanical breakdown of clots and achieve
blood ﬂow restoration noninvasively (40).
FUS-Mediated Drug Delivery

The systemic toxicity of chemotherapy is the main challenge in
clinical oncology and may induce adverse effects such as hair loss,
anemia, nausea, and vomiting. The encapsulation of chemotherapeutic drugs in carriers or the triggering of drug delivery in the target tissue with external physical stimulation has been considered to
improve treatment efﬁciency and reduce adverse effects. FUSmediated targeted drug delivery based on mechanical and thermal
mechanisms has become a topic of intensive research in the last
20 y. The drug carriers can be opened in situ and allow controlled
drug release in speciﬁc regions with FUS exposure, and the permeability of the cell membrane and the drug uptake can be enhanced as
well (41). A preclinical study reporting on the combination of the
chemotherapeutic agent gemcitabine with FUS showed that the
treatment led to a reduction in tumor growth compared with a single
treatment in the xenograft pancreatic cancer model (42).
In addition to chemotherapeutic drugs, ultrasound-mediated gene
delivery provides a new strategy for cancer treatment. The typical
ultrasound parameters used for gene delivery are frequencies of
1–2 MHz, intensities of 0.1–3 W/cm2, and short durations of 2–8
s, with ultrasound contrast agent microbubbles usually being added
to enhance the sonoporation effect (43). Noroozian et al. (44) demonstrated the FUS-mediated recombinant adeno-associated viral
vector across the blood–brain barrier into the brain parenchyma,
which resulted in efﬁcient gene transduction and expression in
both mouse and rat models.
A single-center phase 1 trial (NCT02181075) was conducted in
the United Kingdom to analyze the safety and feasibility of FUS
hyperthermia–triggered doxorubicin delivery from thermosensitive
liposomes (45). Thermosensitive liposomal doxorubicin was administrated by intravenous infusion, followed by FUS exposure at a single target liver tumor. The concentration of doxorubicin inside the
target tumor was increased by 3.7-fold immediately after FUS treatment, compared with the group without FUS.
FUS Supporting RT

RT is one of the most commonly used treatment modalities in the
clinic. Various biologic mechanisms are involved in enhancing the
antitumor effects of RT, including inhibition of DNA damage repair,
induction of apoptosis, and changes in the tumor microenvironment
(46). A few clinical studies have shown that FUS is a sensitizer of RT
in different cancers, including those of the head and neck, breast,
prostate, and central nervous system (3).
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A phase I study by Chu et al. (47) reported combined treatment with
MRgHIFU hyperthermia, RT, and chemotherapy for recurrent rectal
cancer. Patients received daily fractioned RT (total dose, 30.6 Gy) and
oral capecitabine. HIFU hyperthermia was performed at a mean temperature of 42.5" C for 30 min immediately before RT on days 1, 8, and
15. No intraoperative complications, serious adverse effects, or unexpected tissue damage attributed to HIFU hyperthermia were observed,
showing the safety and feasibility of the treatment. Another phase II
study reported a 7-y overall survival rate of 94% in advanced prostate
cancer patients after combined treatment with transrectal ultrasound
hyperthermia, RT, and androgen suppression (48).
A better understanding of ultrasound radiosensitization mechanisms is necessary, although beneﬁts have been shown in several clinical studies. The signiﬁcant radioadditive effect of FUS in prostate
cancer was demonstrated in our in vitro study (49,50). It is critical
to optimize the combination-treatment protocols to increase treatment
efﬁciency in terms of treatment sequences, intervals, thermal doses,
and radiation doses. The integration of FUS into RT and the administration of both treatments simultaneously may improve the radiosensitization effect further.
FUS-Mediated Immunotherapy

Immunotherapy has changed cancer treatment strategies, aiming
to improve the antitumor immune response and directly kill cancer
cells (51). The immune system is activated or the activation process
is boosted by immunotherapeutic agents such as checkpoint inhibitors to attack cancer cells through natural mechanisms and avoid relative side effects.
FUS provides the possibility of delivering immunotherapy agents,
and FUS administration, especially the mechanisms of cavitation, is
considered a stimulator for the immune system (52). Eranki et al.
(53) reported that the mechanical fractionation of neuroblastoma
tumors using HIFU signiﬁcantly increases cellular immunity, and
the combination of HIFU and checkpoint inhibitors induces systemic immunity and dramatically enhances survival. More experimental and clinical evidence of FUS-induced immune effects was
systematically reviewed by van den Bijgaart et al. (54). However,
the safety of FUS-induced immune therapy is the main obstacle
for clinical translation because of tumor heterogeneity. The underlying mechanisms of the interactions between ultrasound and cells are
of vital importance, and a better understanding is needed before clinical trials.
Neuromodulation by Low-Intensity FUS

Transcranial FUS application in neurologic diseases is of particular interest. The potential indications include Alzheimer disease,
depression, obsessive–compulsive disorder, epilepsy, and Huntington disease. FUS-mediated neuromodulation is performed at low
intensities and for short durations (55). Mechanical effects are considered the main driver for neuron stimulation, since the temperature
increase is limited at the target.
Storz Medical has introduced the CE (Conformit!e Europ!eenne)marked system Neurolith for single-pulse-wave treatment of
Alzheimer disease, with promising initial clinical results (56).
Low-intensity FUS with short bursts is a promising method for the
safe stimulation or inhibition of neurons in future clinical neurologic
applications and will not require that the patient’s hair be shaved. A
new clinical FUS system operating at diagnostic sound pressure for
neuromodulation has been developed collaboratively by the Innovation Center Computer Assisted Surgery and the Fraunhofer IBMT
and is currently being validated at the Max Planck Institute for
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ﬁeld of image-guided FUS interventions, may provide clinical feasibility, and will soon allow precise treatment.
CONCLUSION

Imaged-guided HIFU is a promising noninvasive, nonaccess clinical method that has been proven to be efﬁcient and safe in several
studies. It has been approved in all major markets around the world
for the treatment of uterine ﬁbroids, bone metastases, liver tumors,
brain cancer, and prostate cancer. The advantages of the method
are its noninvasiveness, absence of ionizing radiation, comparatively
low complication rate, and low side effect rate, with a correspondingly low impairment of quality of life. With a transcranial HIFU
system, the treatment of essential tremors and Parkinson-induced
tremors is clinically approved, and studies that are currently under
way have had promising initial results in neurologic diseases. The
potential of HIFU has been demonstrated for various medical applications to improve other treatment modalities such as chemotherapy
and ER and to support drug delivery. Imaging innovation together
with HIFU treatment may provide a new strategy for future clinical
applications.
DISCLOSURE

FIGURE 4. Integration of Innomotion robotic arm (InnoMedic GmbH) into
Biograph mMR PET/MRI scanner (Siemens Healthineers). (A) Robotic arm
was modiﬁed to ﬁt into PET/MRI system holding ultrasound imaging probe.
(B) MRI-compatible FUS system Diphas (Fraunhofer IBMT) can be integrated into PET/MRI scanner. (C) Three-dimensionally printed adaptor
and ﬁxation parts were manufactured to hold ultrasound transducer. (D)
Attenuation map of robotic arm visualized by 2 perpendicular maximumintensity projections of PET annihilation photons (in 1/cm) with linear attenuation coefﬁcient of 511 keV, obtained by stand-alone PET scanner
equipped with 68Ge-/68Ga rod sources.

Cognitive and Neurosciences in Leipzig. The preliminary results were
reported at the ﬁrst Focused Ultrasound Neuromodulation Symposium in Oxford, England, on September 23–25, 2019. Further work
is necessary to explore the ultrasound parameters and to develop targeted neuromodulation methods for different brain regions.
NOVEL TECHNIQUES FOR POTENTIAL IMAGE-GUIDED HIFU
APPLICATIONS

Various studies have been conducted to integrate multifunctional
imaging modalities into the FUS system to improve the safety, treatment efﬁciency, and accuracy of the outcome assessment. PET/MRI
was also reported to detect the local recurrence of prostate cancer
patients after HIFU ablation, which is not detectable by MRI. Moreover, PET/MR images could be used to optimize targeting of a secondary HIFU ablation and could improve patient survival (57).
Novel tracers, such as those utilizing the prostate-speciﬁc membrane
antigen, have shown promising results in patients for the detection of
prostatic cancer using PET/MRI (58). In combination with HIFU,
such tracers may allow for a 1-stop-shop focal treatment.
A robotic assistance system was previously integrated into an
MRI scanner to provide precise and reproducible instrument positioning (59). To realize precise FUS positioning under PET/MRI
guidance, we are working toward integrating a robotic arm system
with an MRI-compatible FUS transducer into the clinical PET/
MRI scanner (Fig. 4) (60). This new concept expands the application
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adionuclide myocardial perfusion imaging (MPI) has been
an indispensable tool in the management of patients with suspected or known coronary artery disease (CAD) for almost half a
century. Although radiopharmaceuticals and imaging technology
for radionuclide MPI has evolved since its introduction by Zaret
et al. in 1973 (1), the basic concepts of reversible and ﬁxed perfusion defects as manifestations of ischemia and scarring remain to
this day key information used for clinical decision making. Semiquantitative evaluation of regional myocardial perfusion with
SPECT imaging has been standard practice in nuclear cardiology
for more than 3 decades. The enduring impact of SPECT MPI in
patient management is based on the fact that the test is accurate,
highly reproducible, and, most importantly, a powerful tool for
risk stratiﬁcation. However, there are powerful signs that the paradigm that served as the clinical rationale for radionuclide MPI for
many decades may be insufﬁcient to maintain a clinically relevant
role for cardiovascular medicine in the future.
EVOLUTION OF DIAGNOSTIC TESTING FOR
CAD EVALUATION

Over the last decade, we have witnessed an evolution in the diagnostic testing options available for patients with suspected
CAD. These advances are leading to rapid changes in the way we
use various testing options along the spectrum of CAD risk (2).
There is little argument on what to do at the ends of the clinical
risk spectrum—no testing necessary for patients at very low risk
and consideration of coronary angiography for high-risk patients
(2). However, testing options for patients with intermediate risk
are changing. Coronary CT angiography with its high sensitivity
and negative predictive value to exclude CAD makes it an attractive test for patients with a low to intermediate likelihood of obstructive CAD. This choice is now supported by clinical trial evidence and associated with improved outcomes, largely resulting
from identiﬁcation of patients in need of preventive therapies (3).
The emergence of coronary CT angiography is shifting the use of
radionuclide MPI toward higher-risk patients with a high prevalence of cardiometabolic risk factors (2).
CHANGING EPIDEMIOLOGY AND PRESENTATION OF CAD

In addition to the changing landscape of testing options, we are
witnessing a dramatic change in the epidemiology of CAD,
Received Jan. 19, 2021; revision accepted Jan. 27, 2021.
For correspondence contact, Marcelo F. Di Carli (mdicarli@bwh.harvard.edu).
Published online February 19, 2021.
! 2021 by the Society of Nuclear Medicine and Molecular Imaging.

especially with the exponential rise of cardiometabolic diseases.
Over the last 20 y, there has been a steady rise in the prevalence
of obesity, metabolic syndrome, and diabetes and their associated
complications, including chronic kidney disease. Current statistics
indicate that about 50% of the U.S. population is either overweight
or obese and that this number is projected to increase to approximately 80% in the next decade (4). The obesity epidemic has led
to a sharp rise in the prevalence of diabetes, which currently affects 10.5% of the U.S. population and 26.8% of those aged 65 y
or older. Moreover, it is estimated that 1 in 3 individuals aged 65
y or older has prediabetes and 38% have chronic kidney disease.
There is also emerging evidence that the frequency of obstructive CAD as a key manifestation of the disease is declining. Over
the last 2 decades, diagnostic yields have fallen, not only for invasive coronary angiography (5,6) but also for noninvasive stress
testing (7,8). In one large registry from Denmark, the rate of nonobstructive atherosclerosis in patients with angina referred for invasive coronary angiography increased by 20%–40% over a 10-y
period in women and men (5). This suggests that nonobstructive
CAD now accounts for at least 33% and 65% of angiographic
ﬁndings among symptomatic men and women, respectively. Moreover, recent data from Olmstead County, MN, also documented a
steady decline in angiographically obstructive CAD over the last 2
decades (9). At the same time, the epidemic of cardiometabolic
risk factors has been associated with an anatomic phenotype dominated by diffuse atherosclerosis and microvascular remodeling
(10). The latter includes microvascular obstruction with luminal
narrowing of the intramural arterioles and capillaries, and capillary
rarefaction, often in the context of increased left ventricular mass
(11). These changes help explain, at least in part, the signiﬁcant
temporal decline in the rate of abnormal SPECT MPI studies (8),
with a marked reduction in the proportion of high-risk scans and a
proportional increase in low-risk tests (7). Indeed, the presence of
extensive structural abnormalities characterized by diffuse epicardial atherosclerosis and microvascular disease would be relatively
invisible for our traditional radionuclide semiquantitative MPI approach designed to uncover focal obstructive CAD. Although the
observations described above may be perceived as good news, the
emerging evidence suggest that the rise in diffuse atherosclerosis
and microvascular disease is also associated with signiﬁcant adverse outcomes (4). Indeed, the incidence of acute presentations of
atherothrombotic plaque rupture causing myocardial infarction
(MI), particularly with ST-segment elevation, has decreased (12)
whereas the rates of hospitalizations with a secondary MI diagnosis (13) and heart failure with preserved ejection fraction (14)
have risen sharply. These secondary causes of MI have been
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associated with heart failure, atrial ﬁbrillation, diabetes, and chronic kidney disease. Similar ﬁndings have been reported in patients
experiencing an MI before 50 y of age (15).
THE NEED FOR NEW TOOLS: ADVANTAGES OF
QUANTITATIVE PET IMAGING

The pioneering work of Schelbert and Gould (16,17) introducing the possibility of quantitative myocardial blood ﬂow imaging
noninvasively with PET in the early 1980s provided the ﬁeld of nuclear cardiology with a powerful tool that now—nearly 40 y later—
will prove to be indispensable in the evaluation of ischemic heart
disease. As outlined below, the emerging evidence supports the notion that quantitative PET MPI is a superior approach to diagnosis
and risk prediction, and to possibly to guide patient management.
A metaanalysis (18), a prospective European multicenter study
(19), and a prospective comparative effectiveness study (20) support the notion that PET MPI is one of the most accurate noninvasive techniques for detecting ﬂow-limiting CAD. These quantitative measures of myocardial perfusion improve the sensitivity and
negative predictive value of PET for ruling out high-risk obstructive CAD. Equally important is the fact that quantitative measures
of myocardial blood ﬂow and ﬂow reserve by PET are now
recognized as the tests of choice for the evaluation of patients with
angina or angina equivalents without obstructive CAD (2).
Radionuclide MPI provides robust prognostic assessments of
patients with suspected stable CAD and forms the basis of its
widespread use and clinical utility. Normal or low-risk radionuclide MPI results with SPECT or PET have been associated with
an annual risk of major adverse cardiac events of less than 1%
(21). However, the risk associated with normal results on semiquantitative radionuclide MPI has not necessarily been low (,1%)
in higher-risk cohorts, including those with diabetes, chronic kidney impairment, and the elderly (22). The reasons for the observed
increased adverse event rate in higher-risk cohorts despite a visually normal radionuclide MPI result are likely multifactorial. First,
coexisting comorbidities including cardiometabolic risk factors
increase clinical risk, even in the absence of obstructive CAD.
Second, and notwithstanding the clinical utility of SPECT MPI, it
is a somewhat insensitive test to uncover diffuse obstructive and
nonobstructive atherosclerosis or coronary microvascular dysfunction associated with myocardial ischemia and increased risk of
adverse events. Consequently, absolute quantiﬁcation of myocardial blood ﬂow and ﬂow reserve by PET—an integrated marker of
epicardial stenosis, diffuse atherosclerosis, and microvascular dysfunction—offers a deﬁnite advantage in higher-risk patients, which
is precisely the group of patients who will become the primary
target of radionuclide MPI. In such patients, a relatively preserved
myocardial ﬂow reserve (MFR) identiﬁes truly low-risk individuals among high-risk patients (23–26). For example, patients with
diabetes who have no known CAD but an abnormal MFR had a
cardiac mortality risk similar to that of patients without diabetes
who have known CAD (27). Conversely, patients with diabetes
who have no overt CAD and have a relatively preserved MFR had
an annual risk of less than 1%, which was comparable to subjects
without diabetes or CAD. Similar ﬁndings have been shown in
patients with chronic kidney disease (28).
Furthermore, the quantitative regional and global myocardial
blood ﬂow and ﬂow reserve information obtained with PET MPI
provides incremental risk stratiﬁcation. Indeed, for any amount of
ischemic or scarred myocardium, as assessed semiquantitatively,
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having a severely reduced global MFR is associated with a higher
risk of death or MI than is having a preserved MFR (23). The increased risk of adverse events in patients with a reduced MFR
(,2.0) also applies to patients with visually normal radionuclide
MPI ﬁndings, in whom the reduced MFR reﬂects a combination of
diffuse nonobstructive atherosclerosis and coronary microvascular
dysfunction and is found in half of symptomatic men and women
without overt obstructive CAD (29). Importantly, the noninvasive
PET measure of MFR has been able to improve risk reclassiﬁcation, especially among high-risk cohorts (e.g., patients with diabetes, non-ST elevation MI, chronic renal impairment, or high coronary calcium scores). Thus, the ability to quantify MFR allows a
level of risk assessment well beyond that achieved thus far using
semiquantitative analysis of regional perfusion defects, by incorporating measures of endothelial function and vascular health status into routine patient evaluations.
OPENING NEW OPPORTUNITIES FOR NUCLEAR
CARDIOLOGY IN DISEASE MANAGEMENT

Radionuclide MPI has been traditionally used to identify symptomatic patients for myocardial revascularization. Although this
will likely continue to be one of its uses in the future, the ability to
accurately quantify the extent and severity of coronary vascular
dysfunction may offer an opportunity for identiﬁcation of highrisk individuals who may beneﬁt most from novel therapies. Such
an approach may prove to be beneﬁcial in clinical trials by identifying patients who have sufﬁcient risk to beneﬁt from these therapies, many of which are expensive and not without their own risk.
In so doing, this test may be able to offer a cost-effective approach
to patient selection for lifelong therapies and to assess response to
treatment both in the clinical setting and in drug development.
CONCLUSION

CAD continues to be the leading cause of death and disability
in the United States and worldwide. However, the epidemiology
and pathobiology of the disease are changing with the rise of
cardiometabolic disease. This poses signiﬁcant challenges to the
efﬁcacy of our conventional imaging tools used in diagnosis, risk
assessment, and patient management. Quantitative PET offers a
powerful opportunity to tackle these challenges effectively, and
we need to quickly embrace such changes to maintain the transformative role of nuclear cardiology in patient care and research.
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Whereas benign pheochromocytomas and paragangliomas are
often successfully cured by surgical resection, treatment of metastatic disease can be challenging in terms of both disease control
and symptom control. Fortunately, several options are available,
including chemotherapy, radiation therapy, and surgical debulking.
Radiolabeled metaiodobenzylguanidine (MIBG) and somatostatin
receptor imaging have laid the groundwork for use of these radiopharmaceuticals as theranostic agents. 131I-MIBG therapy of neuroendocrine tumors has a long history, and the recent approval of
high-speciﬁc-activity 131I-MIBG for metastatic or inoperable pheochromocytoma or paraganglioma by the U.S. Food and Drug Administration has resulted in general availability of, and renewed interest
in, this treatment. Although reports of peptide receptor radionuclide
therapy of pheochromocytoma and paraganglioma with 90Y- or
177
Lu-DOTA conjugated somatostatin analogs have appeared in the
literature, the approval of 177Lu-DOTATATE in the United States and
Europe, together with National Comprehensive Cancer Network
guidelines suggesting its use in patients with metastatic or inoperable pheochromocytoma and paraganglioma, has resulted in
renewed interest. These agents have shown evidence of efﬁcacy as
palliative treatments in patients with metastatic or inoperable
pheochromocytoma or paraganglioma. In this continuing medical
education article, we discuss the therapy of pheochromocytoma
and paraganglioma with 131 I-MIBG and 90Y- or 177Lu-DOTAsomatostatin analogs.
Key Words: pheochromocytoma; paraganglioma; somatostatin;
MIBG; DOTATATE; peptide receptor radionuclide therapy
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heochromocytomas and paragangliomas are rare neuroendocrine tumors (NETs) typically arising in chromafﬁn tissue, with an
overall incidence of 0.4–2.1 cases per million people (1), although
higher incidences may be seen in pathology series. In accordance
with World Health Organization guidelines, these tumors are
classiﬁed as paragangliomas (2); we will refer to them as pheochromocytomas when they arise from the adrenal medulla and as
paragangliomas when extraadrenal. Pheochromocytoma and paraganglioma most frequently arise from sympathetic tissues. Those
arising from parasympathetic tissue are most often in the head and
neck. In our previous article, we reviewed the genetics, phenotype,
presentation, and imaging characteristics of pheochromocytoma
and paraganglioma (3).
Patients with pheochromocytoma and paraganglioma often present
with symptoms of elevated catecholamines, depending on the genotype. Tumors of sympathetic origin often secrete elevated levels of
epinephrine or norepinephrine or of their metabolites metanephrine
and normetanephrine. Tumors of parasympathetic origin may secrete
elevated levels of dopamine or its metabolite 3-methoxy-tyramine
but are often asymptomatic. A small percentage of pheochromocytoma and paraganglioma are biochemically silent.
Although only 2%–26% of pheochromocytomas and paragangliomas are metastatic (4), benign and malignant tumors cannot be
differentiated histologically; thus, the term metastatic rather than
malignant is used when tumor is found outside the normal sites of
chromafﬁn or paraganglia tissues (2). Common sites of metastatic
disease include the lymph nodes, bone, liver, and lung (4). Currently,
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systemic radiopharmaceutical therapies (RPT) for pheochromocytoma and paraganglioma include 131I-metaiodobenzylguanidine
(iobenguane, 131I-MIBG) of low speciﬁc activity (LSA) or high
speciﬁc activity (HSA) and peptide receptor radionuclide therapy
(PRRT) with 90Y- or 177Lu-DOTA-somatostatin analogs.
GENERAL CONSIDERATIONS FOR SYSTEMIC RPT IN
PHEOCHROMOCYTOMA AND PARAGANGLIOMA

Although most patients with benign pheochromocytoma and
paraganglioma are cured with surgical resection, and local control
of head and neck pheochromocytoma and paraganglioma is usually achieved with deﬁnitive external-beam radiotherapy, approximately one third are not cured and require long-term follow-up.
Patients with benign disease have a survival rate similar to that of
healthy individuals, whereas patients with metastatic disease have
a 5-y survival rate of 55%–92% (4,5). The wide differences in survival of pheochromocytoma and paraganglioma patients are
related to several variables, including genetic status, size of primary tumor, biochemical phenotype, and presence of metastatic
disease at initial diagnosis (6,7). Long-term stability over 15 y is
not uncommon. Since current treatments of metastatic disease are
rarely curative, a watch-and-wait approach is often appropriate,
reserving therapy for progressive or symptomatic disease that is
not responsive to medical treatment or amenable to surgical resection (8). Systemic treatment is also an option for inoperable nonmetastatic disease that is progressing or has refractory symptoms.
The goals of treatment are palliative, including prevention of
progression and improvement of symptoms related to tumor burden or catecholamine release. For systemic treatment, the most
common chemotherapy regimen is cisplatin, vinblastine, and
dacarbazine, which may be preferred for rapidly progressing disease (9). Tyrosine kinase inhibitors that target the vascular endothelial growth factor pathway, such as sunitinib, may have efﬁcacy
(10). External radiation for localized symptomatic disease is generally successful for local control (11). For less urgent treatment,
RPT with LSA or HSA 131I-MIBG and PRRT are available.
Except for HSA 131I-MIBG, none of these approaches are currently approved by the U.S. Food and Drug Administration (FDA)
for pheochromocytoma and paraganglioma.
PATIENT PREPARATION BEFORE RPT

When catecholamines or their metabolites (metanephrines) are
elevated, experts recommend catecholamine blockade before invasive intervention or RPT; the target is blood pressure control, but
often labile hypertension persists (12). Typically, ﬁrst-line treatment consists of a-blockade (e.g., phenoxybenzamine or doxazocin). A concomitant b-blocker (e.g., atenolol or metoprolol) is
often required but should never be used without adequate
a-blockade, because unopposed a-adrenergic receptor stimulation
could precipitate a hypertensive crisis. Occasionally, addition of
metyrosine is needed to block catecholamine synthesis.
Catecholamine release symptoms (hypertension, tachycardia,
palpitation, headache, chest pain, tachypnea, sweating, cutaneous
ﬂushing, anxiety, and the more severe or life-threatening symptoms of stroke and myocardial infarction) (13,14) are possible during PRRT and MIBG infusion or in the early posttreatment period
(13,15). Gonias et al. (15) reported acute hypertension in approximately 14% of subjects and in 15% of high-radioactivity LSA
131
I-MIBG treatments, occurring approximately 30 min after initiation of infusion and requiring treatment. Sometimes hypertension

recurred on repeat treatment. Although it is difﬁcult to predict who
will develop a hypertensive response to RPT, patients who are biochemically silent will not. Although no acute hypertensive crises
were observed with HSA 131I-MIBG, the package insert indicates
an 11% incidence of grade 3 or 4 hypertension within 24 h of infusion. Physicians administering RPT should be prepared to treat
blood pressure elevation with oral or parenteral antihypertensives
(e.g., phentolamine). Close coordination with other medical specialties, including intensive care, is prudent.
Because of the teratogenic effects of ionizing radiation, patients
receiving RPT should avoid conception (7 mo for women and 4
mo for men) and must not be pregnant or breastfeeding during
treatment. Patients must also be willing and able to follow radiation safety precautions.
POST-RPT RADIATION PROTECTION

In the United States, the Nuclear Regulatory Commission regulations allow for discharge of patients receiving RPT if exposure
to others is not likely to exceed 0.5 cGy, and written instructions
must be provided to outpatients if the dose is likely to be more
than 0.1 cGy. Other countries require RPT to be administered as
an inpatient procedure or use different activity levels as the cutoff.
Even if release criteria for outpatient administration are met, inpatient treatment may be prudent for some patients. In the United
States, outpatient therapies are often performed when LSA 131IMIBG therapy is less than 9.25 GBq or no more than 7.4 GBq of
177
Lu-DOTATATE, whereas with the recommended dose of
approximately 18.5 GBq of HSA 131I-MIBG, treatment must be
inpatient.
131

I-MIBG THERAPY

131

I-MIBG was ﬁrst described by Wieland et al. for imaging the
adrenal medulla (16). At present, 123I-MIBG is preferred for imaging and 131I-MIBG for therapy. Currently, 131I-MIBG is seldom
used for imaging pheochromocytoma and paraganglioma except
for performing dosimetry and for documenting posttreatment targeting. The physical properties of 131I-MIBG make it a useful therapeutic agent, including a short-range 606-keV b-emission and a
364-keV g-ray that allows imaging and dosimetry. Furthermore, its
8.02-d half-life allows ﬂexibility for labeling and shipping.
MIBG is a derivative of guanethidine and a substrate for the
norepinephrine (noradrenaline) transporter. Many pheochromocytomas and paragangliomas express norepinephrine (noradrenaline)
transporter, as do other NETs (17). Most reports of 131I-MIBG
therapy in patients with pheochromocytoma and paraganglioma
are retrospective, small, and use LSA 131I-MIBG (Supplemental
Table 1; supplemental materials are available at http://jnm.
snmjournals.org). No direct therapeutic comparison studies of
LSA 131I-MIBG and HSA 131I-MIBG have been performed.
131

I-MIBG Production

LSA 131I-MIBG preparations (0.555–1.85 MBq/mg) typically
contain approximately 1/2,000 MIBG molecules labeled with 131I.
Because uptake via norepinephrine (noradrenaline) transporter is
saturable, a high administered mass of unlabeled MIBG could
competitively inhibit uptake of the 131I-MIBG, potentially reducing therapeutic efﬁcacy, as has been demonstrated in vitro and in
preclinical studies (18). Additionally, because MIBG is a competitive inhibitor of catecholamine reuptake, a high administered mass
of MIBG can cause pharmacologic effects (19). This is rarely an
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issue for diagnostic administrations (low mass) but occurs more
frequently during therapeutic administration of LSA 131I-MIBG
(high mass).
In contrast, most MIBG molecules are labeled with 131I in preparations of HSA 131I-MIBG (92.5 GBq/mg). HSA 131I-MIBG
(Azedra; Progenics Pharmaceuticals, Inc.) was the ﬁrst radiopharmaceutical the FDA approved to treat metastatic or inoperable
pheochromocytoma or paraganglioma (20,21). Use of HSA 131IMIBG reduces the risk of infusion reactions and may enhance the
therapeutic ratio (19,21,22), although the latter has not yet been
proven in patients (23).
Patient Selection and Preparation for

131

I-MIBG RPT

Published procedure guidelines for 131I-MIBG therapy preceded
availability of HSA 131I-MIBG. Nonetheless, these guidelines are
broadly applicable to HSA 131I-MIBG (24). When MIBG therapy
is being considered, a positive 123I-MIBG scan is required, as only
patients with MIBG-avid disease are candidates for therapy. In our
opinion, a 123I-MIBG scan performed within 3–6 mo is adequate
if there is no intervening therapy, especially if a 131I-MIBG dosimetric scan will be performed. The amount of uptake required to
allow therapy to be considered is poorly deﬁned. Criteria have
included visual assessment (uptake clearly visible above the background level), semiquantitative assessment (lesion–to–background
uptake . 2), and estimates of tumor dose or more than 1%
injected dose in tumor (17). Because tumors can lose MIBG avidity over time or after treatment, conﬁrmation of avidity around the
time of treatment is important, especially if the patient’s symptoms
have recently changed. Patients must be screened for marrow
function (minimum platelets, 80,000/mL; minimum neutrophils,
1,200/mL) and renal function (minimum creatinine clearance, 30
mL/min). To protect the thyroid by preventing uptake of free 131I,
stable iodine must be administered unless the thyroid is absent or
previously ablated. Typically, 130 mg of an oral solution of potassium iodide (SSKI; Avondale Pharmaceuticals) is administered
24–48 h before therapy and continued for 10–15 d (24).
131

I-MIBG Administration

HSA 131I-MIBG. Since the approval of HSA 131I-MIBG by the
FDA, there has been a surge of interest in MIBG therapy. The recommended dose is 296 MBq/kg in patients weighing no more than
62.5 kg or 18,500 GBq in those over 62.5 kg, given twice at least
90 d apart (20). With these doses, virtually all patients exceed
Nuclear Regulatory Commission limits for outpatient treatment.
Inpatients must be conﬁned to rooms with appropriate shielding,
and preparations must be made to limit exposure of other people
to the radiation (in the United States, this is usually for 3 nights).
At dosimetric doses of less than 222 MBq, HSA 131I-MIBG can
be injected over 1 min, whereas therapeutic doses are administered
over 30 min in adults and 60 min in children. Representative images
for dosimetry and posttreatment HSA 131I-MIBG are shown in Figure 1. Occasionally, there is a transient burning pain in the infusion
vein, resolving almost immediately with saline ﬂushing.
LSA 131I-MIBG. In contrast to the 2-injection regimen recommended for HSA 131I-MIBG, various approaches using different
activities and cycles of LSA 131I-MIBG have been reported (Supplemental Table 1) (17). Most inject approximately 7.4 GBq
(25–28); 1 group injected approximately 18.5 GBq (29,30). The
University of California San Francisco group has used a much
higher activity, up to 666 MBq/kg, in conjunction with stem cell
support. In the only direct comparison of a very low activity (5.55
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FIGURE 1. Anterior HSA 131I-MIBG images in 60-y-old man with metastatic paraganglioma. (A and B) Dosimetric images were performed 1 h (A)
and 96 h (B) after intravenous administration of 185 MBq of HSA 131IMIBG with standard in ﬁeld of view (arrows) to allow calculation of organ
dose limits. Images show multiple metastases that increase in contrast
over time. (C) Three days after therapy with 18.4 GBq of HSA 131I-MIBG,
imaging revealed robust retention in sites of disease, including some not
visible on dosimetric images. Patient exhibited markedly reduced hormonal symptoms, including decreased need for antihypertensive medications lasting over 2 y.

GBq) versus a low-to-intermediate activity (9.25–12.95 GBq), the
low-to-intermediate activity had a more rapid onset of efﬁcacy at
the expense of increased acute and chronic toxicity (31). Representative diagnostic 123I-MIBG images and post–LSA 131I-MIBG
images are shown in Figure 2. Others have suggested an improved
response with higher single administered injections of more than
18.5 GBq versus less than 18.5 GBq (29).
Although high-activity therapies of up to 666 MBq/kg are common in children with neuroblastoma in conjunction with autologous stem cell support, an at least 444 MBq/kg activity of LSA
131
I-MIBG in adults with pheochromocytoma or paraganglioma
appears to have high rates of toxicity, particularly pulmonary (15).
Therefore, doses higher than 296 MBq/kg are not recommended.
In contrast to HSA 131I-MIBG treatment (#18.5 GBq), lowactivity treatments (#9.25 GBq) can be administered to most patients
as outpatients. Therefore, in patients who have relatively indolent disease or who are unwilling to undergo inpatient therapy, serial lowdose treatments can be considered. The most common approaches to
low-dose therapy are 74–111 MBq/kg or 7.40 GBq/cycle administered 3 mo apart. Many practitioners give 3–4 cycles of therapy followed by reassessment and consideration of further therapy.
Because LSA 131I-MIBG treatments contain a much higher
mass of MIBG than do HSA 131I-MIBG treatments, the former are
usually administered over 1–2 h (15,17,25,27,32), although shorter
infusions have been performed (26,30). Unlike HSA 131I-MIBG,
which is not associated with hypertension during infusion, hypertension occurs during 6%–14% of LSA 131I-MIBG infusions,
sometimes requiring pausing or decreasing the infusion rate and
using antihypertensive treatment (15,21,33,34). Nonetheless,
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FIGURE 2. Patient with metastatic pheochromocytoma to bone with
bone pain. Patient received 4 treatments of LSA 131I-MIBG (111 MBq/kg;
range, 5.74–6.18 GBq per treatment) totaling 24.01 GBq over 14 mo.
Patient showed symptomatic improvement in bone pain. 123I-MIBG scans
were obtained at baseline (A) and at 2.5 y (B) after last 131I-MIBG treatment. (C) 131I-MIBG posttherapy scan a few days after ﬁrst LSA 131I-MIBG
treatment shows better visualization of lesion, and more lesions are evident (arrows) than on baseline 123I-MIBG scan (A). (D) 123I-MIBG scan after
all treatments (B) and last 131I-MIBG posttreatment scan (D) shows
decreased uptake in bone lesions, probably related to treatment.
(Reprinted with permission of (66).)

The pivotal prospective phase II trial supporting FDA approval of
HSA 131I-MIBG (21) enrolled 68 patients with advanced pheochromocytoma or paraganglioma and disease-related hypertension. For
LSA 131I-MIBG, the largest prospective trial on pheochromocytoma
and paraganglioma enrolled 50 subjects treated with varying activities of LSA 131I-MIBG, including some who received myeloablative
doses and stem cell support (15). Using RECIST, both trials found a
high rate of partial or durable stable disease in 92% of patients. However, an objective tumor shrinkage meeting RECIST for partial
response was seen in only 22%–23% of patients. Furthermore, the
peak anatomic response was often delayed, taking up to 12 mo from
the ﬁrst treatment. Other studies have shown somewhat higher objective response rates (34%–38%) using single administrations of
approximately 14.467–18.5 GBq (29,30). At lower injected activities,
objective response rates of 25%–47% were observed (26,27,31,37).
In general, studies using lower single administered activities usually
included a larger number of treatment cycles.
Biochemically, 31%–35% of the HSA 131I-MIBG group had a
response in norepinephrine and normetanephrine levels, and 68%
of patients had a reduced chromogranin A level. In comparison,
therapy with LSA 131I-MIBG resulted in a complete or partial catecholamine or metanephrine response in 19%–100% of patients
(Supplemental Table 1).
The endpoint of the HSA 131I-MIBG study by Pryma et al. was
blood pressure control; 68% of subjects had at least a 50% reduction in antihypertensive medication use lasting at least 6 mo (38).
Although no studies of LSA 131I-MIBG focused on hypertension
control, a report by Thorpe et al. described improvement in 14%
of hypertensive patients (30). Response in terms of overall survival and progression-free survival (Supplemental Table 1) has
been variable, with some reporting progression-free survival of at
least 2 y (25,30) and median overall survival of more than 3 y
(21,29,30,39).
In patients with soft-tissue disease, the response to RPT is typically evaluated using anatomic imaging, most commonly CT
scans. Other investigators have used functional imaging, including
123
I-MIBG, but given the quantitative nature of PET in patients
with 18F-FDG–avid disease, 18F-FDG has also been used for
response evaluation.
Dosimetric Scans

signiﬁcant worsening of preexisting hypertension in the ﬁrst 24
h is reported in 11% of patients receiving HSA 131I-MIBG and
may also occur with LSA 131I-MIBG.
Clinical Experience with 131I-MIBG in Pheochromocytoma and
Paraganglioma

There have been few controlled prospective trials and no phase
III clinical trials of 131I MIBG therapy. Loh et al. reviewed the
experience of 21 centers using LSA 131I-MIBG receiving an average of 3 (range, 1–11) single injections of 3.55–11.1 GBq and
cumulative activities of 3.55–85.91 GBq (35). Thirty percent of
patients had at least partial responses, and 4% had complete
responses. Furthermore, there was at least a partial hormonal
response in 45% of patients, 13% of whom had a complete
response. A metanalysis that included 243 patients with metastatic
pheochromocytoma or paraganglioma receiving median cumulative activities ranging from 6.88–39.4 GBq with a median of 1–7
infusions revealed similar ﬁndings (36). Supplemental Table 1
shows therapeutic reports with 20 or more patients, including 2
reports using HSA 131I-MIBG.

The HSA 131I-MIBG regimen incorporates an initial dosimetric
study using HSA 131I-MIBG (3.7 MBq/kg, not to exceed 222
MBq), with whole-body imaging on the day of injection, 1–2 d
afterward, and 2–5 d afterward, using the MIRD schema to ensure
that delivered doses are within speciﬁed limits. Usually, the doselimiting factor is renal exposure; any required activity reduction is
split equally across the 2 planned treatments.
Side Effects and Toxicity Profile

Toxicity with 131I-MIBG therapy is common; most patients
recover with conservative care. The most common adverse reactions with HSA 131I-MIBG are hematologic, with grade 3–4 hematologic toxicity in about 40% of patients treated with 296 MBq/kg,
increasing to over 80% at higher doses (#444 MBq/kg). At the
lower dose, 25% of patients required some hematologic support
(most commonly packed red blood cells); careful monitoring of
hematologic parameters after therapy is critical. Most patients
reach nadir 4–6 wk after therapy, but monitoring should start no
later than 2 wk after therapy. The risk of dose-limiting toxicity
increases with retreatment, but because efﬁcacy appears to remain
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strong, particularly in those with favorable prior responses,
patients with an adequate marrow reserve can safely be treated
again. The incidence of myelodysplasia and leukemia after HSA
131
I-MIBG is 6.8%, similar to the 3.9%–7% reported with LSA
131
I-MIBG (15,31).
A 6.8% rate of hypothyroidism is noted with HSA 131I-MIBG,
and 11%–20% with LSA 131I-MIBG (25,39,40), despite attempts
at thyroid blockade. Gastrointestinal toxicity is common, with nausea and vomiting in 50%–75% of patients treated with a 296
MBq/kg dose of HSA 131I-MIBG; results are anecdotally similar
with LSA 131I-MIBG. However, because grade 3 or greater gastrointestinal toxicity is extremely rare, conservative care with antiemetics and hydration is almost always adequate.
Most adverse effects were seen in heavily pretreated patients.
The toxicity proﬁle in less heavily pretreated patients remains to
be seen.
In general, trials describing low-dose therapy (e.g., 74 MBq/kg)
have similar but less severe toxicity, with lower (but nonzero)
rates of grade 3–4 toxicity. However, hematologic toxicity remains
common, particularly in later cycles of therapy, and careful monitoring is still indicated.
Summary

MIBG scintigraphy is the ﬁrst step to determining eligibility for
I-MIBG therapy. Given the overlapping therapeutic responses
of LSA 131I-MIBG and HSA 131I-MIBG, and that only HSA 131IMIBG is FDA-approved, HSA 131I-MIBG is recommended in the
United States. Nonetheless, considering other factors such as the
cost and whether the therapy will be inpatient or outpatient, lowactivity treatment strategies may be preferred, especially outside
the United States. Future studies are needed to guide clinicians on
choosing the MIBG treatment regimen most suited to their
patients’ needs, including whether administration of a low activity
and more frequent cycles of treatment with HSA 131I-MIBG
would be useful. These trials should consider not only efﬁcacy but
also other parameters such as toxicity, side effects, and patient
preferences.

131

PRRT WITH RADIOLABELED SOMATOSTATIN ANALOGS

Somatostatin receptors are highly expressed in NETs and have
been targets for imaging and therapy, as reviewed recently in our
continuing education article on imaging pheochromocytoma and
paraganglioma (3). Somatostatin is a natural 14-amino-acid peptide hormone with regulatory effects in the endocrine system via
binding to somatostatin receptors 1–5, which are highly expressed
in NETs. Several somatostatin receptor agonists have been developed for imaging, and 177Lu-DOTATATE is now available for
therapeutic purposes. At present, this is the only PRRT agent
approved by the FDA and the European Medicines Agency. The
North American Neuroendocrine Tumor Society and Society of
Nuclear Medicine and Molecular Imaging jointly published guidelines addressing screening, preparation, administration, radiation
safety, adverse events monitoring, and follow-up for 177LuDOTATATE treatment (41). Although pheochromocytoma or paraganglioma is not an approved indication for 177Lu-DOTATATE,
National Comprehensive Cancer Network guidelines provide a
rationale for its off-label use (42).
Patient Selection and Preparation

A prerequisite for PRRT therapy of pheochromocytoma and
paraganglioma is tumor avidity on somatostatin receptor imaging.
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This avidity was initially determined with 111In-pentetreotide
using a qualitative visual measure of uptake known as the Krenning score (43). The Krenning score uses a 4-point scale in which
grade 1 indicates uptake less than in the liver; grade 2, uptake
equal to that in the liver; grade 3, uptake greater than in the liver;
and grade 4, uptake greater than in the spleen or kidneys. Generally, tumors should have a score of grade 2 or higher to be eligible
for PRRT. Almost universally, tumors appear more prominent on
68
Ga-DOTATATE PET (43); nonetheless, the same scoring concept is used, although signiﬁcant differences from 111In-pentetreotide scans can be present.
Because the dose-limiting organs in PRRT are the kidneys (44),
it is desirable to have normal renal function (glomerular ﬁltration
rate . 50 mL/h) before treatment. Furthermore, adequate liver and
bone marrow function should be documented, with the typical
parameters being a hemoglobin level higher than 8 g/dL, a white
blood cell count higher than 2.0 K/mL, a platelet count higher than
70 K/mL, and a total bilirubin level lower than 3 times the upper
limit of normal (41).
Most guidelines recommend stopping short- and long-acting
octreotide for at least 24 h and 3–4 wk, respectively, before 90Yor 177Lu-DOTA-somatostatin analog administration because of the
risk of competition for, or blocking of, uptake. However, recent
studies indicate that octreotide administration does not decrease
tumor accumulation of 68Ga-DOTATATE, although decreases in
normal spleen, liver, and thyroid uptake were observed (45,46).
PRRT Administration

Early 90Y-DOTATOC studies showed cases of acute renal failure related to reabsorption and retention of the agent by the proximal renal tubules (44). However, administration of amino acid
solutions containing lysine and arginine blocked renal uptake by
approximately 40% (47,48). Although initial protocols used commercially available amino acid mixtures such as Clinisol (Baxter
International Inc.) and Aminosyn II (Abbott Laboratories), solutions containing only lysine and arginine (18–25 g total of each,
1–2 L, osmolality # 1,050 mOsmol) minimize nausea and vomiting and are now preferred (41). Patients are pretreated with antiemetics followed by a continuous infusion of amino acids starting
30 min before 177Lu-DOTATATE and continued during and after
treatment for a total of approximately 4 h until the entire solution
has been infused.
Measured exposure rates from patients treated with 7.4 GBq of
177
Lu-DOTATATE are low (under 4 mR/h at 1 min), resulting in
doses to the public and caregivers of less than 0.5 cGy per year,
thus allowing for outpatient treatment in the United States (49).
Clinical Experience with PRRT in Pheochromocytoma and
Paraganglioma
90

Y-DOTATOC and 90Y-DOTATATE are not commercially
available, and their use is limited to certain academic centers. In
contrast, 177Lu-DOTATATE has been approved as safe and effective in gastroenteropancreatic NETs. In pheochromocytoma and
paraganglioma, small studies have also shown beneﬁt with limited
toxicity.
Supplemental Table 2 shows studies containing 5 or more patients
receiving a 90Y- or 177Lu-DOTA-somatostatin analog for metastatic
or inoperable pheochromocytoma or paraganglioma. A metaanalysis
found similar response rates between 90Y-DOTATOC and 177LuDOTATATE, with 25% of patients demonstrating an objective
response; 61%, a clinical response; and 84%, biochemical
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Baseline

Post-PRRT

FIGURE 3. A 53-y-old woman with metastatic hormone-secreting SDHB-associated pheochromocytoma. Maximal-intensity-projection images of
Ga-DOTATATE at baseline (left) vs. 12 mo after PRRT with 7.4 GBq of 177Lu-DOTATATE 4 times (middle) demonstrate signiﬁcant decrease in tracer
uptake in tumors in neck (encircled), left hilum, retroperitoneum, and pelvis (arrows). Baseline axial CT image (top right) through neck demonstrates large
left supraclavicular mass at baseline (encircled), and post-PRRT axial CT image (bottom right) shows signiﬁcant decrease in tumor size (encircled).

68

improvement. Estimated overall survival was 54.5 mo, and mean
progression-free survival was 37.1 mo (50). Reports using 177LuDOTATATE have demonstrated signiﬁcant partial regressions and
stable disease as determined by anatomic imaging, as well as signiﬁcant biochemical and symptomatic responses (Supplemental Table
2). Representative examples of pre- and post-PRRT 68Ga-DOTATATE and CT images are shown in Figure 3.

Side Effects and Toxicity Profile

Dosimetry

The target organs for PRRT toxicity are the kidneys and bone
marrow, as has been deﬁned for nonpheochromocytoma and nonparaganglioma NETs. Bone marrow toxicity with a 50% drop in platelet
counts is associated with a marrow dose of 2 Gy (51,52). Although a
limit of 23-Gy cumulative absorbed dose can be used to avoid toxicity to the kidneys with biologically effective dose determinations,
these limits could be better deﬁned (52). Furthermore, other deﬁned
renal limits for patients with risk factors (28 Gy) may be lower than
for those without risk factors (40 Gy) (53).
At present, we recommend that 7.4 GBq every 8 wk for 4 cycles,
as approved by the FDA for gastroenteropancreatic NETs, also be
used in patients with metastatic or inoperable pheochromocytoma or
paraganglioma. Although there are no requirements for dosimetry, it
should be considered if higher activities are administered. Groups
that treat with more than 7.4 GBq/cycle or more than 4 cycles use
dosimetry to limit the radiation dose to 23 Gy to the kidneys and
less than 2 Gy to the bone marrow and have been able to administer
up to 11 cycles with a maximum cumulative activity of 81.4 GBq
versus the 29.6 GBq recommended in the package insert (54).
Response Evaluation with PRRT

radiopharmaceuticals (55). Another issue is pseudoprogression, in
which 9% of patients with RECIST-stable disease evidenced transient increases in tumor size by more than 10% at 6 wk after treatment (56). Three months appears to be the optimal time to
determine treatment response. Changes in clinical status should
guide the timing and interval of reevaluation.

Evaluating response to PRRT can be challenging. Morphologic
criteria such as RECIST 1.1 are the most frequently used, but anatomic changes often lag behind functional changes in pheochromocytoma and paraganglioma and may be better detected using
68
Ga-DOTATATE, 18F-FDG, or other functional PET

Although the toxicity proﬁles for 90Y- and 177Lu-PRRT have
been characterized in patients with NETs, we feel that the toxicity
proﬁle in pheochromocytoma and paraganglioma is similar (57).
Nonetheless, patients with pheochromocytoma or paraganglioma
are at higher risk for certain side effects such as catecholamine
release syndrome and tumor lysis syndrome (13,14).
A long-term follow-up study of patients receiving 90Y-DOTATOC versus 177Lu-DOTATATE with nephroprotection in NET
found a slightly greater drop in renal function over time for 90YDOTATOC than for 177Lu-DOTATATE (58), although the overall
incidence was low. In the pivotal NETTER-1 trial of 177LuDOTATATE in gastroenteropancreatic NET, renal failure of all
grades occurred in 12% of patients, with 3% having grade 3 or 4
toxicity. In pheochromocytoma and paraganglioma reports,
approximately 9% had renal toxicity higher than grade 3 (59).
Hematologic side effects are usually mild. The incidence of anemia in the NETTER-1 trial was 81% overall, with no grade 3–4
events. Thrombocytopenia and neutropenia of any grade occurred
in 53% and 26% of patients, with grade 3–4 events in 1% and 3%,
respectively. Grade 3 and 4 decreases in lymphocytes are frequent
but do not require dose modiﬁcations (60). However, myelodysplastic syndrome or acute leukemia was reported in 3.4% of
patients with nonpheochromocytoma or nonparaganglioma (61).
In patients with pheochromocytoma or paraganglioma treated with
PRRT, the incidence of myelodysplasia is similarly low, ranging
from 2.5% to 8.3% (14,62,63).
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Summary

The available retrospective data considering PRRT in metastatic
or inoperable pheochromocytoma and paraganglioma show promise.
Although complete responses as deﬁned by RECIST have not been
reported, a signiﬁcant number of patients are able to achieve partial
responses, and many have stable disease. Side effects are generally
mild and well tolerated. An ongoing prospective phase II clinical
trial (NCT03206060) of patients with sporadic or SDHx-related metastatic or inoperable pheochromocytoma or paraganglioma with
clear evidence of progression receiving 7.4 GBq of 177Lu-DOTATATE every 8 wk (4 cycles) is ongoing. Preliminary evaluation after
2 cycles of treatment using functional imaging in 11 patients has
shown promising results (64). Until ﬁnal results are available, the
National Comprehensive Cancer Network recommendations indicate
that the use of 177Lu-DOTATATE with the activity and schedule
stated in the package insert may be beneﬁcial to many patients with
metastatic or inoperable pheochromocytoma or paraganglioma.
If tumor uptake of 177Lu-DOTATATE and 131I-MIBG are
equally good, the selection of radiopharmaceutical for RPT will
rely on other considerations (65).
CONCLUSION

Currently, 131I-MIBG and PRRT are 2 RPT approaches that
have shown efﬁcacy in patients with metastatic or inoperable
pheochromocytoma or paraganglioma, with acceptable toxicity
proﬁles. Once the decision to use RPT is made, one must decide
which of these 2 approaches to pursue. The ﬁrst consideration is
based on the degree of tumor localization of radiolabeled MIBG
or DOTA-somatostatin analog. Given that disparate imaging
results are not uncommon, this consideration will often inform the
selection. However, if both tracers demonstrate good localization,
other considerations, including cost, whether the treatment is inpatient or outpatient, and preexisting organ toxicities such as renal
abnormalities or marrow toxicity, must be considered to pair each
patient with the optimal radiopharmaceutical.
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The principle of pretargeted radioimmunoimaging and therapy has been
investigated over the past 30 y in preclinical and clinical settings with the
aim of reducing the radiation burden of healthy tissue for antibody-based
nuclear medicine techniques. In the past few decades, 4 pretargeting
methodologies have been proposed, and 2 of them—the bispeciﬁc
antibody–hapten and the streptavidin–biotin platforms—have been evaluated in humans in phase 1 and 2 studies. With this review article, we aim
to survey clinical pretargeting studies in order to understand the challenges that these platforms have faced in human studies and to provide
an overview of how the clinical approval of the pretargeting system has
proceeded in the past several decades. Additionally, we will discuss
the successes of the pretargeting human studies and compare and highlight the pretargeting approaches and conditions that will advance clinical
translation of the pretargeting platform in the future.
Key Words: molecular imaging; PET; radioimmunoimaging; radionuclide therapy; radiopharmaceuticals; PET imaging; pretargeting;
radioimmunotherapy
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P

retargeted nuclear imaging and therapy is an alternative
approach for conventional antibody-based nuclear medicine techniques (1). Pretargeting combines the speciﬁcity of a tumor-targeting
antibody with the pharmacokinetic proﬁle of a radiolabeled small
molecule (radioligand) to reduce the overall radiation dose associated with directly radiolabeled antibody nuclear medicine agents.
In 1985, Reardan et al. ﬁrst introduced the concept of pretargeting
in which a preadministered tumor-targeting antibody interacts
in vivo with high speciﬁcity with a small molecule radioligand, commonly referred to as bioorthogonal reactivity (2). They reported a
preclinical study of successful pretargeting using a bispeciﬁc antibody (bsAb) targeting a tumor antigen and an ethylenediaminetetraacetic acid chelate complex radioligand. Two years later, in 1987,
Hnatowich et al. reported the use of another pretargeting approach
in a preclinical model in which the pretargeting interaction between
the tumor-bound antibody and the radioligand occurred via highafﬁnity avidin–biotin association (3). In total, 4 pretargeting
mechanisms have been proposed and evaluated in vivo in preclinical
studies (Fig. 1), and these have been reviewed by other groups previously (1,4).
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To date, the streptavidin–biotin and the bsAb–hapten pretargeting
platforms are the only systems that have been evaluated in humans.
Since the ﬁrst reported human studies of the streptavidin–biotin and
bsAb–hapten approaches in 1990 and 1993, respectively (5,6), more
than 30 reports describing original pretargeting studies in humans
have been published (Fig. 2). Both approaches have proven capable
of lowering the radiation burden to healthy tissue compared with
conventional antibody-based nuclear medicine. In this review, we
discuss the challenges and successes of both of the approaches in
the clinic and what possible directions upcoming pretargeting strategies need to take to result in a ﬁrst clinical application of the
approach.
STREPTAVIDIN–BIOTIN PLATFROM IN THE CLINIC

The strong noncovalent interaction between streptavidin and biotin (K # 1014 M21) has made the molecule pair desirable for many
applications in biomedicine, and the pair has been applied to pretargeting as well. The streptavidin–biotin approach has been evaluated
in humans for pretargeted scintigraphy (5,7) and radioimmunotherapy (Table 1) (8–13). Most of the pretargeted streptavidin–biotin
human studies have been performed using full-length tumor-targeting antibodies conjugated with either biotin or streptavidin along
with a clearing agent (CA) that is given before the biotin radioligand
administration.
At the turn of the millennium, multiple human studies were performed evaluating pretargeted 90Y radioimmunotherapy in patients
with non-Hodgkin lymphoma, glioma, and gastrointestinal carcinoma. In 1999, Paganelli et al. produced the ﬁrst set of promising
results showing reduction of tumor burden in 25% of their highgrade glioma patients after 1 cycle of pretargeted 90Y-biotin radioligand (8). Later, Paganelli et al. also reported an overall 25%
response rate in recurrent grade II glioma and anaplastic astrocytoma
patient cohorts (14). Around the same time, Grana et al. published a
pretargeted 90Y radioimmunotherapy study in high-grade glioma
patients resulting in a median survival of 33.5 mo compared with
the 8 mo of the control cohort (15). These promising results established the feasibility of the approach in human therapy and led to
greater interest in the pretargeting concept, accelerating research
in the ﬁeld.
Almost all the clinical trials that have been performed using a
3-step method have included the use of a streptavidin or avidin or
a biotin-galactose–based CA (10,12,16). The use of biotingalactose derivatives as CAs before radioligand injection has been
shown to dramatically decrease the presence of accessible antibody
conjugate in the blood pool and to efﬁciently decrease the required
lag time between the antibody and radioligand administrations
(10,12). Interestingly, despite the use of the 3-step approach and
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FIGURE 1. Pretargeting agents of the 4 main platforms that have been
evaluated in clinical (A and C) or only in preclinical settings (B and D).

the evidence of its effect in reducing the antibody concentration in
the blood pool, hematologic toxicity has appeared as a reoccurring
difﬁculty in the streptavidin and biotin–based 90Y pretargeted radioimmunotherapy studies (8,9,15). To address the issue, Breitz et al.
reported the effects of different pretargeting parameters by adjusting
the interval time and the dosing of the streptavidin–antibody conjugate, CA, and 90Y-biotin (16). This optimization produced a pretargeting protocol that resulted in no hematologic toxicities in their
patient population with various adenocarcinomas. However, the
study did not report whether the optimized protocol resulted in a
tumor uptake sufﬁcient enough to show a clinical response.
In addition to the challenges with hematologic toxicity, the
streptavidin–biotin platform has been marked by high incidence of
immune response to the streptavidin- and avidin-based pretargeting
agents. Development of antistreptavidin or antiavidin antibodies in
patients has been observed in all of the clinical trials that reported an
investigation of their immunogenicity studies (5,7–10,12–14,16).
Despite several clinical evaluations of the platform’s safety and efﬁcacy, the immunogenicity of the pretargeting agents has not been
addressed. Preclinical investigation of the platform is still ongoing,
but its clinical evaluation has ceased with the last reported clinical trial
in 2005.
bSAb–HAPTEN PLATFORM IN THE CLINIC

In addition to the streptavidin–biotin methodology, the
bsAb–hapten platform has been widely studied in the clinical setting
(Table 2). Two different strategies for bsAb–hapten pretargeting
approaches have been studied clinically. Starting in 1993, with the
ﬁrst clinical trial of bsAb–hapten pretargeting approach, most clinical trials have used fragmented bispeciﬁc antibodies (Fab-Fab' along
with a radiolabeled mono- or bivalent chelate complex serving as
radioligand). This contrasts with the use of a CA as with the streptavidin–biotin system. The use of fragmented antibodies leads to a
more rapid blood-pool clearance of the antibody construct because
of the smaller size. Additionally, upon elimination of the Fc region,
the antibody fragment negates the interaction with the neonatal Fc
receptor, further reducing the circulating half-life of the constructs.
The overall effect of this approach is reduced intervals between

administration of the targeting construct and radioligand, reduced
potential for hematologic toxicity, and presumably an improvement
in tumor-to-tissue uptake ratios.
In 2013, Schoffelen et al. reported the use of a bispeciﬁc trivalent
antibody construct (Tri-Fab) in tandem with a histamine-succinylglycine (HSG) peptide–based hapten radioligand. Since then, all
the reported bsAb–hapten clinical trials have used the Tri-FabHSG–hapten strategy. When the 2 approaches are compared, the
Tri-Fab-HSG–hapten strategy has shown more promising results,
providing excellent speciﬁcity and sensitivity for pretargeted PET
imaging for patients with varying cancer proﬁles. Additionally,
one of the major advantages of using peptide-based haptens, compared with the chelate complex haptens, is the ability to design a
library of peptide haptens accompanied with different radionuclides
with lowered risk of changing the haptens’ binding to the antibody.
To date, the evaluation of the Tri-Fab-HSG–hapten approach in
humans has included the use of only 1 antibody construct, a carcinoembryonic antigen (CEA) targeting humanized Tri-Fab bsAb called
TF2 (NCT00860860) (17,18). This trivalent bsAb TF2 construct has
been tested along with an HSG hapten called IMP288 for pretargeted
PET imaging (68Ga-IMP288) ((19–21); NCT01730638, NCT01730
612) and radioimmunotherapy (111In/177Lu-IMP288) ((17,18,22);
NCT00860860, NCT01221675) in patients with colorectal cancer,
medullary thyroid carcinoma, epidermal growth factor receptor
2–negative breast cancer and metastatic lung cancer. 90Y- and
111
In-radiolabled derivatives of IMP288 are being tested in a clinical
setting as well ((20); NCT02587247, NCT02300922). The most
recent work with the TF2-68Ga-IMP288 pretargeting pair has
resulted in higher sensitivity and speciﬁcity in detecting tumor
lesions in metastatic colorectal cancer patients compared with 18FFDG PET ((20); NCT02587247). The CEA-targeted pretargeting
pair was also shown to be highly capable of detecting lesions in
patients with human epidermal growth factor receptor 2–negative
metastatic breast cancer ((21); NCT01730612). In that setting, the
pretargeted immuno-PET showed higher overall sensitivity
(94.7%) relative to 18F-FDG PET (89.6%) (Fig. 3). The number of
true-positive lesions detected in lymph nodes, bone, and liver was
higher using immuno-PET than 18F-FDG PET. Those exciting results
have clearly exhibited the potential for pretargeted PET imaging in
cancer.
As mentioned earlier, immunogenic response to the pretargeting
agents has been a limitation of the streptavidin–biotin system.
Immunogenicity of the bsAb constructs has been observed in the
bsAb–hapten platform as well. Barbet et al. reported that a high
percentage of their patients (61%) developed human antimouse
antibodies (HAMA) when a fully murine anti-CEA 3 antidiethylenetriaminepentaacetic acid (DTPA) bsAb was administrated
as part of the pretargeting protocol (23). More recent trials have used
mouse–human Fab-Fab' bsAbs, which has decreased the prevalence
of HAMA development in patients ((24); NCT00467506). Yet,
development of human antihuman antibodies (HAHA) against
mouse–human pretargeting bsAb agents has been shown to occur
as well ((24–26); NCT00467506). bsAb fragments tend to suffer
from aggregation issues, which can induce an immunogenic
response (27). However, Barbet et al. observed formation of highmolecular-weight aggregates and noticed a decrease in the HAMA
induction after improving the production and puriﬁcation process
of the antibody fragment, indicating this problem can be overcome
by appropriate formulation (23). Furthermore, premedication with
an antihistamine and corticosteroid has been shown to reduce the
prevalence of immunogenic response in patients. Using this
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Surprisingly, direct comparison of pretargeted to the directly labeled approach using
the same targeting molecule within the same
patient population has not been performed
extensively. Kraeber-Bod!er!e et al. have
compared the dosimetry of a CEAtargeting 131I-labeled bsAb with the pretargeted 131I-hapten. The dosimetry of the
131
I-bsAb was determined ﬁrst by scintigraphy over the several-day interval time, followed by an injection of the 131I-hapten
and study of its dosimetry (28). With 2 different pretargeting conditions (75 mg/m2;
5-d interval or 100 mg/m2; 7-d interval),
the tumor–to–whole-body ratios were signiﬁcantly higher for the pretargeted hapten
compared with the directly labeled antibody. Additionally, the calculated tumor
radiation doses were higher with the pretargeted 131I-hapten than with the directly
131
I-bsAb (3.9 and 2.0 Gy/GBq,
FIGURE 2. Timeline of clinical studies of bsAb and streptavidin–biotin pretargeting approaches. Each labeled
rectangle refers to a published report, with radionuclide note referring to primary radionuclide used in respectively). The study showed that their
study. Pretargeting agents used in each report are color coded.
pretargeting approach was superior to the
directly labeled approach, with a
tumor–to–whole-body ratio of 55:1 for preapproach, Touchefeu et al. reported that no patient (ntotal 5 11)
targeting (75 mg/m2; 5-d interval) and 16:1 for the conventional
68
developed HAHA in their TF2- Ga-IMP288 pretargeted PET study
approach using just the 131I-bsAb. Perhaps more importantly, the
((20); NCT02587247). Rousseau et al. shared similar results,
study was a good example of how to optimize a pretargeting platform
observing immunogenic response in only 16% of patients (ntotal 5
to achieve success in patients.
23) with the antihistamine and corticosteroid premedication
Over the past 30 y, the bsAb–hapten platform has been studied
((21); NCT 01730612).
consistently, and upcoming clinical trials using the TF2-IMP288
Many bsAb–hapten clinical trials have investigated the use of differpretargeting strategy are planned (NCT02300922, NCT01730638).
ent pretargeting schedules and protocols to deﬁne the conditions that
The recent work with the platform holds promise in solidifying the
result in the highest tumor-to-background ratios and lowest
use of the pretargeting approach as an alternative to the use of
radiation-induced toxicity ((17,19,22,25,28,29); NCT00860860,
directly radiolabeled antibodies.
NCT01730638, NCT01221675). This is done by optimizing the
amount of injected doses of each of the pretargeting components, the DISCUSSION
stoichiometric relation between these agents, and the interval time sepClinical investigations of pretargeted nuclear imaging and therapy
arating the administration of the doses. The interval time applied in the
have
shown the utility of the pretargeting approach in overcoming
clinical pretargeting studies has varied between 1 and 7 d, and increasing the interval time has resulted in lower toxicity and better image the high overall radiation doses of conventional radioimmunoimagquality to a certain extent. Schoffelen et al. showed that patients who ing and therapy. Both of the discussed pretargeting platforms are
received the 177Lu-IMP288 hapten radioligand 1 d after TF2 antibody successful at lowering the overall radiation dose, but they both
injection experienced signiﬁcantly higher red marrow doses than have hurdles to overcome if their full potential is to be realized.
patients who received the radioligand 5 d after antibody injection In the case of the streptavidin–biotin approach, the main challenge
((17); NCT00860860). Bodet-Milin et al. reported that increasing the has been the immunogenicity of the streptavidin and avidin pretarinterval time from 24 to 30 h decreased the mediastinum blood-pool geting constructs. During its 15-y period of separate clinical studies,
values, whereas a 42-h delay time resulted in lower tumor SUVmax the high prevalence of immunogenic response to the pretargeting
(T-SUVmax) and T-SUVmax–to–mediastinum blood-pool ratios than agents was not addressed. Also, the addition of a third molecule
(e.g., CA) to the pretargeting protocol makes it a more complicated
the 30-h lag time ((19); NCT01730638).
From the point of view of adjusting both the interval time and the approach, because of the need to optimize the CA dosing. These condosing, Kraeber-Bod!er!e et al. observed that a 5-d interval time resulted cerns compared with pretargeting platforms such as the
in a better tumor uptake of the hapten than the 7-d interval time. How- bsAb–hapten system, which have been shown to work efﬁciently
ever, the tumor uptake increased and the tumor localization was visible without a CA, put the streptavidin–biotin approach at a major
even with the 7-d interval time when the bsAb dose was increased from disadvantage.
One major drawback of the bsAb–hapten approach is that it lacks
10 to 50 mg/m2 (28). Certainly, one of the challenges for all of the pretargeting platforms is that each combination of target antigen, antibody modularity. The development of the HSG-haptens has been an
construct, and radioligand requires its own pretargeting protocol, improvement in this regard, but each bsAb agent targeting a different
which will be a challenge when pretargeting is applied to a variety antigen of interest needs to be designed and engineered even if a clinical antibody already exists. The development of novel working
of different cancers for diagnostic and therapeutic purposes.
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TABLE 1
Excerpts of Human Studies of Pretargeted Nuclear Medicine Using Streptavidin–Biotin System
Antibody radioligand pair
and pretargeting timeline

Radioligand dose

Target antigen and study
population

Main findings

Reference

Hour 0: Biotinylated
antitenascin mAb BC4
Hour 36: (strept)avidin
CA
Hour 54–60: 90Y-DOTAbiotin

2.22–2.96 GBq/m2

Tenascin and high-grade
glioma patients

Reduction in tumor in
25% patients, all patients
developed immune
response.

(8)

Hour 0: SA-conjugated
C2B8 mAb
Hour 34: biotin CA
Hour 52: 111In/90Y-DOTAbiotin

3–5 mCi (111In), 30–50
mCi/m2 (90Y)

CD20 and non-Hodgkin
lymphoma patients

Good tumor–to–wholebody ratios (38:1), mild
hematologic toxicity,
28% of patients with CR.

(12)

185 MBq (111In), 370
MBq/m2 (90Y)

Ep-CAM and
adenocarcinoma patients
(majority colorectal and
lung)

Good tumor-to-marrow
absorbed dose ratio
(63:1), all tested patients
developed immune
response.

(16)

Hour 0: Biotinylated
antitenascin mAb BC4
Hour 24: avidin CA
Hour 42: 90Y-DOTAbiotin (procedure
repeated again 8–10
wk apart)

0.555–1.110 GBq

Tenascin and recurrent
high-grade glioma,
anaplastic astrocytoma
patients

25% overall response to
PRIT, no hematologic
toxicity observed.

(14)

Hour 0: Biotinylated
antitenascin mAb BC4
Hour 24–36: avidin CA
Hour 40–54: 90Y-DOTAbiotin

2.2 GBq/m2

Tenascin and high-grade
glioma patients

Signiﬁcantly higher OS in
treated cohort than in
control.

(15)

185 MBq (111In), 370
MBq/m2 (90Y)

TAG-72 and metastatic
colorectal cancer

Tumor–to–normal-tissue
dose ratio 54.5, immune
response or toxicity not
reported.

(11)

Hour 0: SA-conjugated
NR-LU-10 mAb
Hour 24–72: Biotingalactose-HSA CA
Hour 28–96: 111In/90YDOTA-biotin

Hour 0: SA-conjugated
CC49-(scFv)4
Hour 48/72: biotin CA
Hour 72/96: 111In/90YDOTA-biotin

CR 5 complete response; SA 5 streptavidin; OS 5 overall survival.

bsAb agents is a time-consuming and costly process. Additionally,
the bsAb constructs have faced a lot of challenges in their clinical
translation, and currently only 2 bispeciﬁc antibodies are approved
for clinical use (27). Because of the increasing need for antibodybased imaging and therapeutic nuclear agents, ideally the pretargeting agents need to be developed and manufactured efﬁciently and
affordably in order to access a wide variety of different tumor
antigens.
In addition to the 2 platforms discussed in this review, other promising pretargeting methodologies are moving toward clinical evaluation as well. In the last decade the inverse electron-demand
Diels–Alder (IEDDA) click chemistry pretargeting approach has
been shown to work well in preclinical models, delivering the radioligand to the target site with great speciﬁcity. As a result, the platform’s ﬁrst clinical trials, which will notably not use a CA, are
reported to start in 2021 (30). Compared with the bsAb–hapten
approach, the click chemistry pretargeting components—a
transcyclooctene-conjugated antibody and a tetrazene-based

radioligand—are highly modular, but the stability of the IEDDA pretargeting agents may prove a challenge for clinical translation
(31,32). With the ﬁrst clinical trials poised to begin within the
year, the magnitude of this challenge will be revealed soon.
One of the main criticisms of all pretargeting approaches is the
requisite use of noninternalizing or slowly internalizing antibodies,
which limits the number of antibodies that can be used. Although
the use of slowly internalizing antibodies such as CA19.9-targeting
5B1 and rapidly internalizing epidermal growth factor
receptor–targeting cetuximab have been possible in a preclinical setting (33–35), it has yet to be reported in clinical studies. However,
clinical translation will soon be attempted with the IEDDA-based
approach and the slowly internalizing 5B1 antibody, which will
help to determine more concretely what is possible in patients. It
should also be noted that the process of antigen–antibody internalization is not always absolute. In preclinical studies, internalizing
TF12 bsAb was shown to remain accessible for hapten binding
because of the only partial internalization of the antibody construct
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TABLE 2
Excerpts of Human Studies of Pretargeted Nuclear Medicine Using bsAb–Hapten System
Antibody radioligand pair
and pretargeting timeline

Target antigen and study
population

Radioligand dose

Main findings

Reference

Hour 0: anti-CEA 3 antiDTPA indium bsAb
Hour 96–120: 111Inbivalent DTPA hapten

100–200 MBq

CEA and medullary
thyroid carcinoma

Immunogenic response
in 61% of the patients.
80% true-positive tumor
visualization.

(23)

Hour 0: hMN-14 3 m734
bsAb
Hour 120/168: 131Ibivalent hapten

2.6–5.5 GBq

CEA and varied patient
population with CEApositive tumors

Tumor dose of 131I-bsAb
and pretargeted 131Ihapten 2.0 Gy/GBq and
3.9 Gy/GBq,
respectively.
Tumor–to–whole-body
ratio higher with 131Ihapten.

(28)

Hour 0: TF2 bsAb
Hour 24–30: 68GaIMP288
(premedicated with
antihistamine and
corticosteroid)

150 MBq

CEA and HER2-negative
metastatic breast cancer

Immuno-PET showed
higher total lesion
sensitivity (94.7%) than
18
F-FDG PET (89.6%).
Immunogenic response
in 16% of the patients.

((21); NCT01730612)

Hour 0: TF2 bsAb
Hour 30: 68Ga-IMP288
(premedicated with
antihistamine and
corticosteroid)

150 MBq

CEA and metastatic
colorectal cancer

Immuno-PET showed
higher sensitivity (88%)
and speciﬁcity (100%)
than 18F-FDG PET (76%
and 67%, respectively),
no immunogenic
response.

((20); NCT02587247)

185 MBq (111In)
2.5–7.4 GBq (177Lu)

CEA and advanced
colorectal malignancy

10% patients
experienced grade III–IV
hematologic toxicity, no
therapeutic effect
detected.

((17,18);
NCT00860860)

Hour 0: TF2 bsAb
Hour 24/120: 111In/177LuIMP288

HER2 5 human epidermal growth factor receptor 2.

(36). If those types of antibodies are successful in a clinical setting, it
would increase the number of antibodies and molecular targets that
can become part of the pretargeting tool kit, expanding the effectiveness of the approach.
In addition to imaging, pretargeting has immense potential to
enhance radioimmunotherapy. Conventional radioimmunotherapy
has shown good results in clinical response in patients with nonsolid
tumors. However, solid tumors possess higher radio resistance and,
relative to nonsolid tumors, 5- to 10-fold radiation doses are required
to achieve a response (37). Because pretargeting produces faster
delivery of the radiation source to the target site, larger doses could
theoretically be administered with pretargeted radioimmunotherapy
without inducing hematologic toxicities. It is exciting that a large
portion of the clinical studies of pretargeting platforms have been
for pretargeted radioimmunotherapy. However, phase 2 clinical trials have only shown modest efﬁcacy for both platforms. In 2 different studies of bsAb–hapten pretargeting with a 131I-radiolabeled
bivalent hapten radioligand in patients with CEA-positive cancer,
Kraeber-Bod!er!e et al. reported no occurrence of complete or partial
response (25,38). In another bsAb–hapten radioimmunotherapy
study in patients with metastatic medullary thyroid carcinoma, a disease control rate of 76.2% (n 5 32) was observed (24). Most of the
patients enrolled in these pretargeted radioimmunotherapy studies
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were late-stage cancer patients with high tumor burden and had
already unsuccessfully undergone other forms of therapy. Also, in
these studies only a single dose of therapeutic radioligand was
administrated as a standalone therapy. As clinical use of this
approach expands, it may be useful to explore how pretargeted radioimmunotherapy would perform when joined with other therapies or
when administered as multiple doses.
On average, more than 10 new cancer therapeutic antibodies enter
late-stage clinical trials every year (39). As the role of antibodies in
cancer therapeutics has increased, the potential for using antibodybased imaging agents in proﬁling patients’ tumor antigen landscape
to predict therapeutic response is consequential and signiﬁcant.
For the past 30 y, pretargeting has been proposed as an alternative approach to conventional antibody-based nuclear imaging and
therapy. The approval rate of directly radiolabeled antibodies
for clinical use has been low, with only 2 Food and Drug
Administration–approved radioimmunoconjugates, 131I-tositumomab and 90Y-ibritumomab, being approved in the early 2000s for
non-Hodgkin lymphoma (37). According to a survey performed
by Schaefer et al. in the United States, one of the bigger concerns
for oncologists and hematologists in the use of 131I-tositumomab
is the possible bone marrow damage that could preclude patients
from further therapy (40). As our understanding of how to

No. 9

!

September 2021

7.
8.
9.

10.

11.

12.
13.

14.

FIGURE 3. (A–C) In patient 1, pretargeted immuno-PET with TF2 and
Ga-IMP288 peptide images show 2 vertebral metastases (L1 and T9,
arrows) (A), 18F-FDG PET discloses no vertebral abnormalities (B), and vertebral MRI conﬁrms both lesions (blue arrows) and discloses another lesion
(red arrow) at T8 (C). (D–F) In patient 2, CT shows suspected liver lesion (D),
and pretargeted immuno-PET with TF2 and 68Ga-IMP288 peptide reveals
high uptake by liver lesion (arrow) (E), which was not seen by 18F-FDG
PET (F). (Reprinted from (21).)
68

effectively implement pretargeted radioimmunotherapy expands,
the preclinical data strongly suggest that these types of toxicities
can be avoided, alleviating some of the concerns of physicians
who want to use these strategies in the clinic.
Pretargeting is an approach that has shown signiﬁcant promise in
solving the challenge of relatively high radiation burden of the nontumorous tissue that is associated in the use of radioimmunoconjugates such as 131I-tositumomab and 90Y-ibritumomab. Yet, the
clinical data on the use of pretargeting have not been straightforward.
The challenges with toxicity, immunogenicity, and modularity have
not been fully addressed, but progress is gaining momentum and
the outlook for pretargeted imaging and therapy remains promising.
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A diverse health-care workforce is a necessary component of equitable
care delivery to an increasingly diverse U.S. population. In nuclear medicine (NM), there is a paucity of data on the numbers of women and members of racial and ethnic groups that are underrepresented in medicine in
the United States (URiMs). This study sought to characterize the current
state of women and URiMs in academic NM, describe the demographics of Accreditation Council for Graduate Medical Education
(ACGME)–accredited NM residency program faculty and trainees, and
assess the extent of NM exposure during medical school. Methods:
This study was reviewed by the Institutional Review Board and deemed
exempt. In this cross-sectional study, a link to an online 15-item survey
was emailed to 41 ACGME-accredited NM residency program directors
(PDs) in the United States. Data were collected between September
2018 and December 2018 using a secure web application that serves
as an electronic data capture tool for research studies. Results: 23 of
41 (56.1%) PDs responded to the survey, 18 of 23 (78.3%) of whom
were men and 5 of 23 (21.7%) women. Three of 23 (13.0%) PDs reported
being URiMs. Of the 60 residents in the 23 NM residency programs
whose PDs responded, 37 of 60 (61.7%) were men (7/37 [18.9%]
URiMs) and 23 of 60 (38.3%) women (5/23 [21.7%] URiMs). Fourteen
of 60 (23.3%) residents were U.S. medical school graduates (U.S.
grads). PDs described demographics of 121 current NM faculty members: 86 of 121 (71.1%) were men (8/121 [6.6% URIMs] and 35 of 121
(28.9%) women (7/121 (5.8% URiMs). Sixty-ﬁve of 121 (53.7%) were
U.S. grads. Sixteen of 23 (69.6%) divisional chiefs were men, and 7 of
23 (30.4%) were women. Four of 23 (17.4%) divisional chiefs were
URiMs, and 7 of 20 (35.0%) NM PDs reported that NM was part of the
medical school curriculum. Conclusion: Women and URiMs are underrepresented in NM training programs. This diversity gap is more pronounced among NM faculty and to an even greater extent in
leadership positions. A greater proportion of NM trainees are international medical graduates compared with NM faculty members, suggesting declining NM recruitment among U.S. grads. NM is included in the
medical school curriculum at fewer than one third of academic centers
with NM residency programs, typically toward the end of medical
school. Increased and earlier exposure to NM, especially for women
and URiMs, may improve recruitment and mitigate diversity gaps.
Key Words: diversity; women; underrepresented in medicine; nuclear
medicine; training
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diverse health-care workforce is one of the essential components to the provision of equitable and culturally competent care to
an increasingly diverse U.S. patient population (1,2). Shared traits
between patients and physicians including gender and race or ethnicity have been linked to better communication, adherence to medical
recommendations, and overall health-care outcomes (3,4). Previous
research indicates that improving patient–physician concordance of
race, language, and social characteristics increases patients’ trust of
providers and satisfaction with care (5,6). The importance of a
diverse workforce will only continue to increase in importance:
U.S. Census projections indicate that racial and ethnic minorities
will become the majority by the year 2050, with people of Hispanic
ethnicity comprising 99.8 million people or 26% of the population
(7), and people identifying as being of 2 or more races expected to
become the fastest growing group over the next several decades (8).
Signiﬁcant inequities in medical imaging have been documented,
with individuals from racial and ethnic minority backgrounds disproportionately less likely to complete recommended imaging for both
acute and chronic health conditions (9). For example, after adjusting
for income, education, insurance, and health-care setting, Black people and people of Hispanic ethnicity in the Cancer Care Outcomes
and Research Surveillance study population were less likely than
non-Hispanic White people to receive guideline-recommended
PET imaging during staging for non–small cell lung carcinoma,
with potential adverse impacts on diagnosis accuracy and longterm survival (10). Other studies have reported that women are
more likely to receive inappropriate SPECT myocardial perfusion
imaging, suggesting a gender disparity in referral for this test (11).
Although women make up nearly half of U.S. medical school
graduates, they remain underrepresented in numerous medical specialties and comprise a minority of faculty positions in academic
medical centers, less than a third of division and section chiefs,
and less than 20% of department chairs and medical school deans
(12). Likewise, members of racial and ethnic groups that are underrepresented in medicine in the United States (URiMs), previously
described as underrepresented minorities (13), are underrepresented
as medical students (14), as medical school faculty members (15),
and in medical school leadership positions (16).
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There is a paucity of data on the representation of women and
URiMs in nuclear medicine (NM). Although we know that women
are underrepresented in radiology in the United States, comprising
27.2% of radiologists (17), women are likely even more underrepresented in NM as they comprise less than 20% of physicians certiﬁed
by the American Board of Nuclear Medicine. Although female residents comprised 44% of NM residents in 2018 based on Association
of American Medical Colleges (AAMC) statistics (12), there are
limited data available on the range of representation of women
and URiM residents in NM training programs across the country,
the representation of women and URiMs among NM faculty, the
percentage of international medical graduates in NM training programs, and board certiﬁcation pathways for faculty and current residents. There are also limited data on exposure to NM in medical
school, with only 1 study recently reporting that 80% of current
NM trainees ﬁrst became interested in NM after medical school
(18). The authors of this study also found signiﬁcant differences in
perception of NM exposure in the medical school curriculum
between the faculty and NM trainees. To address these knowledge
gaps, we sought to:
1. Characterize the current state of women and members of URiM
racial and ethnic groups in Accreditation Council for Graduate
Medical Education (ACGME)–accredited NM residency training
programs,
2. Describe the demographics of ACGME-accredited NM residency program faculty and trainees including years in practice,
country of medical school education, board certiﬁcation status
of faculty, and board certiﬁcation plans for residents, and
3. Identify the extent of NM exposure during medical school.
We expect that insights gained could inform future strategies to
address diversity gaps in NM.
MATERIALS AND METHODS

This study was deemed exempt by our institutional review board with
a waiver of informed consent, and compliance with the U.S. Health
Insurance Portability and Accountability Act was maintained.
In this descriptive cross-sectional study, a link to a 15-item online survey was sent via email to program directors (PDs) of the 41 ACGMEaccredited NM residency programs in the United States. The anonymous
survey included questions about divisional faculty, leadership and resident characteristics including gender, race and ethnicity, and country of
medical school graduation as well as medical school exposure to radiology and NM (Supplemental Fig. 1; supplemental materials are available
at http://jnm.snmjournals.org). Although URiM is an evolving concept,
our survey deﬁned URiM as Black/African American, American Indian/
Alaska Native or Native Hawaiian/Paciﬁc Islander, or Hispanic/Latinx
based on U.S. Census Bureau race and ethnicity categories and historically underrepresented racial and ethnic groups in medicine (13).
Respondents could opt out of any question they preferred not to answer;
IP addresses were not collected, and no protected health information was
obtained for this research project. Survey responses were collected
between September and December 2018 and stored in REDCap (a secure
web application that serves as an electronic data capture tool for research
studies) until downloaded for analysis.

responded to the survey (Fig. 1). All survey responses were
complete.
Resident Demographics

The percentage of NM residents who are women and the percentage of NM residents who are members of URiM racial and ethnic
groups (Fig. 2 and Table 1) are lower than their respective percentages in the general population (Table 2).
Faculty Demographics

The percentage of current NM faculty members who are women
and the percentage of NM faculty members who are members of
URiM racial and ethnic groups (Fig. 2 and Table 1) are lower than
their respective percentages in the general population (Table 2).
This is also true at the leadership level (Fig. 2) where 5 of 23
(21.7%) PDs were women, 3 of 23 (13.0%) PDs reported being
members of a racial or ethnic URiM group, 7 of 23 (30.4%) divisional chiefs were women, and 4 of 23 (17.4%) divisional chiefs
were members of a racial or ethnic URiM group.
Figure 3 shows URiM representation in NM residents and faculty
by gender.
Training and Certification of Faculty Versus Residents

PDs described board certiﬁcation status of 113 clinical NM faculty members. Of 113 NM faculty members, 2 of 113 (1.8%) were
certiﬁed by the American Board of Radiology (ABR); 1 of 113
(0.9%) ABR plus subspecialty certiﬁcation (ABR 1 CAQ); 61 of
113 (54.0%) American Board of Nuclear Medicine (ABNM); 41
of 113 (36.3%) ABR 1 ABNM; and 4 of 113 (3.5%) other (2 American Board of Internal Medicine [ABIM] 1 ABNM, 3 ABIM, 2 Certiﬁcation Board of Nuclear Cardiology [CBNC], 1 European).
Results are illustrated in Figure 4.
PDs described country of graduation for 121 NM faculty members. The majority (65/121 [53.7%]) of NM faculty members graduated from medical school in the United States. PDs described
experience of 137 clinical NM faculty members. Fifty-one of 137
(37.2%) had been out of training for more than 20 y, 33 of 137
(24.1%) 11–20 y, 31 of 137 (22.6%) 5–10 y, and 22 of 137
(16.1%) fewer than 5 y out of training.
By contrast, only 14 of 60 (23.3%) NM residents were graduates
of U.S. medical schools. In addition, 1 of 60 (1.7%) planned to
become board certiﬁed by ABR, 0 of 60 (0%) ABR 1 CAQ, 24
of 60 (40%) ABNM, and 35 of 60 (58.3%) ABR 1 ABNM.
Exposure to NM in Medical School

Only 7 of 20 (35.0%) NM PDs reported that NM is part of their
medical school curriculum (3 PDs did not answer this question),

RESULTS

Twenty-three of the 41(56.1%) PDs supervising 60 residents in
ACGME-accredited NM residency programs in the United States
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FIGURE 1. Flowchart of study participants.
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NM leadership positions. Our ﬁndings are
consistent with other studies demonstrating
underrepresentation of women in medical
Male
50.0%
imaging both in the U.S. and globally, espe64.5%
Male URiM
cially in higher rank positions. In a recent
Female
study of NM specialists in Canada and the
5.8%
8.3%
Female URiM
11.7%
United States, women comprised just 7.8%
23.1%
30.0%
of ﬁrst-in-command roles and 12.5% of sec6.6%
ond-in-command roles despite comparable
academic performance in terms of number
of publications, number of citations, years
NM Resident Demographics
NM Faculty Demographics
of active research, and h-index, which takes
productivity and citation impact of the publications into account (19). Women in NM are
also underrepresented compared with women
in academic medicine at the resident, faculty,
82.6%
Other
and PD level. The percentage of women divi87%
URiM
sion chiefs in our sample was slightly higher
13.0%
than the percentage of women department
17.4%
chairs in academic medicine (30.4% vs.
25.6%).
According to the AAMC, URiM is deﬁned
as “those racial and ethnic populations that
NM Program Director Demographics
NM Divisional Chief Demographics
are underrepresented in the medical profesFIGURE 2. NM resident, faculty, program director, and divisional chief demographics.
sion relative to their numbers in the general
population,” and historically underrepresented URiM groups include individuals
who identify as Black, Mexican-American,
with 5 of 7 (71.4%) institutions offering NM only as part of the radi- Native American (i.e., American Indian, Alaska Native, and Native
ology curriculum. Among schools where NM was offered as part of Hawaiian), and mainland Puerto Rican (13). As of 2014, 18% and
the radiology curriculum, it was mandatory in 4 of 5 (80%) pro- 13% of the U.S. population identiﬁed as Hispanic or Black, respecgrams. Most (6/7 [85.7%]) of the medical schools offering NM in tively, but these URiM groups represented only 8.9% of the physithe curriculum did so during years 3 and 4. Exposure to radiology cian workforce (20). In our study, we found persistently low
and NM during medical school is detailed in Figures 5 and 6, representation of URiMs in NM (deﬁned as Black/African Amerirespectively.
can, American Indian/Alaska Native or Native Hawaiian/Paciﬁc
Islander, or Hispanic/Latinx based on U.S. Census Bureau race
DISCUSSION
and ethnicity categories and historically underrepresented racial/ethOur study results indicate that compared with the general popula- nic groups in medicine), particularly among faculty and leadership
tion, women and members of URiM racial and ethnic groups are positions with just 6.6% of male faculty and 5.8% of female faculty
belonging to a racial or ethnic URiM group. Although the percentage
underrepresented in NM.
Among women, this diversity gap exists at the resident level, is of NM residents who are members of URiM groups is slightly higher
greater at the NM faculty level, and is even more pronounced in than the percentage of members of URiM groups in general
TABLE 1
Demographics of NM Residents and Faculty
Leadership
Residents (n 5 60)
Demographic

Faculty (n 5 121)

Division chiefs (n 5 23)

Program directors (n 5 23)

n

%

n

%

n

%

n

%

Male

37

61.7

86

71.1

16

69.6

18

78.3

Female

23

38.3

35

28.9

7

30.4

5

21.7

URiM

12

20.0

15

12.4

4

17.4

3

13.0

U.S. graduate

14

23.3

65

53.7

IMG

46

76.7

56

46.3

IMG 5 international medical graduate.
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TABLE 2
Demographics of Residents, Faculty, and Department Chairs in Medicine and Demographics of U.S. General Population
Leadership
Demographic

Residents (35)

Faculty (12)

Chairs (36)

Program Directors (12)

U.S. Population (37)

Male

54.1

59.0

74.4

69.9

51.1

Female

45.8

41.0

25.6

31.1

48.9

URiM

13.8

12.5

7.5

US graduate

76.9

77.1

IMG

23.1

22.9

34.4

IMG 5 international medical graduate.
Data are percentages.

academic medicine, members of these racial and ethnic groups as a
whole are underrepresented in medicine compared with the general

FIGURE 3. URiM representation in NM faculty by gender.
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population. The percentage of NM faculty who are members of a
URiM group is similar compared with the underrepresentation of
these racial and ethnic groups in general academic medicine but
underrepresented compared with the general population. The percentage of division chiefs in NM who are members of a URiM group
is slightly higher than the percentage of general academic medicine
department chairs who are members of a URiM group but remains
grossly underrepresented compared with the general population.
Notably, we found a higher proportion of female and members of
racial or ethnic URiM groups among current residents, with 38.3%
being women and 20% members of URiM groups, compared with
clinical NM faculty, suggesting a positive trend for future greater
representation.
Our results demonstrate a lower percentage of U.S. medical
school graduates among NM residents compared with faculty, supporting mounting evidence that fewer medical school graduates are
entering the traditional NM training pathway in the United States. In
the last decade, the number of ACGME-accredited NM residency
programs has dropped by 23% and the number of NM residents
has dropped by 48%; as of 2016 just 54% of NM residency slots
and 35% of nuclear radiology fellowship spots were ﬁlled (21). In
addition, the percentages of international medical graduate (IMG)
residents and faculty in NM are much higher than the percentages
of IMG residents and faculty in the general medical workforce.
Furthermore, whereas most NM clinical faculty members were
U.S. medical school graduates certiﬁed by ABNM alone, current
NM residents were predominantly international medical graduates
planning to become board certiﬁed in ABR 1 ABNM. The increasing popularity of combining NM and radiology may be explained by
job market forces. Physicians who are trained in both diagnostic
radiology and NM/nuclear radiology (NR) have a competitive
advantage over those trained solely in NM/NR because those with
cross-training in diagnostic radiology can provide broader independent interpretations of imaging (21).
Although cross-trained diagnostic radiology and NM/NR physicians are well prepared to interpret imaging studies, the imagingfocused approach of dual NM/NR programs may not adequately
train physicians to apply targeted NM therapies such as nuclear
theranostics for optimally managing cancer and other medical conditions, for example, the use of peptide receptor radionuclide therapy
to target somatostatin receptors diagnostically and therapeutically
(22), radioiodine to forecast response to therapy among patients
with advanced thyroid cancer and inform treatment pathways (23),

No. 9

!

September 2021

hypothesize that exposure to NM therapies
is lacking similarly to general NM exposure
in medical school curricula, if not more so,
and future studies are warranted.
Our study identiﬁed low numbers of
women and members of racial and ethnic
URiM groups in NM, in addition to an overall
decline in the percentage of U.S. medical
school graduates pursuing NM. Physicians
often cite exposure in medical school as a critical factor in specialty choice, and previous
research has shown that women have less preclinical radiology exposure than do men (28).
In our study, NM was included in the medical
school curriculum at fewer than one third of
academic centers with NM residency programs and was typically not offered until the
third or fourth years of medical school. It is
likely that students at medical schools without
dedicated postgraduate NM training proFIGURE 4. Board certiﬁcation of 113 NM faculty at 23 training institutions.
grams have even less NM exposure.
These ﬁndings are in line with a recent
study that found that most NM experience
and lutetium prostate-speciﬁc membrane antigen for metastatic pros- came during radiology lectures or clinical clerkships. In this same
tate cancer (24). Beyond oncologic care, the use of theranostics is study, there was a signiﬁcant difference between the perception of
actively being pursued for the management of myriad conditions NM exposure by NM trainees versus NM exposure reported by facincluding pulmonary (25) and neurologic disorders (26). With ulty. The NM trainee perception of exposure to NM in medical
increasing recognition of the potential of radiopharmaceutical ther- school was reported as 35% and 52% during preclinical and clinical
apy as a safe and effective targeted approach to treating numerous medical school training, respectively, whereas that reported by facmedical conditions, the clinical need for hospital-based radionu- ulty who teach NM was 76% and 91.7%, respectively (17). This difclide/radioligand therapy is expected to grow exponentially (27), ference of perception highlights the necessity for teaching NM in
making the training mismatch even more concerning, especially medical school, to do so early on, and for it to be a meaningful expegiven the limited exposure to radionuclide/radioligand therapy rience that allows students to imagine themselves becoming NM and
topics in medical school curricula. Although our study shows insuf- molecular imaging physicians. Accordingly, incorporation of all facﬁcient NM exposure during medical school, our study did not exam- ets of NM and molecular imaging into the medical school curricuine speciﬁc medical student exposure to NM therapies, but we lum, from imaging interpretation to NM therapies, is warranted.
Female physicians have identiﬁed mentorship as an important factor in their career paths. Women with mentors have more publications and spend more time on research activity than those without
mentors; in addition, women with a role model report higher overall
career satisfaction (29). A lack of female role models in NM leadership and low exposure to NM in medical school may contribute to
the underrepresentation of women in NM.
Possible barriers to members of racial and ethnic URiM
groups and women choosing NM and reaching leadership positions in NM include lack of exposure to NM before medical
school and in the ﬁrst 2 y of medical school as well as lack
of representation among NM faculty and leadership. As such,
possible strategies to address diversity gaps in NM include
increasing early exposure to NM, increasing NM mentorship
and sponsorship, increasing awareness of structural racism
and structural gender bias and how to combat them, and implementing leadership training, especially for women and members of racial and ethnic URiM groups.
Diversity gaps are not unique to medicine. They exist in many
areas of society including in other ﬁelds requiring postgraduate training such as academia (in which the percentage of nonwhite professors
at degree-granting postsecondary institutions is 22% and the percentage of women professors is 33% (30)) and law (in which the percentage of people of color who are partners is ,10% and the percentage
FIGURE 5. Exposure to radiology during medical school.
of women partners is ,25% (31)) as well as in ﬁnance (in which the
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KEY POINTS
QUESTION: In NM training programs, what percentage of trainees
and faculty members are women or members of racial and ethnic
groups that are underrepresented in medicine in the United States
(URiM)?
PERTINENT FINDINGS: This survey study found that women and
members of racial and ethnic URiM groups are underrepresented
in NM training programs; this diversity gap is more pronounced
among NM faculty and, to an even greater extent, in leadership
positions. NM is included in the medical school curriculum at fewer
than one third of academic centers with NM residency programs,
typically toward the end of medical school.

FIGURE 6. Exposure to NM during medical school.

percentage of African American ofﬁcials and managers in the securities subsector is ,5% and the percentage of women ofﬁcials and
managers in the securities subsector is ,35% (32)) and business
(in which the percentage of Black chief executive ofﬁcers of Fortune
500 companies is ,1% (33) and the percentage of women Black
chief executive ofﬁcers of Fortune 500 companies is ,8% (34)).
Our study had some limitations, most notably a small sample
size of PDs answering on behalf of other faculty and residents.
Responding to our survey was voluntary, and response bias is possible. However, PDs are well positioned to provide the type of factual programmatic information we sought in our research, so the
information obtained is likely representative of respondents’ institutions. In addition, our study focused on women and URiM racial
and ethnic groups and did not assess representation of other URiM
groups such as LGBTQ1 individuals or individuals with disabilities, who deserve further attention in future studies. In addition,
and importantly, URiMs are a heterogeneous group of people of
different races and ethnicities who are grouped together in this
study. Future studies examining speciﬁc representation of members of each racial and ethnic group and of people with crosssectional identities are warranted. We also surveyed only PDs of
AGCME-accredited NM residency programs; we did not look at
nuclear radiology fellowships, NM therapy fellowships, nonaccredited NM fellowships, or radiology residency programs with
participants in the 16-mo combined diagnostic radiology/nuclear
radiology dual-certiﬁcation pathway. Nevertheless, the data we
were able to gather enable a better understanding of representation
of women and members of racial and ethnic URiM groups in a
majority cross-section of ACGME-accredited NM residency programs in the United States.
CONCLUSION

Increasing early exposure to NM before and during medical school,
with a special focus on women and members of racial and ethnic
URiM groups, may improve recruitment of diverse trainees through
both traditional and newer training pathways as 1 component of
advancing diversity, equity, and inclusion in academic NM. We
hope that this study encourages readers to evaluate the diversity of their
workforce and assess whether it matches their community.
DISCLOSURE
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IMPLICATIONS FOR PATIENT CARE: Increasing early exposure
to NM in medical school with a special focus on women and
members of racial and ethnic URiM groups may improve recruitment of diverse trainees, which can improve the provision of equitable and culturally competent patient care.
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Value of 18F-FES PET in Solving Clinical Dilemmas in Breast
Cancer Patients: A Retrospective Study
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Breast cancer (BC) is a heterogeneous disease in which estrogen receptor (ER) expression plays an important role in most tumors. A clinical
dilemma may arise when a metastasis biopsy to determine the ER status
cannot be performed safely or when ER heterogeneity is suspected
between tumor lesions. Whole-body ER imaging, such as 16a-18F-ﬂuoro-17b-estradiol (18F-FES) PET, may have added value in these situations. However, the role of this imaging technique in routine clinical
practice remains to be further determined. Therefore, we assessed
whether the physician’s remaining clinical dilemma after the standard
workup was solved by the 18F-FES PET scan. Methods: This retrospective study included 18F-FES PET scans of patients who had (or were suspected to have) ER-positive metastatic BC and for whom a clinical
dilemma remained after the standard workup. The scans were performed at the University Medical Center of Groningen between November 2009 and January 2019. We investigated whether the physician’s
clinical dilemma was solved, deﬁned either as solving the clinical
dilemma through the 18F-FES PET results or as basing a treatment decision directly on the 18F-FES PET results. In addition, the category of the
clinical dilemma was reported, as well as the rate of 18F-FES–positive or
–negative PET scans, and any correlation to the frequency of solved
dilemmas was determined. Results: One hundred 18F-FES PET scans
were performed on 83 patients. The clinical dilemma categories were
inability to determine the extent of metastatic disease or suspected metastatic disease with the standard workup (n 5 52), unclear ER status of
the tumor (n 5 31), and inability to determine which primary tumor
caused the metastases (n 5 17). The dilemmas were solved by 18FFES PET in 87 of 100 scans (87%). In 81 of 87 scans, a treatment decision was based directly on 18F-FES PET results (treatment change, 51
scans; continuance, 30 scans). The frequency of solved dilemmas
was not related to the clinical dilemma category (P 5 0.334). However,
the frequency of solved dilemmas was related to whether scans were
18
F-FES–positive (n 5 63) or 18F-FES–negative (n 5 37; P , 0.001).
Conclusion: For various indications, the 18F-FES PET scan can help
to solve most clinical dilemmas that may remain after the standard
workup. Therefore, the 18F-FES PET scan has added value in BC
patients who present the physician with a clinical dilemma.
Key Words: FES PET; breast cancer; clinical dilemma; conventional
imaging
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reast cancer (BC) is the most common malignant disease
among women worldwide (1). In The Netherlands, it is estimated
that 1 of 7 women will be diagnosed with BC at some point in their
life (2). Of all BC patients, roughly 10% develop distant metastases
in the ﬁrst 5 y after primary diagnosis (3). A clinically relevant characteristic of BC is the estrogen receptor (ER), which is expressed by
most (79%) breast tumors (4). The ER is an important predictive and
prognostic marker and used as a target for treatment. ER-positive
breast tumors are likely to respond to hormonal therapy (5).
Currently, ER expression in BC is determined by immunohistochemistry (5,6). However, this gold standard has some limitations.
A metastasis biopsy may lead to sampling errors and can be infeasible because of its invasive nature or the location of the lesion. Also,
heterogeneity in ER expression between tumor lesions within
patients can be a clinical challenge for clinicians (7,8). Discrepancies
in ER expression between the primary tumor and the metastasis is
observed in 16%–40% of patients (5,8). Furthermore, the ER expression of tumors may change over time. These factors may cause a
clinical dilemma regarding both the correct diagnosis and the best
choice of therapy, and regular evaluation of the ER status is therefore
important. According to the guidelines of the European Society for
Medical Oncology, repeated histologic biopsies are recommended to
reevaluate the ER status of metastatic BC (9).
However, since it is impossible to evaluate the ER status of every
lesion in the body by biopsy, a noninvasive imaging method to measure the ER expression of all tumor lesions in the body would be a
useful and valuable tool. PET with 16a-18F-ﬂuoro-17b-estradiol
(18F-FES) could be such a tool (10). 18F-FES PET has the potential
to visualize the ER expression of all tumor lesions and to estimate the
heterogeneity in ER expression in metastatic lesions across the body
and can therefore be used for individualized therapy decision making (11,12). A high correlation has been found between 18F-FES
uptake and immunohistochemistry ﬁndings for determination of
ER status (13–15).
18
F-FES PET, recently approved for human use in France and the
United States, is an evolving imaging technique and may soon play
an increasingly important role in clinical practice. Small studies have
shown that 18F-FES PET has added value for BC patients presenting
a clinical dilemma (16–18). To conﬁrm these initial ﬁndings, evaluation of the role of 18F-FES PET in a larger patient sample size is
needed, and the role of this imaging technique in routine clinical
practice remains to be further determined. Therefore, the aim of
this study was to assess the value of 18F-FES PET in a large retrospective patient cohort by evaluating whether the physician’s
remaining clinical dilemma after the standard workup could be
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18F-FES

A 40- or 64-slice mCT PET/CT camera (Siemens CTI) was used with a
2-mm spatially reconstructed resolution and an acquisition time of 3 min
per bed position. A low-dose CT scan was acquired for attenuation and scatter correction. Some patients underwent 18F-FES PET in combination with
a diagnostic CT scan. 18F-FES PET scans were evaluated qualitatively by
nuclear medicine physicians, and a standard clinical report was documented
in the patient’s ﬁle. The scans were divided into 2 categories: those showing
ER-positive disease (i.e., at least 1 lesion showing visually increased 18FFES uptake above the background level) and those showing ER-negative
disease (i.e., no lesion showing visually increased 18F-FES uptake above
the background level). In cases of ambiguous lesions on qualitative analysis
of the 18F-FES PET scan, tracer uptake in the lesion was quantiﬁed, using an
SUVmax of 1.5 as the cutoff (19). In patients who had also undergone 18FFDG PET in the standard workup, a secondary (quantitative) analysis was
performed. For both PET scans (18F-FDG and 18F-FES), patient preparation, tracer administration, and reconstruction were performed according
to European Association of Nuclear Medicine (EANM) protocols. Quantitative analysis was performed on reconstructed images according to the
method of EANM Research Ltd. (21).

PET scans assessed for eligibility (n = 113)

Excluded (n = 13)
- Research setting (n = 6)
- PET only camera (n = 4)
- Liver metastasis indication (n = 2)
- Technical imaging problems (n = 1)

Eligible 18F-FES PET scans for primary analysis (n = 100)

Excluded (n = 86)
-

18F-FDG

PET is not performed or

not related to the same workup as
the 18F-FES PET within a
timeframe of 3 months (n = 79)
- EARL 18F-FDG PET not available
(n = 6)
- EARL 18F-FES PET not available

Standard Workup

(n = 1)

Combined 18F-FDG/FES PET scans available for secondary analysis (n = 14)

FIGURE 1. Consolidated Standards of Reporting Trials (CONSORT)
diagram.

solved by the 18F-FES PET ﬁndings and whether this imaging technique supported BC management.
MATERIALS AND METHODS
Study Design and Patients

This was a retrospective study of all consecutive patients who underwent clinical 18F-FES PET at the University Medical Center of Groningen between November 2009 and January 2019. 18F-FES PET scans
were eligible for analysis if they were performed on patients who had, or
were suspected to have, ER-positive metastatic BC and for whom pathologic assessment of the primary tumor or suspected metastasis was
available but a clinical dilemma remained after the standard workup.
For each patient, a 18F-FES PET scan was requested by a medical oncologist in the context of the clinical dilemma, and the validity of the request
was conﬁrmed by a nuclear medicine physician. We used only scans that
were acquired on a combined PET/CT scanner; scans that were acquired
with a PET-only scanner were excluded. If there was a technical imaging
problem, the scan was excluded, as were scans performed as part of a
clinical trial. In addition, requests for 18F-FES PET that related only to
the detection of liver metastases were excluded because of unreliable
image interpretation (19). All procedures were performed as part of routine care. The Medical Ethics Committee of the University Medical Center of Groningen reviewed the protocol and decided that this type of
research was beyond the scope of the Medical Research Involving
Human Subjects Act (METc 2018/418). All data were pseudonymized
before data analysis.
18

F-FES PET Imaging
18

F-FES was produced as described previously (20). To prevent falsenegative results, ER antagonists had to be discontinued at least 5 wk before
18
F-FES PET, whereas aromatase inhibitors could be continued (19). The
tracer (#200 MBq) was intravenously injected 60 min before a wholebody 18F-FES PET was performed, and the patients did not have to fast.

18

We used electronic patient records to assess the standard workup that
had occurred before 18F-FES PET was requested. We determined which
conventional imaging methods were used, such as bone scintigraphy
(with SPECT if necessary), CT, 18F-FDG PET, or MRI, and whether a
cytologic or histologic biopsy was performed and at which site. To ensure
that the previous imaging techniques and the biopsy were used to solve the
same dilemma as the 18F-FES PET, a time frame of a maximum of 3 mo
was set between the standard workup and the 18F-FES PET scan.
Data Collection

The following patient data were retrieved from the electronic patient
records: patient and tumor characteristics (including age, sex, BC stage,
histology, and tumor receptor status), treatment before 18F-FES PET
(within a maximum of 4 wk) and after 18F-FES PET (treatment decisions
made within a maximum of 4 wk), previous standard workup, category
of clinical dilemma, and visual interpretation of 18F-FES PET results
(positive or negative).
Outcomes

The primary endpoint was the percentage of cases in which the referring physician’s clinical dilemma was solved on the basis of the 18F-FES
PET results. The dilemma was considered solved if the 18F-FES PET provided a solution to the clinical dilemma or if a treatment decision (to
change or continue) was based directly on the 18F-FES PET result. If
the physician had doubts about the diagnosis after the 18F-FES PET
examination, and additional workup was necessary for treatment decision
making, the dilemma was considered not solved. Secondary endpoints
were the type of clinical dilemma according to 3 categories (to determine
the extent of suspected metastatic disease in cases of equivocal lesions on
the standard workup or symptoms for which no abnormality could be
found on conventional imaging, to determine the ER status of the disease,
and to determine which primary tumor caused metastases and the frequency of solved dilemmas per category), the type of treatment before
and after 18F-FES PET, and the 18F-FES PET scan results (ER-positive
or ER-negative) in relation to how frequently the dilemma was solved.
Statistical Analysis

Descriptive statistics (categoric data) were used to report whether the
physician’s clinical dilemma was solved and are presented as percentages. Descriptive statistics were also used to depict the secondary outcomes. Continuous variables were expressed as mean 6 SD or median
and range, depending on data distribution. A x2 test was performed to
evaluate whether the number of 18F-FES PET scans that solved the
dilemma was dependent on the category of clinical dilemma and to
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TABLE 1
Patients and Scan Characteristics (n 5 100 18F-FES PET Scans in 83 Patients)
Characteristic

Data

Mean age 6 SD (y)

59 6 11

Female (n)

99 (99%)

BC stage at time of

18

F-FES PET

Metastatic disease*

51 (51%)

Suspected metastatic disease

49 (49%)

Time from primary tumor diagnosis to

18

F-FES PET (y)†

Median

6

Range

0–34

BC primary tumor ER expression (n 5 94‡)
Positive
Negative

92 (98%)
§

2 (2%)

Histology of primary tumork (n 5 87)
Ductal

64 (74%)

Lobular

21 (24%)

Ductolobular

1 (1%)

Micropapillary

1 (1%)

ER expression in BC metastases¶ (n 5 31)
Positive
Negative

28 (90%)
#

Standard workup before

3 (10%)
18

F-FES PET

At least 1 conventional technique**

90 (90%)

CT scan

59 (59%)

Bone scintigraphy

36 (36%)

MRI

23 (23%)

18

21 (21%)

F-FDG PET

Biopsy

29 (29%)

Breast lesion†† (n 5 29)

12 (41%)

Nonbreast lesion (n 5 29)

17 (59%)

*Ultimately diagnosed with metastatic gastric carcinoma with breast metastases, instead of newly diagnosed metastatic BC (n 5 1).
If .1 primary BC, ﬁrst diagnosis and histologic type of BC was included.
‡
In 5/6 unknown cases, metastatic lesion or secondary primary BC ER-positive.
§
One patient with ER-negative primary tumor presented with new palpable breast mass with metastases; it was unclear whether this new
mass was secondary primary BC or recurrence, and biopsy was not possible. Another patient had mixed ER-negative and ER-positive primary
tumor, which was treated as triple-negative BC.
k
If .1 primary BC, ﬁrst diagnosis and histologic type of BC was included.
¶
Metastasis biopsy was not always possible, was not performed, or was not representative; only cytology was available; or data were not
available from medical records.
#
Secondary (primary BC ER-positive).
**In 10 cases, standard workup could not or was not performed, for the following reasons: priority was to determine whole-body ER status
for subsequent endocrine treatment (n 5 4); previous tumor progression was detected only by 18F-FES PET, not by conventional imaging, so
conventional imaging was deemed noninformative in present setting (n 5 3); there was clinical and biochemical suspicion of tumor
progression and presence of 2 different tumor types (n 5 1); biopsy was not possible to determine ER status (n 5 1); and after completion of
chemotherapy, further diagnostic workup was required to clarify origin of cancer metastases (n 5 1).
††
With or without axillary dissection.
†

assess whether the result of the 18F-FES PET scan (positive or negative)
affected the success rate for solving the dilemma. Statistical analysis was
performed for the qualitative assessment, and descriptive analysis was
performed for the quantitative data. A P value of less than 0.05 was considered statistically signiﬁcant. All statistical tests were done using
SPSS, version 23.
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RESULTS
Patients

In total, 100 consecutive 18F-FES PET scans, performed on 83
patients, were included in the ﬁnal database (Fig.1). Of the 12
patients with multiple 18F-FES PET scans, 9 patients had 2 scans,
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and 3 patients had 3 or more scans. Scan characteristics are summarized in Table 1. All patients had ER-positive BC, based on primarytumor or metastasis biopsy, except for 2 patients. One was a patient
with an ER-negative primary breast tumor and a new palpable breast
mass with metastases. A biopsy was not possible, and it was unclear
whether this mass was a second primary breast tumor (and possibly
ER-positive) or recurrence (n 5 1). The other patient was one with
suspected primary BC but for whom a histologic breast biopsy indicated a gastric carcinoma with breast metastases (instead of primary
BC) (n 5 1). In 10 cases, full standard workup before 18F-FES PET
was not feasible (Table 1). These cases were included in the analysis
because they do present real-life dilemmas occurring in clinical
practice.
Value of 18F-FES PET

The physician’s clinical dilemma was solved in 87% of the cases in
which a 18F-FES PET scan was performed (87/100). In most cases (81/
87), a treatment decision was based directly on the 18F-FES PET
result. In 6 of 87 cases, 18F-FES PET provided a solution to
FIGURE 2. Equivocal lesions on standard workup. A 41-y-old woman known
the clinical dilemma (an extra site to biopsy and additional imagto have Bechterew disease was diagnosed with primary ER-positive BC 2 y
ing based on new 18F-FES PET ﬁndings). In 13 of 100 cases, the
previously. Conventional bone scanning was performed because of pain in
dilemma was not solved, for the following reasons: there were still
neck region and showed heterogeneous uptake in spine and pelvis (A,
doubts about the diagnosis and an additional biopsy was considstatic image posterior view). To differentiate between presence of bone
ered (n 5 5); the physician started treatment contradicting the
metastases and lesions associated with Bechterew, 18F-FES PET scan
18
F-FES PET result (n 5 2); the origin of the lesions remained
was performed. Increased 18F-FES uptake was seen in multiple skeletal
lesions: rib, left scapula, spine, and pelvis (B, maximum-intensity-projecunclear (n 5 2); an additional biopsy to conﬁrm a negative
18
tion view, and C, PET/CT sagittal view of cervical spine). On the basis of
F-FES PET scan in fact showed ER expression and thus treatthese ﬁndings, diagnosis was settled on metastatic BC, clinical dilemma
ment was based on ER-positive disease (n 5 2; 1 patient had
was solved, and ﬁrst-line endocrine treatment was started. In addition,
lack of response to endocrine treatment); there was doubt whether
patient received radiation to cervical spine.
the metastatic disease was in remission or whether ER underwent
positive to negative conversion due to
18
F-FES–negative PET results, and therefore 18F-FDG PET was performed to
detect metabolically active bone metastases (n 5 1); and there was discrepancy
between conventional imaging results
and 18F-FES PET results (n 5 1). Examples of cases in which the physician
regarded the results of the 18F-FES PET
as conclusive, as well as an example of
an inconclusive 18F-FES PET scan, are
shown in Figures 2–4.
In 14 patients, 18F-FDG and 18F-FES
PET could be compared for secondary
quantitative analysis (Fig.1). As shown in
Supplemental Table 1 (supplemental
materials are available at http://jnm.
snmjournals.org), we did not observe negative or minimally positive 18F-FDG PET
scans.
FIGURE 3. Determination of ER status of disease. In 59-y-old woman diagnosed with ER-positive lobular BC 2 y previously and treated with tamoxifen, ER-positive bone metastases were identiﬁed 1 y after
initial diagnosis. She was treated with ﬁrst-line endocrine therapy in palliative setting. Thereafter, disease
became progressive and palbociclib was added. However, after 2 wk of treatment, she presented with
pancytopenia. 18F-FES PET was performed to determine whether bone metastases were still expressing
ER and whether there was a rationale for another line of endocrine therapy. Increased 18F-FES uptake
could be seen in lymph nodes above and below diaphragm and in multiple bone lesions (e.g., spine, costae, scapulae, sternum, and pelvis) (A, maximum-intensity-projection image; B, PET/CT sagittal view; C,
PET/CT transversal view of left axillary region; D, PET/CT transversal view of pelvic region with positive
inguinal lymph node). In addition, bone marrow involvement was visible. Diagnosis was settled on
ER-positive metastatic disease, clinical dilemma was solved, and another line of endocrine therapy
could be considered. However, because of bone marrow involvement, chemotherapy was indicated
to achieve therapeutic effect more rapidly.

18

Category of Clinical Dilemma

Fifty-two of 100 18F-FES PET scans
were requested because lesions were
equivocal on standard workup. Thirtyone of 100 18F-FES PET scans were
requested to investigate the ER status. Seventeen of 100 18F-FES PET scans were
requested to determine the origin of
metastases. Examples of an 18F-FES
PET scan for each indication are shown
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When 18F-FES PET was requested to
determine the ER status, the clinical
dilemma of the physician was solved in
27 cases (87%). When 18F-FES PET
was requested to predict the origin of a
metastasis, the dilemma was solved in
13 cases (76%; Fig.5).
Type of Treatment After 18F-FES PET

Of the 81 cases for which a treatment
decision was based directly on the 18FFES PET result, 51 received a new treatment (25/51 endocrine therapy with or
without radiotherapy) and 30 continued
their treatment. The type of treatment
change is shown in Supplemental Table 2.
18

F-FES–Negative or
PET Results

FIGURE 4. Inability to determine which primary tumor caused metastases. A 63-y-old woman known
to have oral squamous cell carcinoma was recently diagnosed with ER-positive BC. At physical examination, a palpable mass was found in right neck region (level IV) and was also visible on CT (A). In addition, enlarged lymph node was visible in left axilla on CT (B), as well as abnormality in left lung (C). The
dilemma was whether these metastases were associated with ER-positive BC or oral squamous cell
carcinoma. 18F-FES PET was performed to evaluate whether these lesions were metastasis from BC
(in case of 18F-FES–positive ﬁndings). However, 18F-FES PET did not show any signiﬁcant tracer uptake
in metastatic lesions (D and E). 18F-FES PET result did not solve dilemma, because there could be conversion from ER-positive to ER-negative status; therefore, biopsy of left axillary area was performed and
conﬁrmed presence of squamous cell carcinoma.

in Figures 2–4. The success rate of 18F-FES PET in solving the
physician’s clinical dilemma did not signiﬁcantly differ between
the different categories of clinical dilemmas (P 5 0.334). Of the
52 18F-FES PET scans requested after an equivocal conventional
workup, the clinical dilemma was solved in 47 cases (90%).

FIGURE 5. Value of 18F-FES PET in solving clinical dilemmas, per category.
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F-FES–Positive

Sixty-three of 100 18F-FES PET scans
showed ER-positive disease, whereas 37
showed ER-negative disease. The physician’s clinical dilemma was solved in 61
(97%) of the 63 scans showing
ER-positive disease and in 26 (70%) of
the 37 scans showing ER-negative disease. As a result, the success rate for solving the dilemma differed signiﬁcantly
between the 2 groups (P , 0.001). Figure
4 provides an example of a 18F-FES PET
scan showing ER-negative disease in
which the scan was not directly helpful
for the clinician.

DISCUSSION

In this retrospective study, we aimed to investigate the value of
F-FES PET in the management of BC patients facing a clinical
dilemma that could not be solved after the standard workup. Further investigation in such cases is of clinical importance since a
persistent clinical dilemma might lead to decreased survival
(22) and unnecessary therapy because of overtreatment or undertreatment (17).
To our knowledge, this was the largest study evaluating the value
of 18F-FES PET in this target group. We showed that 18F-FES PET
can be clinically meaningful and can support clinical decision making in most BC patients who present a persisting clinical dilemma
despite standard workup. This study also provided more insight
into the clinical indications for the examination and the physician’s
diagnostic concerns. These ﬁndings can potentially support clinical
implementation of 18F-FES PET.
The percentage of clinical dilemmas solved by 18F-FES PET
(87%) is consistent with the ﬁndings of previous smaller studies
(16,18). One study reported improved diagnostic understanding in
88% of cases based on the 18F-FES PET scan (16). Another study
found that 18F- FES PET had added value (89%) in the diagnosis
of newly diagnosed BC patients (18). By showing that 18F-FES
PET can support BC management with both a changed and a continued treatment plan, the present study adds value to the previous
studies.
This study identiﬁed clinical dilemmas associated with BC in
which 18F-FES PET may play a role in guiding treatment
18
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selection, including, but not limited to, determination of the ER
status of the disease. An accurate request for 18F-FES PET is necessary for clinical interpretation by the nuclear medicine physician
and improves the 18F-FES PET report (23). In the present study,
the physician’s clinical dilemma was equally solved for all 3 indication categories, as is in line with a previous study (16). One third
of the 18F-FES PET scans were requested to determine ER status in
known or suspected metastatic lesions, in agreement with the
results of van Kruchten et al. (16). The potential indications for
18
F-FES PET in the literature included assessment of ER status
of disease, ER heterogeneity in metastatic disease, staging and
restaging, therapeutic options for hormonal treatment, and prediction of response to hormonal therapy (13,15,19,24). However, the
role of 18F-FES PET is limited in detecting ER-positive lesions in
the liver, because of high physiologic 18F-FES uptake due to its
metabolism.
The percentage of lobular tumors in the present study was
slightly higher than in the general population (25,26). This ﬁnding supports the previously described hypothesis that metastatic
lesions in lobular BC are difﬁcult to detect with standard imaging
(27,28) and that this disease presents the physician with a clinical
dilemma relatively frequently. For this setting in the present
study, we found that clinical dilemmas in lobular BC and clinical
dilemmas in ductal BC were solved equally well by 18F-FES PET
(86% vs. 88%).
Recently, a high speciﬁcity of 98% and sensitivity of 78% for the
assessment of ER status by 18F-FES PET were reported, using
biopsy as the gold standard (24). This means that there are few
false-positive ﬁndings. Therefore, 18F-FES PET can be a good alternative tool if a biopsy is not possible or does not solve the dilemma;
both cases occurred in our study. In the present study, the clinical
dilemma was solved more frequently if the 18F-FES PET showed
ER-positive disease than ER-negative disease—a ﬁnding that relates
to its higher speciﬁcity than sensitivity. Our results are comparable
to those of van Kruchten et al. (16). However, caution is necessary
in scans showing ER-negative disease. In our study, 9 of 14 18FFES PET scans of patients with known metastatic BC showed
ER-negative disease despite an ER-positive primary tumor. This
ﬁnding could be explained by the dynamics of BC over time (such
as receptor status conversion), good response to endocrine treatment,
or false-negative ﬁndings.
This study had limitations. It was retrospective, and data were
retrieved from electronic patient charts. Therefore, interpretation
bias may play a role. Furthermore, our retrospective design did not
allow us to use questionnaires to grade how helpful the 18F-FES
PET was (16). Also, the intended therapy before 18F-FES PET could
not be compared with the therapy that was chosen after the scan. The
strengths of this study were its large sample size, heterogeneous population, inclusion of all consecutive eligible patients over more than
9 y, and structured and detailed analysis of a real-life daily clinical
practice setting.
CONCLUSION

We found that for various indications, the 18F-FES PET scan can
help to solve most clinical dilemmas that remain after standard
workup. 18F-FES PET improves the physician’s understanding of
the disease status in BC patients and provides information for personalized treatment decision making. Therefore, the 18F-FES PET
scan has added value in BC patients who present a clinical dilemma.
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QUESTION: Does 18F-FES PET have added value for solving clinical
dilemmas in BC patients?
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use of 18F-FES PET as a clinically meaningful diagnostic tool that
supports clinical decision making in BC patients who present a
persisting clinical dilemma despite standard workup.
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Anti-CEA Pretargeted Immuno-PET Shows Higher Sensitivity
Than DOPA PET/CT in Detecting Relapsing Metastatic
Medullary Thyroid Carcinoma: Post Hoc Analysis of the
iPET-MTC Study
Caroline Bodet-Milin1, Alain Faivre-Chauvet1, Thomas Carlier1, Catherine Ansquer1, Aurore Rauscher2, Eric Frampas1–3,
Frederique Toulgoat3, Damien Masson4, Mickael Bourgeois1, Evelyne Cerato5, Vincent Rohmer6, Olivier Couturier7,
Delphine Drui8, David M. Goldenberg9, Robert M. Sharkey10, Jacques Barbet11, and Francoise Kraeber-Bodere1
1

Universit!e de Nantes, CHU Nantes, CNRS, INSERM, CRCINA, Nantes, France; 2Pharmacy Unit, ICO Cancer Center, Saint-Herblain,
France; 3Radiology Department, University Hospital, Nantes, France; 4Biology Department, University Hospital, Nantes, France;
5
D!el!egation #a la Recherche Clinique et #
a l’Innovation, University Hospital, Nantes, France; 6Endocrinology Department, University
7
Hospital, Angers, France; Nuclear Medicine Department, University Hospital, Angers, France; 8Endocrinology Department,
University Hospital, Nantes, France; 9IBC Pharmaceuticals, Inc., Morris Plains, New Jersey; 10Immunomedics, Inc., Morris Plains,
New Jersey; and 11GIP Arronax, Saint-Herblain, France

Pretargeting parameters for the use of anti–carcinoembryonic antigen
(CEA) bispeciﬁc monoclonal antibody TF2 and the 68Ga-labeled
IMP288 peptide for immuno-PET have been optimized in a ﬁrst-in-humans study performed on medullary thyroid carcinoma (MTC) patients
(the iPET-MTC study). The aim of this post hoc analysis was to determine the sensitivity of immuno-PET in relapsing MTC patients, in comparison with conventional imaging and 18F-L-dihydroxyphenylalanine
(18F-DOPA) PET/CT. Methods: Twenty-ﬁve studies were analyzed in
22 patients. All patients underwent immuno-PET 1 and 2 h after 68GaIMP288 injection pretargeted by TF2, in addition to neck, thoracic, abdominal, and pelvic CT; bone and liver MRI; and 18F-DOPA PET/CT.
The gold standard was histology or conﬁrmation by one other imaging
method or by imaging follow-up. Results: In total, 190 lesions were
conﬁrmed by the gold standard: 89 in lymph nodes, 14 in lungs, 46 in
liver, 37 in bone, and 4 in other sites (subcutaneous tissue, heart,
brain, and pancreas). The number of abnormal foci detected by immuno-PET was 210. Among these, 174 (83%) were conﬁrmed as truepositive by the gold standard. Immuno-PET showed a higher overall
sensitivity (92%) than 18F-DOPA PET/CT (65%). Regarding metastatic
sites, immuno-PET had a higher sensitivity than CT, 18F-DOPA PET/
CT, or MRI for lymph nodes (98% vs. 83% for CT and 70% for 18FDOPA PET/CT), liver (98% vs. 87% for CT, 65% for 18F-DOPA PET/
CT, and 89% for MRI), and bone (92% vs. 64% for 18F-DOPA PET/CT
and 86% for MRI), whereas sensitivity was lower for lung metastases
(29% vs. 100% for CT and 14% for 18F-DOPA PET/CT). Tumor SUVmax at 60 min ranged from 1.2 to 59.0, with intra- and interpatient variability. Conclusion: This post hoc study demonstrates that
anti–carcinoembryonic antigen immuno-PET is an effective procedure
for detecting metastatic MTC lesions. Immuno-PET showed a higher
overall sensitivity than 18F-DOPA PET/CT for disclosing metastases,
except for the lung, where CT remains the most effective examination.
Key Words: immuno-PET; MTC; carcinoembryonic antigen; bispeciﬁc
antibody; pretargeted radioimmunoimaging
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edullary thyroid carcinoma (MTC) arises from calcitoninproducing parafollicular C cells and represents 1%–2% of thyroid
cancers (1). The tumor is frequently aggressive; on initial staging,
35% of MTC patients have tumor extending into the thyroid-surrounding tissues or regional lymph node involvement, and 13%
have distant metastases, especially in the lung, liver, or bones
(2,3). According to American Thyroid Association guidelines,
when calcitonin is higher than 150 pg/mL, anatomic imaging–
based staging is recommended, such as neck ultrasonography or
CT, chest CT, liver CT or MRI, and spine and pelvis bone or bone
marrow MRI (4,5). As indolent tumors, MTCs have a generally
low avidity for 18F-FDG; therefore, PET with 18F-FDG is not
recommended for initial staging but can be useful for assessing advanced disease characterized by dedifferentiation and rapid progression. 18F-L-dihydroxyphenylalanine (18F-DOPA) PET/CT has
a higher sensitivity and speciﬁcity than 18F-FDG PET/CT in MTC
and can reveal occult metastases or small lesions for initial staging
and at relapse. These examinations also can play a crucial role in
the management of relapsing MTC patients (6–12).
Carcinoembryonic antigen (CEA) is a cell-surface glycoprotein overexpressed in several solid tumors, including
MTC, and functional imaging using radiolabeled anti-CEA
monoclonal antibodies represents a potentially interesting
method for detection of MTC metastases (13). TF2 is an engineered bispeciﬁc monoclonal antibody (BsMAb) comprising
an antihapten Fab fragment derived from the murine 679 antibody recognizing the histamine-succinyl-glycine motif, as
well as 2 humanized anti-CEA Fab fragments derived from
the hMN-14 antibody (labetuzumab), formed into a trivalent
157-kD protein by the Dock-and-Lock (Immunomedics) procedure (14). IMP288 is a bivalent histamine-succinyl-glycine
hapten that can be labeled with a variety of radionuclides for

PRETARGETED IMMUNO-PET IN MTC

!

Bodet-Milin et al.

1221

therapy (90Y and 177Lu), scintigraphy (111In), or PET (124I, 68Ga,
and 18F) (15–17).
We previously reported the optimization of the pretargeting parameters (BsmAb and peptide molar doses and pretargeting delay)
of pretargeted immuno-PET using TF2 and 68Ga-IMP288 in the
iPET-MTC ﬁrst-in-humans study performed on MTC patients
(18). The aim of this post hoc analysis was to determine the sensitivity of this novel imaging method in relapsing MTC patients, in
comparison to conventional imaging and 18F-DOPA PET/CT.

PET Acquisition

Immuno-PET and 18F-DOPA PET/CT were performed using a
4-ring Siemens Biograph mCT system and reconstructed using
3-dimensional ordinary Poisson ordered-subsets expectation maximization with point-spread-function correction and time-of-ﬂight mode
(3 iterations, 21 subsets, gaussian postﬁltering of 2 mm in full width at
half maximum, voxel size of 4 3 4 3 2 mm). Whole-body acquisitions were performed under normal tidal respiration for 2.5 min per
bed position. CT was performed using a variable mAs, 120 kVp, and a
pitch of 1 without contrast enhancement. Acquisitions were performed
from the top of the head to the mid thigh (6–8 steps per patient). Immuno-PET was performed 60 and 120 min after a 150-MBq injection
of 68Ga-IMP288, and 18F-DOPA PET/CT was performed 60 min after
a 3 MBq/kg injection of 18F-DOPA

MATERIALS AND METHODS
Population

The inclusion and exclusion criteria have been reported previously
(18). Brieﬂy, all eligible adult patients had a histologic diagnosis of
MTC treated by complete surgery and presenting a calcitonin serum
level of 150 pg/mL or more with at least 1 lesion 10 mm or greater on
conventional imaging. In the 4 wk preceding immuno-PET, a staging
workup that included a complete history, physical examination, CEA
and calcitonin serum level measurements, and 18F-DOPA PET/CT was
performed for each patient. Conventional imaging, including contrastenhanced CT of the neck, chest, abdomen, and pelvis, as well as bone
and liver MRI, was performed. The iPET-MTC trial, sponsored by
Nantes University Hospital, was approved by the responsible ethics
committee (comit!e de protection des personnes) and registered at ClinicalTrial.gov (NCT01730638), and all patients gave written informed
consent.

Conventional Imaging Acquisition

Patients were scanned with multidetector CT. A contrast-enhanced
series was acquired after intravenous injection of nonionic iodinated
contrast medium (350 mL, 1.5 mL/kg, rate of 3 mL/s using a power
injector), visualizing the body from the neck to the pelvis. MRI was
conducted using a 1.5-T whole-body MRI system. The liver was imaged in the axial plane using T2-weighted, MR diffusion-weighted sequences and transverse breath-hold 3-dimensional T1-weighted fatsuppressed spoiled gradient-recalled-echo sequences before and after
administration of gadolinium chelate. The standard MR sequences for
spine and pelvis included T1-weighted turbo spin-echo, T2-weighted
short-T1 inversion recovery with fat suppression, and contrast-enhanced T1-weighted turbo spin-echo with fat suppression. The whole
spine was explored in sagittal views with or without complementary
axial views and the pelvis in coronal and axial views.

Investigational Agents and Study Design

Radiopharmaceutical manufacturing and premedication protocols
have been previously reported (18). For pharmacokinetics optimization, the ﬁrst 16 immuno-PET studies were performed under 5 different pretargeting conditions (molar doses of BsmAb and peptide, and
delay); 3 patients were included per cohort from cohorts 1 to 5 (18).
One patient included in the third cohort did not receive the full hapten
dose and was excluded and replaced in the optimization phase of the
study. This patient was reintegrated in this part of the study evaluating
the performance of immuno-PET. The last 9 immuno-PET studies
were performed with the cohort 2 scheme considered as optimal after
the optimization phase (Table 1).
Safety was assessed by monitoring vital signs, physical examination
ﬁndings, and adverse events. Human antihuman antibody titers were
measured by Immunomedics at 3 or 6 mo, using an enzyme-linked
immunosorbent assay (abnormal when $50 ng/mL).

Image Analysis

Abnormal uptake on immuno-PET was deﬁned as a focal increase visually higher than the surrounding background level. Attenuation-correction CT data were used in addition to PET data for interpretation of
the immuno-PET and 18F-DOPA PET/CT ﬁndings. Tumor SUVmax was
determined on the most intense focus conﬁrmed as MTC in the wholebody scan. 18F-DOPA PET/CT and immuno-PET were interpreted separately by 2 nuclear medicine physicians who did not know the other diagnostic results and had expertise in immunotargeting and PET.
Conventional imaging ﬁndings were interpreted by a consensus of
radiologists with expertise in endocrine tumors, who were unaware of
the 18F-DOPA PET/CT and immuno-PET results but could consider
the results of previous conventional imaging. At initial conventional
imaging, lesions were considered metastatic in any of the following 5

TABLE 1
Scheme of Cohorts
68

Cohort

Patients (n)

TF2 dose (nmol)

Delay (h)

Ga-IMP288 dose
and activity
(nmol)

MBq

TF2/IMP288 molar
dose ratio

I

3

120

24

6

150

20

II

3 1 9*

120

30

6

150

20

III

3 1 1†

120

42

6

150

20

IV

3

120

30

3

150

40

V

3

60

30

3

150

20

*Three patients in optimization phase of study and 9 in validation phase.
Patient 8 did not receive full hapten dose and was excluded and replaced for optimization phase study but was reintegrated for sensitivity study.
†
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cases: ﬁrst, if there were pulmonary nodules on chest CT; second, if
there were focal hepatic lesions (hyperintense at a high b value on diffusion-weighted MRI, moderately to strongly hyperintense on
T2-weighted MRI [less than the signal intensity of liquid], or hypervascular or peripherally enhanced after contrast injection on MRI or
CT); third, if there was hyperintensity on T2- and diffusion-weighted
MRI, hypointensity on T2- and T1-weighted MRI, or mixed heterogeneous intensity on MRI; fourth, if there was a short-axis (.1 cm)
or hypervascular pattern of lymph nodes; and ﬁfth, if there were softtissue tumors. The appearance of new lesions during the course of the
disease and an increase in size during follow-up were also considered.
For both ethical and practical reasons, not every suspected lesion
was evaluated by histology. If necessary, complementary imaging was
performed to assess the most important lesions suspected by immunoPET and not detected by the initial work-up. For this study, the gold
standard was determined on the basis of histology, by conﬁrmation of
a lesion by one other imaging method, or by imaging follow-up. Indeed, an imaging assessment with contrast-enhanced CT of the neck,
chest, abdomen, and pelvis or bone MRI, liver MRI, or 18F-DOPA
PET/CT was performed 3 mo after immuno-PET, decided by a panel
of experts involving endocrinologists, radiologists, and nuclear physicians. CEA and calcitonin serum levels were also measured. The same
panel of experts could propose a second biomarker and imaging evaluation at 6 mo after immuno-PET. RECIST or the criteria of the European Organization for Research and Treatment of Cancer were used
for conventional imaging follow-up (19,20).
A lesion detected by an imaging method was considered related to
MTC (true-positive) when conﬁrmed by one other imaging method,
by histopathology, or by follow-up. A lesion visualized by one imaging method and progressing during follow-up using RECIST or the
criteria of the European Organization for Research and Treatment of
Cancer was considered true-positive. A negative ﬁnding on an imaging method was considered false-negative if positive by one other
imaging method plus histopathology or by one other imaging method
plus follow-up. Sensitivity ([true-positive/true-positive 1 false-negative] 3 100) per lesion was calculated for each imaging modality. A
positive ﬁnding on an imaging method was considered unconﬁrmed if
not conﬁrmed either by one other imaging method or by follow-up or
histopathology. A positive ﬁnding on an imaging method was considered false-positive if not conﬁrmed as positive by histopathology.
The Wilcoxon rank sum test was used to compare median tumor
SUVmax and median tumor SUVmax–to–mediastinal blood pool ratio
at 60 or 120 min, and the Spearman test was used to evaluate whether
SUVmax was associated with CEA or calcitonin levels.
RESULTS
Patient Characteristics and Adverse Events

The characteristics of the 22 included patients are presented in
Table 2. Three patients underwent a second immuno-PET study at
least 12 mo after the ﬁrst procedure, coupled with conventional
imaging or DOPA PET/CT, accounting for a total of 25 immunoPET, conventional imaging, or DOPA PET/CT studies in the 22
patients. Pathologic lesions were histopathologically analyzed in 6
patients (2 noncontributory biopsies, 3 biopsies conﬁrming MTC
metastases, and 1 biopsy diagnosing another disease).
No patient experienced an anaphylactic reaction during or after
the TF2 infusion. One patient experienced a grade 3 reaction starting immediately after the hapten infusion, with malaise, bronchospasm, tachycardia, and hypertension, requiring hospitalization.
Therefore, the protocol was amended, and a premedication with
antihistamine and corticosteroid before both TF2 and IMP288

TABLE 2
Patient Characteristics
Characteristic

Data

Total patients

22

Age (y)

62 (28–75)

Sex
Male

15

Female

7

Time from diagnosis (y)

5.5 (0.5–31)

Calcitonin concentration (pg/mL)
CEA concentration (ng/mL)

488 (154–39,000)
18 (3–1,443)

Location of disease
Lymph node

19

Lung

8

Liver

13

Bone

13

Other

4

Qualitative data are number; continuous data are median and
range.

injections was given thereafter to all patients. No further allergic
reactions occurred afterward.
Human antihuman antibody was analyzed in 19 patients (at 3
and 6 mo in 14 patients and only at 3 mo in 5 patients). Three patients had abnormal human antihuman antibody. In 2 of those patients, the level was abnormal at 3 mo (52 and 152 ng/mL) but
had normalized by 6 mo. In the third patient, the level was normal
at 3 mo but abnormal at 6 mo (244 ng/mL).
Imaging Results and Sensitivity

All patients had abnormalities detected by immuno-PET, conventional imaging, or 18F-DOPA PET/CT (Table 3). In total, 190
lesions were conﬁrmed according to the deﬁnition of the gold standard: 89 in lymph nodes, 14 in the lungs, 46 in the liver, 37 in
bone or bone marrow, and 4 at other sites (subcutaneous tissue,
heart, brain, and pancreas). Among these 190 lesions validated by
the gold standard, 174 were conﬁrmed by another imaging method, 13 by follow-up, and 3 by histology. Immuno-PET detected a
total of 210 abnormal foci (1–22 per patient). Among these, 174
(83%) were conﬁrmed as true-positive according to the gold standard (167 by another imaging method, 4 by follow-up, and 3 by
histology). Sixteen lesions were missed (false-negative lesions):
10 in the lungs, 3 in bone, 2 in lymph nodes, and 1 in the liver
(Table 3). All immuno-PET lesions were seen at both 60 and 120
min. Tumor SUVmax at 60 min ranged from 1.2 to 59.0, with intraand interpatient variability (Fig. 1). There was no signiﬁcant
difference between median tumor SUVmax and median tumor
SUVmax–to–mediastinal blood pool ratio at 60 or 120 min (19.54
[range, 4.09–94.14] vs. 21.31 [range, 5.14–100.2] [P 5 0.84] and
8.14 [range, 1.39–34.1] vs. 8.5 [range, 2.7–49.6] [P 5 0.75], respectively). SUVmax was not associated with CEA or calcitonin
serum levels (Spearman P 5 0.71 and 0.73, respectively).
CT, 18F-DOPA PET/CT, liver MRI, and bone marrow MRI detected 130, 124, 41, and 33 true-positive lesions, respectively, and
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TABLE 3
Sensitivity of Immuno-PET, 18F-DOPA PET/CT, and Conventional Imaging
Location

Immuno-PET

18

F-DOPA PET/CT

CT

Liver MRI

Bone marrow MRI

NA

NA
NA

Nodes

87/89 (98%)

64/89 (72%)

73/89 (82)%

Lung

4/14 (29%)

2/14 (14%)

14/14 (100%)

NA

Liver

45/46 (98%)

30/46 (65%)

39/46 (87%)

41/46 (89%)

NA

Bone marrow

34/37 (92%)

25/37 (68%)

NA

NA

33/37 (89%)

Other

4/4 (100%)

3/4 (75%)

4/4 (100%)

NA

NA

Global

174/190 (92%)

124/190 (65%)

130/153 (85%)

NA

NA

NA 5 not applicable.

Immuno-PET showed a higher overall sensitivity (92%) than 18FDOPA PET/CT (65%) (Table 3). The sensitivity of immuno-PET was
also 92% (79/86) considering only the 13 exams performed with the
suboptimal scheme. Regarding the different metastatic sites, immunoPET had a higher sensitivity than CT or 18F-DOPA PET/CT for
lymph nodes (98% vs. 82% and 72%, respectively) (Fig. 3) and liver
(98% vs. 87% and 65%, respectively) (Fig. 4), whereas sensitivity
was lower for lung metastases (29% vs. 100% and 14%, respectively).
Immuno-PET had a slightly higher sensitivity for bone evaluation than
MRI or 18F-DOPA PET/CT (92% vs. 89% and 68%, respectively).
DISCUSSION

FIGURE 1. Immuno-PET/CT with anti-CEA BsmAb and 68Ga-IMP288
peptide showing pathological lesions with heterogeneous SUVmax ranging
from 3.0 to 20.1. Maximum-intensity-projection (MIP) image (A) showed
several pathological lesions. On the fusion axial images, arrows located
mediastinal nodes (B), subcutaneous lesions (C), and bone metastasis (D).

missed 23, 66, 5, and 4 lesions (Table 3). Subcutaneous, pancreatic, and heart lesions were detected by immuno-PET, conventional
imaging, and 18F-DOPA PET/CT, whereas a brain lesion was depicted by immuno-PET and conﬁrmed by brain MRI but not detected by 18F-DOPA PET/CT (Fig. 2). No lesion was considered
false-positive by immuno-PET, but 36 lesions remained not conﬁrmed. For 18F-DOPA PET/CT, 7 lesions remained not conﬁrmed
and 1 was false-positive: a diffuse area of pathologic bone marrow
uptake was described on 18F-DOPA PET/CT, whereas Vaquez
polycythemia was diagnosed without MTC metastases on bone
marrow biopsy. Bone MRI was also false-positive in this patient,
whereas immuno-PET was negative. For CT, 7 lesions were not
conﬁrmed (1 peritoneal nodule and 6 lung micronodules). Supplemental Table 1 summarizes the per-patient performance of immuno-PET, 18F-DOPA PET/CT, CT, liver MRI, and bone MRI (supplemental materials are available at http://jnm.snmjournals.org).
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Currently, surgery remains the only treatment for cure of MTC
patients. Once the disease is metastatic, the therapeutic options are
limited. MTC cells do not concentrate radioiodine, and the efﬁcacy
of chemotherapeutic agents is limited (4). In the last decade, tyrosine kinase inhibitors have been evaluated in patients with progressive metastatic disease, with beneﬁts on progression-free survival
for both vandetanib and cabozantinib (21). Locally advanced or relapsing MTC requires a careful work-up, including a work-up of
calcitonin and CEA serum level measurements and determination
of their doubling time, as well as comprehensive imaging to determine the extent of the disease, its aggressiveness, and whether
therapy is needed. Calcitonin is the most sensitive and speciﬁc tumor biomarker, and CEA represents a prognostic biomarker because an increased CEA serum level suggests an advanced state
and tumor dedifferentiation (22). Serum calcitonin and CEA
doubling times are prognostic of survival (21,23). Morphologic
imaging is often negative or doubtful in the presence of rising levels of calcitonin (3–5). Therefore, functional PET/CT imaging using different radiopharmaceuticals is recommended. 18F-DOPA
seems to be the most useful tracer to detect recurrent MTC based
on rising biomarker levels, whereas 18F-FDG may be complementary in patients with an aggressive tumor phenotype (3,5,8,11,24).
The present study found a high imaging performance for anti-CEA
TF2 BsmAb and 68Ga-IMP288 in patients who have metastatic MTC,
with immuno-PET achieving a 92% overall sensitivity—somewhat
better than the sensitivity of conventional imaging and 18F-DOPA
PET/CT for lymph node, liver, and bone or bone marrow examinations. However, as in a previous study on breast cancer patients, immuno-PET was less effective than CT for lung metastasis detection
(25). The sensitivity of 18F-DOPA PET/CT also was low for lung lesion detection in this population. Spontaneous breathing during the
PET/CT acquisition and the large positron range of 68Ga may affect

No. 9

!

September 2021

positive using 18F-DOPA. The small size
of these lesions, in addition to the spontaneous breathing during the PET/CT acquisition, may affect PET performance because of the partial-volume effect. A
heterogeneous expression of CEA on
some metastatic lesions might also explain these false-negative immuno-PET
results. The 18F-DOPA PET/CT results—with a higher number of falsenegative lesions (16 for immuno-PET
vs. 66 for 18F-DOPA PET/CT)—had no
impact on patient staging in this study,
suggesting that immuno-PET could potentially replace 18F-DOPA PET/CT in
patients with metastatic MTC if the
technique were available in clinical
practice.
In clinical practice, 18F-DOPA, 18FFDG, and somatostatin analogs labeled
FIGURE 2. (A) Immuno-PET images with anti-CEA BsmAb and 68Ga-IMP288 showing temporoparietal
with 68Ga are available to explore MTC
uptake in brain. CT of the PET/CT was negative. (B) PET/CT with 18F-DOPA PET/CT was negative. (C)
patients with an increasing calcitonin
Brain MRI (guided by immuno-PET) conﬁrmed pathologic temporoparietal lesion (arrow).
serum level. 18F-DOPA penetrates into
tumor cells through transmembrane
amino acid transporters that are signiﬁthe ability of PET to detect small lung lesions. Indeed, the sensitivity cantly upregulated in neuroendocrine tumors, including MTC. In a
of immuno-PET was better than that of 18F-DOPA PET/CT both over- metaanalysis including 8 studies and 146 patients, the detection
all and for metastatic sites, suggesting that this novel functional whole- rates of 18F-DOPA PET and PET/CT, by per-patient and per-lebody imaging method may be of interest for MTC staging and thera- sion analyses, were 66% and 71%, respectively, with performance
peutic evaluation. Excluding lung lesions only 6 lesions (3 in bone, 2 increasing in patients with a serum calcitonin level of at least
in lymph nodes, and 1 in liver) in 4 patients were false-negative on im- 1,000 ng/L and a calcitonin doubling time of less than 24 mo (26).
18
muno-PET when all other MTC metastases were positive on immunoF-FDG is a glucose metabolism tracer, with increased uptake in
PET. Two of these 6 lesions (1 bone lesion and 1 node lesion) were MTCs undergoing dedifferentiation and becoming more aggressive

FIGURE 3. (A) Immuno-PET/CT with anti-CEA BsmAb and 68Ga-IMP288 maximum-intensity-projection (MIP) showing multiple pathologic lesions conﬁrmed to be cervical and mediastinal nodes on the fusion axial images (arrows). (B) Pathological nodes were conﬁrmed on contrast-enhanced CT (arrows) but not visualized by MIP or fusion axial 18F-DOPA PET/CT images (C). (D) Metastatic MTC involvement was conﬁrmed by histologic analysis (hematoxylin/eosin/saffron staining, 312.5 and 3200).
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standard had a relatively extensive deﬁnition, not all lesions could be conﬁrmed. Indeed, immuno-PET visualized
more lesions than the other modalities—lesions that were often very
small, not conﬁrmed by conventional
assessment, and inaccessible to histologic analysis. Only 6 biopsies were
performed in our study, 2 being noncontributory, 3 conﬁrming the MTC
metastases, and 1 diagnosing another
disease. This lack of conﬁrmation does
not allow an accurate assessment of the
positive predictive value and speciﬁcity
of this new imaging technique.
FIGURE 4. (A) Immuno-PET/CT with anti-CEA BsmAb and 68Ga-IMP288 axial PET, CT, and fusion imPretargeted immuno-PET could
ages showing multiple liver lesions (arrows), whereas 18F-DOPA PET was negative (B). (C) MRI-conﬁrmed lesion.
also be a theranostic procedure for
qualitative and quantitative wholebody tumor biomarker cartography to
(5). A metaanalysis based on 24 studies comprising 538 patients select candidates for antibody-based therapy. Our team reported
with suspected recurrent MTC found, using a per-patient–based anal- promising results for radionuclide therapy using a previous genysis, that 18F-FDG PET or PET/CT had a detection rate of 59%, eration of pretargeting reagents (anti-CEA 3 anti–diethylenewith performance increasing when serum calcitonin was at least triaminepentaacetic acid [DTPA] BsmAb hMN-14 3 m734 and
1,000 ng/L, CEA at least 5 ng/mL, calcitonin doubling time less 131I-di-DTPA-indium hapten) (28–31). In 42 patients with metthan 12 mo, and CEA doubling time less than 24 mo (26). Neuroen- astatic, progressing MTC included in a phase II study, a 76.2%
docrine tumors usually overexpress somatostatin receptors, and so- disease control rate (durable stabilization plus objective rematostatin analogs labeled with 68Ga are useful for their assessment. sponse) was observed (2). Using the new-generation IMP288
A recent prospective study evaluating 68Ga-DOTATATE PET/CT in peptide, the feasibility and safety of theranostics using TF2 and
30 MTC patients showed that it was inferior to conventional imag- 111In/177Lu-IMP288 have been reported in metastatic colorectal
ing, except for bone scans (27), in patients with metastatic disease. and lung cancer patients (32,33). Moreover, anti-CEA antiboThe sensitivity of 68Ga-DOTATATE PET/CT was 56%, 57%, and dy–drug conjugates are under preclinical and clinical develop9% for detecting neck lymph nodes, lung metastases, and liver me- ment, and immuno-PET using 68Ga-IMP288 might be able to
tastases, respectively, and 100% for bone metastases.
select patients for these therapeutic strategies (34,35).
Even if no comparative studies have been done on homogeneous populations, our results suggest that, except for lung metas- CONCLUSION
tasis detection, anti-CEA pretargeted immuno-PET may have a
This post hoc analysis demonstrated that anti-CEA immunohigher performance than other available PET/CT methods and
PET using the trivalent BsmAb TF2 and the 68Ga-IMP288 peptide
conventional imaging to detect recurrence in MTC patients with
is a safe and effective procedure for detecting metastatic MTC lerising serum biomarkers. Our previous studies showed that CEA
sions. Immuno-PET targeting CEA showed a higher overall sensiexpression seemed to be almost constant in MTC and that hightivity than 18F-DOPA PET/CT for disclosing metastases, including
sensitivity PET imaging using CEA as a target would detect the
dissemination to the bone marrow and brain. However, CT redisease independently of the prognosis (9,28–30).
mains the most effective imaging method for lung examination.
Despite the excellent sensitivity of pretargeted immuno-PET, our
Moreover, in the era of precision medicine, immuno-PET represtudy had some limitations. Only a small number of patients were insents a potential theranostic molecular imaging technique to select
cluded. This limited number is explained on the one hand by the relpatients for antibody-based therapy.
ative rarity of the tumor concerned and on the other hand by our intention to test this new pretargeting system in parallel in MTC and DISCLOSURE
breast cancer patients (24). Moreover, we evaluated the performance
This work was supported in part by grants in 2010 from the
of immuno-PET in the whole population and not only for the 12 examinations performed under the optimal pretargeting conditions de- French DHOS INCA (i.e., the French National Agency for
ﬁned by the optimization study. This bias could penalize us because Research) (“Investissements d’Avenir” IRON Labex no. ANR-1113 procedures were performed under suboptimal conditions; howev- LABX-0018-01 and ArronaxPlus Equipex no. ANR-11-EQPX-0004)
er, the sensitivity of immuno-PET was the same in this subgroup as and by a grant from SIRIC ILIAD (INCa-DGOS-Inserm_12558).
in the overall population (92%). The absence of a systematic early The proprietary TF2 and IMP288 reagents were provided by
acquisition time for 18F-DOPA PET/CT—although 18F-DOPA clear- Immunomedics, Inc., and IBC Pharmaceuticals, Inc. David Goldance can sometimes be fast in this tumor—could also represent a enberg and Robert Sharkey own Immunomedics stock or stock
bias and explain why the global sensitivity of 18F-DOPA PET/CT options, and David Goldenberg has royalty-bearing patented inventions. David Goldenberg is the founder and retired Chairman
was slightly lower than usually reported in the literature (12).
Finally, and this bias is recurrent in many imaging studies, 36 and Chief Scientiﬁc Ofﬁcer of Immunomedics, Inc., and the founlesions detected by immuno-PET remained unconﬁrmed by the der and retired Chairman of IBC Pharmaceuticals, Inc. Robert
gold standard during the follow-up period. Although the gold Sharkey was Senior Director of Scientiﬁc and Regulatory Affairs,
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and then a consultant, to Immunomedics, Inc. No other potential
conﬂict of interest relevant to this article was reported.
KEY POINTS
QUESTION: What is the sensitivity of anti-CEA immuno-PET using the trivalent BsmAb TF2 and the 68Ga-IMP288 peptide in relapsing MTC patients?
PERTINENT FINDINGS: The overall sensitivity of immuno-PET
was 92%, higher than that of 18F-DOPA PET/CT (65%), for disclosing metastases, including dissemination to the bone marrow
and brain. CT remains the most effective imaging method for
lung examination.
IMPLICATIONS FOR PATIENT CARE: Anti-CEA immuno-PET
is an effective procedure for detecting metastatic MTC lesions
and represents a potential theranostic molecular imaging technique for selecting patients to receive antibody-based therapy.
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Blocking the interaction of the immune checkpoint molecule programmed cell death protein-1 and its ligand, PD-L1, using speciﬁc
antibodies has been a major breakthrough for immune oncology.
Whole-body PD-L1 expression PET imaging may potentially allow for
a better prediction of response to programmed cell death protein1–targeted therapies. Imaging of PD-L1 expression is feasible by PET
with the adnectin protein 18F-BMS-986192. However, radioﬂuorination
of proteins such as BMS-986192 remains complex and labeling yields
are low. The goal of this study was therefore the development and
preclinical evaluation of a 68Ga-labeled adnectin protein (68Ga-BMS986192) to facilitate clinical trials. Methods: 68Ga labeling of DOTAconjugated adnectin (BXA-206362) was performed in NaOAc-buffer
at pH 5.5 (50" C, 15 min). In vitro stability in human serum at 37" C was
analyzed using radio-thin layer chromatography and radio-high-performance liquid chromatography. PD-L1 binding assays were performed
using the transduced PD-L1–expressing lymphoma cell line U-698-M
and wild-type U-698-M cells as a negative control. Immunohistochemical staining studies, biodistribution studies, and small-animal PET studies of 68Ga-BMS-986192 were performed using PD-L1–positive and
PD-L1–negative U-698-M–bearing NSG mice. Results: 68Ga-BMS986192 was obtained with quantitative radiochemical yields of more
than 97% and with high radiochemical purity. In vitro stability in human
serum was at least 95% after 4 h of incubation. High and speciﬁc binding
of 68Ga-BMS-986192 to human PD-L1–expressing cancer cells was
conﬁrmed, which closely correlates with the respective PD-L1 expression level determined by ﬂow cytometry and immunohistochemistry
staining. In vivo, 68Ga-BMS-986192 uptake was high at 1 h after injection in PD-L1–positive tumors (9.0 6 2.1 percentage injected dose
[%ID]/g) and kidneys (56.9 6 9.2 %ID/g), with negligible uptake in other
tissues. PD-L1–negative tumors demonstrated only background
uptake of radioactivity (0.6 6 0.1 %ID/g). Coinjection of an excess of
unlabeled adnectin reduced tumor uptake of PD-L1 by more than
80%. Conclusion: 68Ga-BMS-986192 enables easy radiosynthesis
and shows excellent in vitro and in vivo PD-L1–targeting characteristics.
The high tumor uptake combined with low background accumulation at
early imaging time points demonstrates the feasibility of 68Ga-BMS-
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986192 for imaging of PD-L1 expression in tumors and is encouraging
for further clinical applications of PD-L1 ligands.
Key Words: PD-1/PD-L1 checkpoint inhibitors; PD-L1 PET imaging;
68
Ga-adnectin; 68Ga-BMS-986192; 18F-BMS-986192
J Nucl Med 2021; 62:1228–1234
DOI: 10.2967/jnumed.120.258384

T

he immune system is in principle capable of recognizing and
destroying cancer cells even in the presence of larger tumor masses
and multiple metastases (1). However, cells of the innate and adaptive
immune systems are frequently inhibited by molecular pathways that
suppress their activation and effector functions and allow tumor cells
to escape immune recognition and attack (2). One major checkpoint
that is exploited by cancer cells to evade the immune system is the
programmed death protein-1 (PD-1) pathway. The negative costimulatory receptor PD-1 is expressed on the surface of activated T cells
(3,4). Its ligand, the programmed death protein ligand-1 (PD-L1), a
surface protein, is expressed on both antigen-presenting cells and
tumor cells of a variety of human cancers (5–7). PD-1/PD-L1 interaction induces downregulation of T-cell activation and allows tumor
cells to evade immune recognition and elimination (8).
Inhibition of the PD-1/PD-L1 interaction by antibodies has been a
breakthrough for the treatment of several common malignancies
such as melanoma, non–small cell lung cancer, renal cell carcinoma,
and urothelial cancer (9–12). However, only a subgroup of patients
responds to this immune checkpoint inhibitor treatment, and the
underlying reasons are not well understood (13–16). Several studies
demonstrated that response to PD-1/PD-L1–targeted immunotherapy correlates with PD-L1 expression levels on tumor tissue of
diverse malignancies as determined by immunohistochemistry
(17). However, the quantitative analysis of PD-L1 expression in
tumor tissue is challenging because of the heterogeneous and
dynamic expression of such immune checkpoint molecules
(18–21). Prediction of response to PD-1–targeted therapy by immunohistochemistry is therefore limited, and in several tumor types,
patients beneﬁt from PD-1–targeted therapies in the absence of signiﬁcant PD-L1 expression in the tumor tissue (17,22,23).
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Imaging of PD-L1 expression can overcome several of the fundamental limitations of PD-L1 immunohistochemistry. First, imaging
can provide a 3-dimensional measure of the overall PD-L1 expression of a tumor, whereas only a very small fraction of the tumor tissues can be routinely studied by immunohistochemistry. Second,
imaging can assess PD-L1 expression at the whole-body level and
therefore allows for studies of the heterogeneity of PD-L1 expression across multiple metastases in an individual patient. Third, imaging is noninvasive and therefore not only can provide information on
PD-L1 status before the start of PD-L1 treatment but also monitor
changes in PD-L1 expression at multiple times during treatment.
Thus, PD-L1 imaging enables new approaches for studying PD1/
PD-L1 pathophysiology in patients and may potentially allow for
a better prediction of response to PD-1–targeted therapies than
immunohistochemistry (24).
It is feasible to image and quantify PD-L1 expression within the
tumor in patients with radiolabeled antibodies (25,26). However,
antibody-based imaging has several disadvantages such as the
long circulatory half-life of antibodies and their slow penetration
in the tumor tissue, which necessitates imaging several days after
injection. This requires the use of long-lived radioisotopes for radiolabeling, which cause the radiation exposure of antibody PET to be
severalfold higher than that of PET with 18F-FDG.
Adnectins are a family of engineered, target-binding proteins with
a size of about 10 kDa, derived from the tenth type III domain of
human ﬁbronectin (27). Donnelly et al. synthesized and evaluated
an 18F-labeled anti-PD-L1 adnectin (18F-BMS-986192) for PET
imaging of the PD-L1 expression in vivo (28). 18F-BMS-986192
showed high in vivo stability and excellent anti-PD-L1–targeting
characteristics combined with fast renal clearance, resulting in
high-contrast imaging of PD-L1–positive lesions up to hours after
injection (28). A ﬁrst-in-humans study with 18F-BMS-986192 in
advanced non–small cell lung carcinoma demonstrated a correlation
of 18F-adnectin tumor uptake with PD-L1 expression conﬁrmed by
immunohistochemistry and response to nivolumab treatment on a
lesional basis. The authors illustrated that 18F-BMS-986192 SUVpeak was higher for responding lesions than nonresponding, indicating a correlation of 18F-BMS-986192 PD-L1 PET signal with PD-L1
expression and tumor-level response (29).
However, the multistep synthesis of 18F-BMS-986192 with only
moderate radiochemical yields is challenging and time-consuming
(28,30). To facilitate a broader clinical application of anti-PD-L1
PET imaging, the development of a corresponding 68Ga-labeled analog based on the adnectin scaffold seemed the conclusive next step,
because of the commercial availability of Food and Drug
Administration–approved 68Ga/68Ga-generators, the possibility of
large-scale cyclotron production of 68Ga, and the fast and robust
68
Ga-labeling technique. Herein, we report the synthesis and preclinical evaluation of 68Ga-BMS-986192 in terms of PD-L1-afﬁnity,
metabolic stability, micro-PET imaging, and in vivo biodistribution
in PD-L1–positive and PD-L1–negative xenografts to investigate
the feasibility of this tracer for in vivo imaging of PD-L1 expression
in tumors.

mL, pH 7.4), and tested to be endotoxin-free (1.5 EU/mg). 68Ga was
obtained from a 68Ge/68Ga generator (Galliapharm; Eckert and Ziegler
AG).
Synthesis of

68

Ga-BMS-986192 and Quality Control

The generator was eluted in 1-mL fractions with 0.05 M aqueous
HCl (4 mL) containing 170–250 MBq of 68GaCl3. To this eluate, 1
M NaOAc (100 mL, pH 5.5) and 200 mg of DOTA-adnectin (222
mL in PBS) were added, resulting in a labeling solution at pH 5.5.
The solution was mixed brieﬂy and incubated for 15 min at 50" C.
68
Ga-BMS-986192 was puriﬁed by gel ﬁltration on a PD-10 column
(GE Healthcare). Radiochemical yield and radiochemical purity was
analyzed by radio-thin-layer chromatography (radio-TLC) and
radio-high-performance liquid chromatography. Radio-TLC was performed using Varian silica impregnated instant TLC paper (Varian
Inc.) and 0.1 M aqueous sodium citrate buffer (pH 5.5) as the mobile
phase. TLC strips were analyzed on a B-FC-3600 TLC Scanner (Bioscan). Analytic radio-size-exclusion chromatography of 68Ga-BMS986192 was performed using a bioZen SEC-2 (300 3 4.6 mm) column
(Phenomenex LTD.) on a Shimadzu high-performance liquid chromatography system (0.1 M phosphate buffer; pH 6.8; ﬂow, 0.35 mL/min)
equipped with a NaI(TI) scintillation detector (5 3 5 cm [2 3 2 in])
and a SPD M20A diode array ultraviolet/visible-light detector.
In Vitro Stability of

68

Ga-BMS-986192 in Human Serum

An in vitro stability study was performed by adding 68Ga-BMS986192 (#18 MBq to freshly prepared human serum (1/8, v/v; Seronorm
Human; IGZ Instruments AG), followed by incubation at 37" C for up to
4 h. To investigate the stability of 68Ga-BMS-986192 in human serum,
radio-high-performance liquid chromatography and radio-TLC were
performed at 0, 1, 2, 3, and 4 h.
Cell Culture

The PD-L1–negative B-cell lymphoma cell line U-698-M was purchased from ATCC. Cultures were maintained in RPMI medium supplemented with 10% fetal bovine serum and penicillin/streptomycin (100
IU/mL). Cells were grown at 37" C in a humidiﬁed atmosphere of 5%
CO2. To stably express PD-L1, the U-698-M cells were retrovirally
transduced with a construct containing genes for human PD-L1 and
green ﬂuorescent protein, as previously described (31). Quantiﬁcation
of PD-L1 expression on transduced and wild-type U-698-M cells was
determined by ﬂuorescence-activated cell sorting (FACS) analysis using
an antihuman CD274 antibody (Clone MIH1; BD Bioscience) as previously described (32).

MATERIALS AND METHODS
Materials

All reagents were obtained from Sigma Aldrich unless otherwise
stated. The DOTA-conjugated antihPD-L1 adnectin (BXA-206362)
was kindly provided by Bristol-Myers-Squibb Pharmaceutical Research
Institute, formulated in phosphate-buffered saline (PBS) buffer (0.9 mg/

68

FIGURE 1. Representative dot-plots of expression of green ﬂuorescent
protein and PD-L1 in wild-type U-698-M cells (A) and in U-698-M cells transduced by retroviral vector MP71 containing PD-L1 and green ﬂuorescent
protein (GFP) separated by P2A element (B).
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FIGURE 2. Binding afﬁnity and speciﬁcity of 68Ga-BMS-986192 toward PD-L1 in competitive radioligand binding assays. (A) Cell-bound activity in presence of increasing concentrations of cold ligand
(BXA-206362). (B) Cell-bound activity in presence of cold ligand (0.1 nM) on PD-L1–positive (gray bar)
and PD-L1–negative (blue bar) U-698-M cells. IC50 5 half-maximal inhibitory concentration.

Assessment of PD-L1 Binding Affinity and Specificity

The binding afﬁnity of 68Ga-BMS-986192 toward human PD-L1 was
determined in a competitive binding experiment using stable transduced
U-698-M PD-L1 cells with elevated PD-L1 expression. Brieﬂy, a solution containing a mixture of 68Ga-labeled (25 mL) and unlabeled DOTAconjugated antihPD-L1 adnectin (25 mL, competitor) with increasing
concentrations (10210–1026 M) was added to the cells (400,000 cells
per vial). After 1 h of incubation at 37" C, the cells were centrifuged at
600g (1,200 rpm; Biofuge 15) for 5 min, the supernatant of each vial
was removed, and the cells were thoroughly washed 2 times with 250

mL of PBS. The washing medium was combined with the previously removed supernatant, representing the amount of free
radioligand. The amount of cell-bound activity
(cell pellet), as well as the amount of free
radioligand, was measured in a 2470 Wizard2
g-counter (PerkinElmer). Because of the
high structural similarity of 68Ga-labeled and
unlabeled ligand, a nearly identical afﬁnity
for PD-L1 is assumed, resulting in homologous competitive binding. Speciﬁc binding
was conﬁrmed using nontransduced U-689M cells as a negative control.
U-698-M Tumor Model

All animal experiments were conducted
according to the current animal welfare
regulations in Germany (DeutschesTierschutzgesetz, approval ROB-55.2–2532.Vet_02–15–216). The transduced U-698-M PD-L1–positive and
U-698-M wild-type cell lines were detached from the surface of the culture ﬂask using trypsin/ethylenediaminetetraacetic acid (0.05% and
0.02%) in PBS, centrifuged, and resuspended in PBS. Approximately
1 3 107 cells/200 mL of the U-698-M PD-L1–positive cell line were
inoculated subcutaneously on the right ﬂank, and U-698-M wild-type
cells on the left ﬂank, of 6- to 8-wk-old male NSG mice (Charles River
WIGA GmbH). Tumors were grown for 2–3 wk to reach 0.6–1 cm in
diameter.
Small-Animal PET Imaging

The mice were anesthetized with isoﬂurane
and intravenously injected via the tail vein
with approximately 5–7 MBq (#4.5–5.5 mg)
of 68Ga-BMS-986192. In vivo imaging studies
were performed using a Siemens Inveon smallanimal PET/CT scanner. Static images were
recorded at 1 h and 2 h after injection with an
acquisition time of 20 min. For blocking studies, unlabeled BXA-206362 (9 mg/kg) was
coinjected with 68Ga-BMS-986192. Dynamic
imaging was performed after on-bed injection
for 1.5 h under isoﬂurane anesthesia. Reconstruction of the images was performed using
a 3-dimensional ordered-subsets expectation
maximum algorithm with scanner and attenuation correction. Data analysis was performed
using Inveon Workplace software (Siemens).
Regions of interest were drawn around areas
with increased uptake in transaxial slices for
calculation of the average tracer concentration
as percentage injected dose (%ID)/g.
Ex Vivo Histology and
Immunohistochemistry

FIGURE 3. Dynamic 68Ga-BMS-986192 PET/CT imaging in anesthetized PD-L1–positive and wildtype U-698-M xenograft–bearing NSG mice. (A) Summation maximum-intensity projections (MIP) of
different time frames during 90-min acquisition. (B) Time–activity curves for blood pool (heart), kidneys,
muscle, and PD-L1–positive tumor derived from dynamic data. (C) Axial PET/CT scan at 1 h after injection (p.i.).
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Tumor tissues were ﬁxed in 10% neutralbuffered formalin solution for at least 48 h,
dehydrated under standard conditions (Leica
ASP300S), and embedded in parafﬁn. Serial
2-mm-thick sections prepared with a rotary
microtome (HM355S; Thermo Fisher Scientiﬁc) were collected and subjected to histologic and immunohistochemical analysis.
Hematoxylin–eosin staining was performed
on deparafﬁnized sections with eosin and

September 2021

Mayer hematoxylin according to a standard protocol.
Immunohistochemistry was performed using a Bond RXm system
(Leica) with primary antibodies against human PD-L1 (clone 28–8,
ab205921, 1:500).
Ex Vivo Biodistribution

About 5–7 MBq of 68Ga-BMS-986192 (4.5–5.5 mg) were injected
into the tail vein of the U-698-M-PD-L1–positive and U-698-M wildtype tumor–bearing NSG mice under isoﬂurane anesthesia. The animals
were sacriﬁced at 1 h after injection (n 5 4) or 2 h after injection (n 5 4),
the organs of interest were dissected, and the activity in the weighed tissues samples was quantiﬁed using a g-counter.
RESULTS
68

Ga Labeling and In Vitro Stability of 68Ga-BMS-986192 in
Human Serum

High labeling efﬁciencies with quantitative radiochemical yields
of more than 97% were obtained after 15 min. After puriﬁcation,
moderate speciﬁc activities of 11–16 GBq/mmol and radiochemical
purity of more than 98% was achieved.
Radio-high-performance liquid chromatography of 68Ga-BMS986192 at various time points after mixing with human serum
revealed monomeric elution proﬁles with a minimal radioactive
impurity of higher molecular weight (8.97 min), which slightly
increased up to 5% after 4 h. Radio-TLC analysis revealed moderate
transmetallation (5%) for 68Ga-BMS-986192 within 4 h (Supplemental Fig. 1; supplemental materials are available at http://jnm.
snmjournals.org).
Characterization of PD-L1 Expression in Transduced U-698M Cells

Quantiﬁcation of PD-L1 expression on transduced and wild-type
U-698-M cells was determined by FACS analysis. A low PD-L1
expression of approximately 4,000 molecules per cell was observed
for wild-type U-698-M cells (Fig. 1). PD-L1 expression was significantly increased by stable transduction of U-698-M cells, with
approximately 155,000 PD-L1 molecules per cell.
Competitive Binding Assay of

68

Ga-BMS-986192 to PD-L1

Binding afﬁnity of 68Ga-BMS-986192 to human PD-L1 was
determined in a competitive radioligand binding experiment using
PD-L1–positive and wild-type U-698-M cells. 68Ga-BMS-986192
showed high afﬁnity toward human PD-L1 with a half-maximal
inhibitory concentration of 2.0 6 0.6 nM (Fig. 2A). Speciﬁc binding
was conﬁrmed using nontransduced U-698-M cells as a negative
control (Fig. 2B).
PET/CT Imaging
68

Ga-BMS-986192 showed a rapid clearance from the blood pool
and from nontarget tissues, with continuously increasing accumulation in the kidneys over time (Figs. 3A and 3B). 68Ga-BMS-986192
uptake in PD-L1–positive tumor was fast within 4 min after injection, and tracer accumulation in PD-L1–expressing tumor tissue
increased within 60 min, with high retention over 90 min after injection (Figs. 3A and 3C). No uptake in the PD-L1–negative U-698-M
tumor was observed.
Additional static small-animal PET scans were performed with
68
Ga-BMS-986192 in PD-L1–positive and PD-L1 wild-type
tumor–bearing NSG mice at 1 and 2 h after injection (Fig. 4A).
68
Ga-BMS-986192 showed comparably high tumor uptake in
PDL-1–positive tumors after 1 and 2 h after injection. As shown
in Figure 4A, in contrast to the high uptake of 68Ga-BMS-986192
68

FIGURE 4. (A) Static 68Ga-BMS-986192 PET imaging examples in
PD-L1–positive (yellow arrows) and wild-type (blue arrows) U-698-M
xenograft–bearing NSG mice. Images are maximum-intensity projections
(5–6 MBq, 4.5–5.5 mg) obtained at 1 and 2 h after injection (p.i.). Mouse at
far right received 68Ga-BMS-986192 plus blocking with unlabeled adnectin,
9 mg/kg. (B) ROI quantiﬁcation of static PET scans (mean %ID/g).

in PD-L1–positive U-698-M tumors, no accumulation was observed
in U-698-M wild-type xenografts, conﬁrming PD-L1 speciﬁc binding of 68Ga-BMS-986192. Additionally, blocking experiments with
an excess of unlabeled adnectin (9 mg/kg) demonstrated that 68GaBMS-986192 uptake is speciﬁc and mediated by PD-L1 (Fig. 4B).
Ex Vivo FACS Analysis, Histology, and Immunohistochemistry

Ex vivo FACS analysis of dissected tumors conﬁrmed the correlation of 68Ga-BMS-986192 uptake with PD-L1 expression levels in
tumor tissue (Figs. 5A and 5B). PD-L1 expression levels in transduced U-698-M tumors was highly increased in comparison to nontransduced U-698-M wild-type xenografts, conﬁrming the
generation of a stable PD-L1–expressing tumor cell line in vivo
and PD-L1–mediated uptake of 68Ga-BMS-986192.
Ex vivo histology and immunohistochemistry of the xenograft tissues
also revealed high and homogeneous PD-L1 expression in U-698-M
PD-L1–positive tumors, whereas no PD-L1 expression was found in
U-698-M wild-type tissues (Fig. 5C). These results conﬁrm the
PD-L1–speciﬁc uptake of 68Ga-BMS-986192 in small-animal PET
imaging in vivo and correlate with ex vivo ﬂow cytometry analysis.
Biodistribution

The biodistribution data of 68Ga-BMS-986192 in PD-L1–positive-U-698-M and U-698-M wild-type tumor–bearing mice (1 and
2 h after injection) are shown in Figure 6 and Supplemental Table
1. The data reﬂect the results of small-animal PET/CT imaging.
68
Ga-BMS-986192 exhibited predominant renal clearance, with
only slight uptake in the liver and nontargeted tissues. The signiﬁcant uptake of 68Ga-BMS-986192 in PD-L1–positive tumor
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resonance (28). This indicates that conjugation of small molecules to the C terminus of adnectin is well tolerated, without
observable effects on human PD-L1 binding. The ease of tracer preparation and the
quantitative radiochemical yields with
high radiochemical purity make the synthesis of 68Ga-BMS-986192 fully compatible with the everyday workﬂow in a
clinical radiopharmacy and are well suited
for automated radiosynthesis via a module
or a kit formulation. Furthermore, the
pharmacokinetics of 68Ga-BMS-986192
match very well the 68-min physical
half-life of 68Ga, as peak tumor uptake
reached a plateau within 60 min after
injection. Collectively, these characteristics are highly encouraging for using
68
Ga-BMS-986192 to image PD-L1
expression in humans.
Small-animal PET and ex vivo biodistribution studies demonstrated excellent targeting of PD-L1–expressing xenografts,
whereas tracer uptake was low in tumors
without PD-L1 expression on immunohistochemistry (Figs. 4 and 5). The speciﬁcity of
tracer binding was further conﬁrmed by
coinjection of an excess of unlabeled
BMS-986192, which decreased tumor
uptake of 68Ga-BMS-986192 by 80% (Fig.
6). As expected for a 10-kDa protein,
68
Ga-BMS-986192 showed fast renal clearance from the blood. As observed for other
small proteins, peptides and peptide-like
molecules, 68Ga-BMS-986192 showed signiﬁcant retention of activity in the kidneys
at 1 and 2 h after injection. However, the
68
FIGURE 5. (A) Axial Ga-BMS-986192 PET scan at 1 h after injection in PD-L1–positive (yellow
activity concentration was similar to that
arrow) and wild-type (blue arrow) U-698-M xenograft–bearing NSG mouse. (B) Ex vivo FACS analysis
of clinically used PET imaging agents
of PD-L1 expression on wild-type (red) and PD-L1 transduced (blue) tumor cells. (C) Ex vivo
such as prostate-speciﬁc membrane ligands
hematoxylin–eosin (HE) and anti-PD-L1 immunohistochemistry (IHC) staining of PD-L1–positive and
wild-type xenograft tissues.
(33,34). Therefore, we do not expect renal
uptake of 68Ga-BMS-986192 to limit its
clinical use. Injection of an excess of unlaxenografts is highly speciﬁc, as accumulation in PD-L1–negative
beled adnectin signiﬁcantly decreased renal uptake of 68Ga-BMStumors was less than blood-pool activity (Supplemental Table 1).
986192. This is unlikely to be due to blocking of PD-L1 binding
since BMS986192 has only low afﬁnity for murine PD-L1 (28).
DISCUSSION
Nevertheless, it indicates that renal uptake of radioactivity is a parThis study revealed that the high-afﬁnity PD-L1–binding tially saturable process that could potentially be reduced by injection
adnectin protein BMS-986192, conjugated at the C terminal posi- of proteins or peptides that do not interfere with the binding of
tion with DOTA via maleimide linkage (BXA-206362), can be 68Ga-BMS-986192 to its target. The activity concentration in
labeled with 68Ga while retaining high target binding afﬁnity the kidneys increased from 1 to 2 h after injection, probably
(half-maximal inhibitory concentration, 2.0 6 0.6 nM determined reﬂecting redistribution of the ligand from other tissues to the
in a competitive radioligand binding assay using PD-L1–positive bloodstream (Fig. 6).
U-698-M cells). The DOTA-maleimide moiety was conjugated to
A comparison of the preclinical results obtained for 18Fthe cysteine residue engineered into the C terminus of the adnectin BMS986192 and 68Ga-BMS-986192 revealed similar speciﬁc activ(28,30). The same position within the adnectin scaffold has been ities and similar in vitro and in vivo behavior for both tracers (28).
used previously for site-speciﬁc conjugation of the 18F-labeled Although comparable protein and activity doses of 18Fprosthetic group of 18F-BMS-986192 without a signiﬁcant effect BMS986192 and 68Ga-BMS-986192 were administered to mice, a
on binding afﬁnity (28). 19F-BMS-986192, an unmodiﬁed and direct comparison of the tumor uptake of both radiolabeled ligands
DOTA-conjugated adnectin, has displayed picomolar dissociation is not feasible as different cell lines were used in the 2 studies, but
constants against human PD-L1 determined by surface plasmon both tracers showed similar pharmacokinetics, with fast renal
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KEY POINTS
QUESTION: Can adnectins be efﬁciently radiolabeled with 68Ga to
allow the in vivo assessment and quantiﬁcation of PD-L1 expression
levels on tumor tissue with PET?

FIGURE 6. Biodistribution data for 68Ga-BMS-986192 in PD-L1–positive
and wild-type (WT) U-698-M xenograft–bearing mice at 1 and 3 h after injection (p.i.). Data are %ID/g (mean 6 SD).

clearance and similarly low background activity in all other organs.
This is encouraging for the clinical translation of 68Ga-BMS-986192
because PET imaging of PD-L1 expression with 18F-BMS-986192
has already been shown to be feasible in human pilot studies (29,35).
The following limitation of the study should be noted. 68Ga-BMS986192 exclusively binds to human PD-L1, with no relevant afﬁnity
toward its murine counterpart (28). Tumor-to-normal organ uptake
ratios may therefore be lower in humans than in our mouse model.
Furthermore, we used a PD-L1 transduced cell line to study the binding of 68Ga-BMS-986192. The advantages of this approach are that
the parent cell line can be used as a negative control to assess the speciﬁcity of ligand binding. Furthermore, the stable expression of
PD-L1 improves the reproducibility of these results to ensure having
a tool for measurement PD-L1 expression of cancer cells, as endogenous cancer cell PD-L1 expression is known to vary signiﬁcantly
over time (36). However, PD-L1 expression levels may be higher
in PD-L1 transduced U698-M cells than in human tumors.
CONCLUSION

The novel PD-L1 imaging agent 68Ga-BMS-986192 shows similar PD-L1–targeting characteristics and pharmacokinetic properties
to 18F-BMS-986192, which has already been successfully used to
image PD-L1 expression in cancer patients. In contrast to 18FBMS-986192, which requires a 2-step synthesis with low radiochemical yields, radiolabeling of BMS-986192 with 68Ga is a
straightforward 1-step process that is easy to automate. 68GaBMS-986192 therefore has the potential to signiﬁcantly facilitate
preclinical and clinical imaging of PD-L1 expression.
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concept for PD-L1 expression PET imaging to the requirements of
68
Ga chemistry enables fast and efﬁcient radiolabeling. 68Ga-BMS986192 showed comparable in vitro and in vivo PD-L1–targeting
characteristics to its counterpart, 18F-BMS986192. Both tracers
showed favorable pharmacokinetics, with fast renal clearance and
similarly low background activity in nontargeted tissues.
IMPLICATIONS FOR PATIENT CARE: The preclinical results are
encouraging for the clinical translation of 68Ga-BMS-986192
because PET imaging of PD-L1 expression with 18F-BMS-986192
has already been shown to be feasible in human pilot studies.
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Ga-PSMA-11 PET/CT Improves Tumor Detection and Impacts
Management in Patients with Hepatocellular Carcinoma
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Hepatocellular carcinoma (HCC) is the sixth most prevalent cancer
and the third most frequent cause of cancer-related death. A growing
number of local and systemic therapies are available, and accurate
staging is critical for management decisions. We assessed the impact
of neovasculature imaging by 68Ga-PSMA-11 PET/CT on disease
staging, prognostic groups, and management of patients with HCC
compared with staging with CT. Methods: Forty patients who received imaging with 68Ga-PSMA-11 PET/CT for HCC staging between
September 2018 and September 2019 were retrospectively included.
Management before and after PET scanning was assessed by standardized surveys. The presence of HCC was evaluated by 3 masked
readers on a per-patient and per-region basis for PET/CT (PET criteria)
and multiphase contrast-enhanced CT (CT criteria) in separate sessions. Lesions were validated by follow-up imaging or histopathology,
and progression-free survival was recorded. Endpoints were detection
rate and positive predictive value for 68Ga-PSMA-11 PET versus CT,
interreader reproducibility, and changes in stage, prognostic groups,
and management plans. Results: Median age was 65 y (range, 37–81
y), and median Child–Pugh score was 5 (range, 5–9). Most patients
were treatment-naïve (27/40, 67.5%). The sensitivity of PET versus CT
to identify liver lesions for patients with lesion validation was 31 of 32
(97%) for both modalities, whereas it was 6 of 6 (100%) versus 4 of 6
(67%), respectively, for extrahepatic lesions. PET and CT each had a
positive predictive value of 100% at the liver level. PET versus CT
stage was congruent in 30 of 40 (75%) patients; upstaging was seen
in 8 of 40 patients (20%), whereas 2 of 40 (5%) had downstaging by
PET. Intended management changed in 19 of 40 patients (47.5%); 9
of 19 of these patients were found to have detectable distant metastases (47.4%) and assigned stage 4 disease, most of whom were
shifted to systemic therapy (8/9, 89%). Two patients underwent
177
Lu-PSMA-617 radioligand therapy. Median progression-free survival was 5.2 mo for the entire cohort; 5.3 mo for PET M0, and 4.7 mo
for PET M1 patients, respectively. Conclusion: 68Ga-PSMA-11 PET
demonstrated higher accuracy than CT in the detection of HCC metastases and was associated with a management change in about half
the patient cohort.
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H

epatocellular carcinoma (HCC) is the sixth most prevalent
cancer and the third most frequent cause of cancer-related death
worldwide (1).
Early-stage HCC is often treated with surgical resection,
transplantation, or ablation, whereas systemic therapy, transarterial chemoembolization (TACE), and radioembolization (also
known as selective internal radiation therapy [SIRT]) are reserved for intermediate to advanced HCC, with SIRT being
most often used after progression under sorafenib (2,3). The
treatment landscape for HCC changed considerably with the
availability of life-prolonging systemic therapy. Despite recent
therapy approvals, patient survival remains short, and accurate
staging is critically needed for early identiﬁcation of candidates
for the various local and systemic therapies. The European Society for Medical Oncology guidelines recommend CT, MRI, or
ultrasound for diagnosis of HCC in patients with cirrhosis (4).
However, small HCC lesions may be hard to detect, especially
with concomitant cirrhosis.
68
Ga-PSMA-11 is a novel PET tracer that has been developed
for imaging patients with prostate cancer (5,6). Prostate-speciﬁc
membrane antigen (PSMA) was also found to be expressed
on the neovasculature of other tumor entities (7,8), with immunohistochemistry revealing PSMA expression on HCC neovasculature and canalicular membranes, with signiﬁcantly increased
uptake in hepatic and extrahepatic disease (9,10). A recent
prospective study on 15 patients with HCC reported improved
lesion detection with 68Ga-PSMA-11 PET/CT compared with
conventional imaging and a subsequent impact on treatment
strategies (11).
In light of increasing local and systemic treatment options,
68
Ga-PSMA-11 PET/CT may demonstrate value for staging
and management of patients with initial HCC. In this study,
we aimed to assess the accuracy of 68 Ga-PSMA-11 PET/CT
along with interreader agreement and impact on staging,
management, and prognostic groups in patients with initial
HCC.
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MATERIALS AND METHODS
Study Design and Participants

Patients undergoing 68Ga-PSMA-11 PET/CT for HCC between
September 2018 and September 2019 at the Essen University Hospital
were retrospectively included in the study. The primary endpoint was
detection rate and positive predictive value for 68Ga-PSMA-11 PET
versus CT. Secondary endpoints were interreader reproducibility and
changes in stage, prognostic group, and management plans. All patients gave written consent to undergo clinical 68Ga-PSMA-11 PET/
CT. The retrospective study was approved by the ethics committee at
the University Duisburg–Essen (approval 19-8892-BO), and the need
for study-speciﬁc consent was waived. Anonymized study data were collected retrospectively and managed using the Research Electronic Data
Capture (REDCap) electronic data capture tools hosted at the University
Hospital Essen (12,13). Patients’ records were accessed to retrieve demographic and clinical data, pathology and lab investigations, and imaging
studies performed before or after 68Ga-PSMA-11 PET/CT.
Imaging Procedures
68

Ga-PSMA-11 (Glu-NH-CO-NH-Lys-(Ahx)-[68Ga(HBED-CC)])
was labeled in accordance with the joint procedure guideline of the
European Association of Nuclear Medicine and the Society of Nuclear
Medicine and Molecular Imaging (14). PET was performed in accordance with the international guidelines as part of a PET/CT scan and
with a ﬁeld of view from the skull base to the mid thigh. Patients received a median of 112.5 MBq (range, 79–344 MBq) of 68Ga-PSMA11. Image acquisition was started at a median of 78 min after injection
(range, 50–135 min; with an interquartile range of 31.5).
All 40 examinations were performed with radiographic contrast enhancement in the arterial and portal venous phases; contrast-enhanced
CT was performed before the PET acquisition. Images were acquired
using a Siemens Biograph 128 mCT device in 29 of 40 cases (72.5%)
and a Siemens Biograph Vision in 11 of 40 cases (27.5%); both devices are cross-calibrated based on EANM Research Ltd. accreditation
standards. PET images were reconstructed by ordered-subset expectation maximization–based algorithms. Data from CT scans were used
for attenuation correction and anatomic correlation.
Image Interpretation

Three nuclear medicine physicians masked to all clinical and imaging data interpreted the images separately—ﬁrst, the attenuation-corrected 68Ga-PSMA-11 PET and CT images using PET criteria, and 2
wk later, CT images only using CT criteria. OsiriX MD (Pixmeo
SARL) was used for the readings.
The presence of HCC lesions was recorded separately for 68GaPSMA-11 PET and CT across 5 regions (positive/negative): liver segments, abdominal and extraabdominal lymph nodes, peritoneal/visceral lesions, and bone lesions.
For PET interpretation only, a 4-point scale was used to visually
rate focal radioligand uptake (from 0 to 3) (15,16), with the corresponding CT scans used for anatomic correlation. Focal uptake was
considered positive if the score was at least 1 (extrahepatic lesions) or
at least 2 (hepatic lesions). Differentiating between HCC lesions and
dysplastic nodules on CT scans (or MRI scans in cases of follow-up
imaging) followed the criteria outlined in Supplemental Table 1 (supplemental materials are available at http://jnm.snmjournals.org)
(17,18).
Readers recorded the SUVmax for the lesions with the highest uptake and diameter of the largest lesions (short axis for lymph nodes,
long axis for all other lesions) at a given region. Readers determined
the TNM staging separately for 68Ga-PSMA-11 PET and CT in accordance with the criteria of the American Joint Committee on Cancer,
eighth edition (19).
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Consensus (positive vs. negative) was determined by a statistic majority vote among the 3 readers, with average values taken for quantitative values (SUVmax and lesion size). Consensus ﬁndings for the
68
Ga-PSMA-11 PET and CT scans for each patient were compared to
determine concordance.
Lesion Validation and Change in Management

Patient ﬁles were reviewed for correlative and follow-up information acquired during routine clinical follow-up. CT, MRI, bone scans,
and 68Ga-PSMA-11 PET scans performed as preimaging and on follow-up were included in this analysis.
The most valuable comparator, with the following priority order
(highest to lowest), was used to assign true or false positivity and negativity to detected lesions: histopathology from biopsies or surgical excision took priority over imaging validation; lesions were also conﬁrmed by presence on the initial and follow-up scans, as well as their
change in size, disappearance, or appearance on follow-up imaging
during treatment, using modiﬁed RECIST (20). Any lesion that could
not be veriﬁed on the basis of those criteria was excluded from the accuracy analyses. The local investigators interpreted the composite reference standard after reviewing follow-up information.
The management plan before PET was local therapy, including
SIRT, radiofrequency ablation, or TACE, as documented by the interdisciplinary tumor board. The implemented management after PET
was recorded by the referring physician using a standardized survey.
Statistical Analysis

Descriptive statistics were calculated. Interobserver agreement was
determined by the Fleiss k and interpreted by the criteria of Landis
and Koch (21). The positive predictive value, negative predictive value, sensitivity, and speciﬁcity of 68Ga-PSMA-11 PET on a per-patient
and per-region basis for detection of tumor location, as conﬁrmed by
histopathology or biopsy, clinical follow-up, and conventional imaging
follow-up, were calculated via standard 2 3 2 tables. PET progression-free survival was calculated from the date of the 68Ga-PSMA-11
PET scan until progression, death, or last follow-up. k analysis was
performed using R statistics (version 3.4.1).
RESULTS
Patient Characteristics

Forty patients were included; their characteristics are outlined in
Table 1. The median age was 65 y (range, 37–81 y). Twenty patients (50%) had histopathologic conﬁrmation of HCC; the other
half had imaging ﬁndings consistent with HCC. Liver cirrhosis
was present in 28 of 40 patients (70%). The most frequent underlying liver disease was chronic hepatitis B or C, in 18 of 40 patients (45%). In addition, portal vein thrombosis or invasion was
seen in 9 of 40 patients (22.5%). Eleven patients (27.5%) had ascites. Twenty-seven patients (67.5%) did not receive treatment before their 68Ga-PSMA-11 PET scan.
Detection Accuracy and Lesion Validation

In total, 142 lesions from 36 patients were validated as true-positive, false-positive, or false-negative at the levels of the hepatic
segments (1 through 8) and extrahepatic metastases. Lesions from
8 patients (20%) were validated by histopathology, 26 of 40
(65%) by baseline and follow-up imaging correlation and 10 of 40
(25%) by baseline imaging correlation only. All patients with histopathologic veriﬁcation had follow-up imaging performed.
68
Ga-PSMA-11 PET versus CT accuracy for the liver lobes and
distant metastases is reported in Table 2. Consensus interpretation
on a whole-liver level for the entire cohort and for patients with
cirrhosis (28/40, 70%) resulted in an accuracy of 97% for both
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TABLE 1
Patient Characteristics (n 5 40)
Characteristic
M:F ratio
Age at diagnosis (y)

Data
5.7:1
65 (37–81)

Primary diagnostic investigations
Histopathology

20 (50)

Imaging

31 (77.5)

a-fetoprotein level

19 (47.5)

Comorbidities
Cirrhosis

28 (70)

Hepatitis B or C

18 (45)

Diabetes

11 (27.5)

Nonalcoholic steatohepatitis/steatosis

5 (12.5)

Portal vein thrombosis or invasion

9 (22.5)

Ascites
None

29 (72.5)

Controlled

10 (25)

Refractory

1 (2.5)

Baseline investigations
Body mass index (kg/m2)

27.4 (20.2–38.5)

a-fetoprotein (ng/mL)

36.1 (1–19,078)

Total bilirubin (mmol/L)

0.8 (0.2–6.7)

Albumin (g/L)

4.1 (2.6–5)

International normalized ratio

1.1 (1–1.6)

Alkaline phosphatase (IU/L)

127 (33–937)

Child–Pugh score

5 (5–9)

Class A

33 (82.5)

Class B

7 (17.5)

Treatment received before PSMA PET/CT
None
Systemic treatment
Surgery
TACE or radiofrequency ablation
SIRT

27 (67.5)
2 (5)
6 (15)
14 (35)
4 (10)

Qualitative data are number and percentage; continuous data
are median and range.
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Ga-PSMA-11 PET and CT (sensitivity of 97%, speciﬁcity and
positive predictive value of 100%, and negative predictive value
of 80%). Liver segment–level data for detection rate and accuracy
are given in Supplemental Table 2.
68
Ga-PSMA-11 PET versus CT detected 13 versus 9 distant
metastatic lesions in 11 versus 8 patients, respectively (Table 3).
Extrahepatic lesions were validated in 6 patients on further followup: sensitivity for 68Ga-PSMA-11 PET versus CT was 100% versus 67%, respectively, and the negative predictive value was
100% versus 93%, respectively (Table 2).
Of the cases with congruence in 68Ga-PSMA-11 PET and CT, 1
patient had disseminated bone metastases on preimaging that were
conﬁrmed on 68Ga-PSMA-11 PET and CT (Supplemental Fig. 1);

another patient had mediastinal lymph node metastases on 68GaPSMA-11 PET and CT that were subsequently veriﬁed as positive
by histopathology after lymph node resection (Supplemental Fig.
2); and a third patient had pathologic lymph nodes in the cardiophrenic angle that were conﬁrmed on follow-up scans (Supplemental Fig. 3).
Among the cases in which 68Ga-PSMA-11 PET outperformed
CT, one patient had positive PSMA uptake in the right femur on
68
Ga-PSMA-11 PET that was missed on CT (Supplemental Fig.
4), and follow-up CT scans for that patient conﬁrmed development
of an osseous lesion. Another patient, with positive PSMA uptake
in the right fourth rib seen on 68Ga-PSMA-11 PET but not on CT
(Supplemental Fig. 5), had subsequent scans conﬁrming resolution
of the lesion after local treatment to the metastatic spot. A third
patient had metastatic lesions in mediastinal lymph nodes and lumbar vertebra that were not deemed pathologic on CT (Supplemental Figs. 6-I and 6-II) and was offered systemic treatment as a result. In the remaining patients with lesion validation, distant
metastases were ruled out by both 68Ga-PSMA-11 PET and CT
and were subsequently conﬁrmed as negative on follow-up
imaging.
Interobserver Agreement

According to the Fleiss k, agreement among the 3 independent
readers for PET versus CT at the liver level was 0.43 (95% CIs,
0.25–0.61) versus 0.56 (95% CIs, 0.38–0.74), respectively, indicating moderate agreement according to the Landis and Koch criteria. At the extrahepatic level (lymph nodes and osseous metastases), agreement for PET versus CT was 0.83 (95% CIs, 0.65–1.01)
versus 0.75 (95% CIs, 0.56–0.93), respectively. This corresponds
to almost perfect agreement for PET and substantial agreement for
CT, according to the same criteria.
Staging Concordance and Migration

Comparison of staging between 68Ga-PSMA-11 PET and CT is
shown in Tables 3 and 4. Concordance between 68Ga-PSMA-11
PET and CT ﬁndings was seen in 30 of 40 patients (75%), whereas 8 of 40 patients (20%) experienced upstaging and 2 of 40 (5%)
had downstaging by 68Ga-PSMA-11 PET (Supplemental Table 3).
With regard to upstaged patients, 1 patient (2.5%) with no disease on CT was upstaged to post-PET stage 2. In this patient, a
single lesion in liver segment 5 was found by 68Ga-PSMA-11 PET
and missed by CT, as conﬁrmed by histopathology (Supplemental
Fig. 7). In addition, 6 of 40 patients (15%) with CT stage 2 were
upstaged to post-PET stage 3 (n 5 4, 10%) and stage 4 (n 5 2,
5%), and 1 patient (2.5%) with CT stage 3 was upstaged to postPET stage 4.
In total, there were 3 of 40 patients (7.5%) in whom 68GaPSMA-11 PET detected distant disease that was not detected by
CT. The cases were detailed previously above and in Supplemental Figures 4, 5, and 7.
Downstaging by 68Ga-PSMA-11 PET occurred in 2 patients: 1
had CT stage 2 (lesion diameter, 3.4 cm), but 68Ga-PSMA-11 PET
did not detect any hepatic disease. Follow-up MRI showed a lesion in segment V (diameter, 2.9 cm); hence, the 68Ga-PSMA-11
PET result was deemed false-negative. The other patient had a CT
stage 3B (T4N0M0) but a PET stage 3A (T3N0M0), with no implications on management in this case.
A summary of concordant and discordant staging between
68
Ga-PSMA-11 PET and CT is shown in Table 4. Mean lesion
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TABLE 2
Accuracy, Sensitivity, Speciﬁcity, Positive Predictive Value, and Negative Predictive Value Between PSMA PET and CT
Right lobe
(segments 1
and 4–8)

Whole-liver
analysis
Parameter

PSMA PET

CT

Left lobe
(segments 2
and 3)

PSMA PET

CT

PSMA PET

Distant
metastases
CT

PSMA PET

CT

Accuracy (%)

97

97

97

94

86

91

100

94

Sensitivity (%)

97

97

97

94

77

85

100

67

Speciﬁcity (%)

100

100

100

100

91

95

100

100

Positive predictive value (%)

100

100

100

100

83

92

100

100

Negative predictive value (%)

80

80

83

67

87

91

100

93

size on CT and mean SUVmax on 68Ga-PSMA-11 in different
stages are summarized in Supplemental Table 4.
Management Follow-up

Figure 1 illustrates changes in management after 68Ga-PSMA11 PET for different stage groups. Overall, pre- to post-PET/CT
treatment plans changed in 19 of 40 patients (47.5%).
68
Ga-PSMA-11 PET detected no correlate of disease in 4 of 40
patients (10%). Among these, 1 of 4 patient (25%) experienced a
change in management, that is, a switch from SIRT to TACE.
This change was based on the original unmasked imaging report,
which had reported tumor foci in the liver; such ﬁndings were not
reported in the consensus readings by the masked readers and
were thus considered negative.

TABLE 3
Comparison of Staging Between PSMA PET and CT Scans
Stage

PSMA PET

Stage 0 (T0N0M0)

4 (10)

Stage 2 (T2N0M0)

5 (12.5)

Stage 3

CT
4 (10)
11 (27.5)

20 (50)

17 (42.5)

3A: T3N0M0

17 (42.5)

13 (32.5)

3B: T4N0M0

3 (7.5)

4 (10)

Stage 4B

11 (27.5)

8 (20)

T0N0M1 (bone)

1 (2.5)

—

T2N0M1

4 (10)

4 (10)

Bone

2 (5)

1 (2.5)

Mediastinal LN

1 (2.5)

2 (5)

Mediastinal LN 1 bone

1 (2.5)

1 (2.5)

T3N0M1

5 (12.5)

2 (5)

Bone

2 (5)

1 (2.5)

Mediastinal LN

1 (2.5)

—

Mediastinal LN 1 bone

1 (2.5)

—

1 (2.5)

1 (2.5)

1 (2.5)

2 (5)

Cardiophrenic recess
T4N0M1 (bone)

Progression-Free Survival Outcomes

The median observation period was 8.3 mo (range, 0.2 to 18.1
mo) from 68Ga-PSMA-11 PET/CT. Patients with observation periods of less than 6 mo were either deceased (n 5 9/40, 22.5%) or
lost to follow-up (n 5 4/40, 10%). During the observation period,
disease progression after initial 68Ga-PSMA-11 PET was noted for
26 of 40 patients (65%) as follows: 13 of 40 by follow-up imaging
(32.5%) and 13 of 40 by death (32.5%). For the remaining patients, 4 of 40 (10%) were lost to follow-up, and 10 of 40 (25%)
are still on regular follow-up at our institution.
Median progression-free survival was 5.2 mo. Patients with
PET M0 versus M1 disease had a median progression-free survival of 5.3 mo versus 4.7, respectively (P 5 0.865).

LN 5 lymph node.
Data are number followed by percentage in parentheses.
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Ga-PSMA-11 PET detected stage 2 disease in 5 of 40 patients
(12.5%). Among these, 2 of 5 patients (40%) experienced a
change in management as follows: one was shifted from SIRT to
systemic therapy, and the other was shifted to TACE from active
surveillance.
Twenty patients (50%) were classiﬁed as stage 3 by 68GaPSMA-11 PET, 7 of whom (35%) had a shift in management as
follows: 6 were switched to systemic therapy because of evident
portal vein or mesenteric vein thrombosis (n 5 3), a proven high
risk for a hepatopulmonary shunt (n 5 1), or being deemed not
suitable for SIRT treatment (n 5 2); the remaining patient was
switched to best supportive care.
Eleven patients (27.5%) were classiﬁed as stage 4 by 68GaPSMA-11 PET. The highest rate of change in management occurred in patients with stage 4B, recorded in 9 of 11 (82%), 8 of
whom (89%) were shifted to systemic therapy on detection of distant metastases on 68Ga-PSMA-11 PET scan; TACE was performed in the remaining patient (Supplemental Fig. 5). Details of
management changes before and after 68Ga-PSMA-11 PET are
highlighted in Supplemental Table 5.
Two patients had liver lesions with high uptake on 68GaPSMA-11 PET; those patients had no other local or systemic treatment options, and they were deemed eligible for and proceeded
with 177Lu-PSMA-617 radioligand therapy. However, as revealed
by intratherapeutic SPECT/CT-based dosimetry, the tumor radiation dose by radioligand therapy was at least 10-fold lower than
typically achieved by 1 cycle of external-beam radiation therapy
for HCC, and as such, this treatment modality was not as effective
as anticipated. Radioligand therapy was discontinued after 1 cycle
for both patients. Radioligand therapy and dosimetry ﬁndings are
summarized in Supplemental Figures 8 and 9.

!

No. 9

!

September 2021

TABLE 4
Stage Migration Through PSMA PET and CT
PSMA PET
CT

No disease

Stage 2

Stage 3A

Stage 3B

No disease

3 (7.5)

Stage 2

1 (2.5)†

Stage 3A

0

0

Stage 3B

0

0

Stage 4B

0

0

0

Stage 4B

1 (2.5)*

0

0

0

4 (10)

4 (10)*

0

2 (5)*

12 (30)

0

1 (2.5)*

1 (2.5)†

3 (7.5)

0

0

8 (20)

*PET upstaging.
†
PET downstaging.
Data are number followed by percentage in parentheses.

DISCUSSION
68

We compared Ga-PSMA-11 PET and CT accuracy for HCC lesion detection and assessed the impact of PET on management and
prognostic groups. Our results demonstrate comparable accuracy between 68Ga-PSMA-11 PET and CT for staging at the liver level,
with superior performance for 68Ga-PSMA-11 PET at the extrahepatic level (almost perfect agreement among the independent readers).
PET/CT accuracy was associated with a management change,

FIGURE 1. PSMA PET stage and change in management. *% from
PSMA PET stage. **% from changed management.

particularly in patients with advanced disease, leading to a shift toward systemic therapy. PET detection of extrahepatic disease was
not associated with shorter progression-free survival.
HCC treatment decisions depend on a multidisciplinary approach that takes into account several factors, including size,
extent of tumor burden, and functional status of the liver (22). For
intermediate- and advanced-stage disease, the standard of care includes radiofrequency ablation, TACE, SIRT, or systemic therapy,
whereas patients with end-stage disease often receive palliative
care only (2,23–25). Most patients with HCC present with advanced disease and a poor prognosis (26,27). Imaging is critical to
accurately assess local and distant disease extent at baseline and
follow-up, thereby reﬁning identiﬁcation of candidates for systemic treatment.
Currently, international treatment guidelines place sorafenib as
the standard ﬁrst-line systemic therapy for patients with advanced
HCC or earlier-stage tumors progressing on or unsuitable for locoregional therapies (2,23–25). Current Food and Drug Administration–approved ﬁrst-line treatments for advanced or progressive
HCC are sorafenib or lenvatinib, which are associated with prolonged survival in patients with advanced tumors (28–30). New
options include bevacizumab in combination with atezolizumab as
ﬁrst-line therapy, as well as regorafenib, cabozantinib, and ramucirumab, in addition to immunotherapy agents such as nivolumab
and pembrolizumab, as second-line therapies (31). PSMA-directed
systemic treatments such as mipsagargin have also been recently
studied, with preliminary results showing prolonged disease stabilization in patients with HCC who progressed on or after sorafenib
or were intolerant to it (32).
68
Ga-PSMA-11 PET identiﬁed distant disease earlier and led to
a change toward systemic treatment in our study. In this nonrandomized observational setting, progression-free survival was
not signiﬁcantly different for PET M0 versus M1 patients. PET
may contribute to an improved outcome for metastatic HCC
through earlier identiﬁcation of candidates for systemic therapy.
However, assessment in a prospective trial is needed, as our retrospective observation is limited to the assessment of stage migration with reported impact on management.
A systematic review and metaanalysis summarized the existing
evidence on multiphasic CT versus MRI accuracy for the diagnosis of HCC in patients with underlying cirrhosis (33). A pooled
analysis of the 19 studies comparing both modalities showed
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signiﬁcantly higher sensitivity (0.82 vs. 0.66) and a lower negative
likelihood ratio (0.20 vs. 0.37) for MRI than for CT. In our study,
68
Ga-PSMA-11 PET and CT had a similar detection rate and accuracy at the liver level for both the entire cohort and the subset of
patients with cirrhosis. Thus, PET will not replace MRI for accurate liver staging. Underlying cirrhosis did not affect lesion PSMA
uptake (median SUVmax for patients with cirrhosis and for those
without cirrhosis was 14.1).
HCC diagnosis is based more often on imaging than on biopsy
(2); therefore, histopathologic information pertaining to tumor
grade and aggressiveness is often missing. 18F-labeled choline derivatives, such as 18F-ﬂuorethylcholine and 18F-ﬂuorocholine,
have demonstrated value in identifying differentiated, less aggressive HCC, whereas 18F-FDG is useful in identifying less differentiated, more aggressive tumor forms (34). In 1 study, dual-tracer
PET/CT (using 18F-ﬂuorocholine and 18F-FDG) enabled stage upgrading in 11% of patients and treatment modiﬁcation in 14%
(35). With documented expression of PSMA in tumor neovasculature and canalicular membranes of HCC, 68Ga-PSMA-11 PET is a
new diagnostic modality; however, correlation with tumor differentiation and aggressiveness requires further assessment.
Our study was limited by its retrospective design and the small
number of patients included. Histopathology was available for
only a small group of patients, as tissue sampling is not routinely
performed and biopsy of extrahepatic lesions is difﬁcult because
of their small size or remote location. Thus, most lesion follow-up
was based on correlative or follow-up imaging with known intrinsic limitations. In addition, MRI or PET/MRI was not systematically performed for comparison in the included patients. Finally,
18 of 40 (45%) patients had an uptake time outside the range of
50 to 100 min recommended by the European Association of Nuclear Medicine and the Society of Nuclear Medicine and Molecular Imaging (14), which may have impacted image interpretation.
CONCLUSION

Using masked reads and independent lesion validation, we established the accuracy of 68Ga-PSMA-11 PET for HCC staging,
which was comparable to the accuracy of CT for hepatic disease
detection and more accurate for extrahepatic disease detection.
68
Ga-PSMA-11 PET induced stage migration by detection of distant metastases in 11 of 40 patients (27.5%), and this migration
was associated with a shift from local to systemic therapy in 8 of
11 (73%) of these patients. 68Ga-PSMA-11 PET may prove valuable for early identiﬁcation of candidates for systemic therapy.
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KEY POINTS
QUESTION: Does 68Ga-PSMA-11 PET/CT improve tumor detection
and impact the clinical management of patients with HCC?
PERTINENT FINDINGS: The staging accuracy of 68Ga-PSMA-11
PET was comparable to that of CT for hepatic staging and more
accurate for extrahepatic staging, inducing stage migration by detection of distant metastases in 11 of 40 patients (27.5%), with a
shift from local to systemic therapy in 8 of 11 (73%) of these patients. 68Ga-PSMA-11 PET may prove valuable for early identiﬁcation of candidates for systemic therapy.
IMPLICATIONS FOR PATIENT CARE: 68Ga-PSMA-11 PET demonstrated higher accuracy than CT in the detection of HCC metastases and was associated with a management change in about half
the patient cohort.
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S

uccess of precision oncology is based on increasingly better and
individualized tumor characterization. State-of-the-art personalized
treatment options are still primarily directed by site of tumor origin
and tumor entity rather than by the tumor molecular signature (e.g.,
the novel treatment approach with neurotrophic tyrosine receptor
kinase [NTRK] inhibitors in the case of NTRK gene fusion–
positive tumors) irrespective of their origin. Molecular imaging
using metabolic tracers and radiolabeled peptides and antibodies
offer a unique possibility for noninvasive in vivo tumor characterization, also based on molecular paradigms rather than tumor type.
One such radiopharmaceutical, the prostate-speciﬁc membrane antigen (PSMA), is currently set to become a blockbuster for both PET
diagnostics and radionuclide therapy in prostate cancer. Germany,
speciﬁcally the University of Heidelberg team, has pioneered the
rejuvenation of PSMA and its use in nuclear medicine. The evidence
level from initial retrospective German studies was substantiated by
subsequent prospective clinical trials in Australia.
The proPSMA diagnostic trial reported that “PSMA PET/CT is a
suitable replacement for conventional imaging, providing superior
accuracy to the combined ﬁndings of CT and bone scanning” in
treatment-naïve patients with high-risk prostate cancer with respect
to detection of both pelvic nodal and distant metastases (1,2).
Similarly, PSMA PET/CT proved also superior in detecting local
recurrences, lymph node, or distant metastases in patients with early
biochemical relapse and rising prostate-speciﬁc antigen levels as
low as 0.2 ng/mL (3). These ﬁndings support recent U.S. Food
and Drug Administration (FDA) approval of 2 new drug applications for PSMA PET imaging at the Universities of California San
Francisco and Los Angeles for both primary staging in high-risk
prostate cancer patients and patients with biochemical recurrent
disease. The ﬁndings also reinforce the recommendation for
PSMA PET imaging in the setting of biochemical recurrence in
the recently updated national German S3 guideline on prostate
cancer (4) and reimbursement of this procedure within the framework of Ambulante Spezial€
artzliche Versorgung in Germany.
Most recently, the PSMA tracer 18F-piﬂufolastat from Lantheus
was approved by the FDA (5).
Additionally, major progress in the realm of PSMA treatment in
patients with prostate cancer has been made. The results of the
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international, prospective, open label, multicenter, randomized
phase 3 study of 177Lu-PSMA-617 in the treatment of patients
with progressive PSMA-positive metastatic castration-resistant
prostate cancer (VISION trial) showed that 177Lu-PSMA-617 significantly increased overall survival and radiographic progression-free
survival in these patients (6). PSMA-based theranostics, therefore,
very soon will increasingly become a clinical standard in prostate
cancer patients—as long as these tumors express PSMA.
But PSMA is by far not as prostate-speciﬁc as suggested by its
name. It is a type II transmembrane zinc metallopeptidase with enzymatic activity that hydrolyzes poly-g-glutamated folates to folate,
which can be taken up by nearby tumor cells (7). The enzyme is
also known as glutamate carboxypeptidase II, folate hydrolase 1,
folypoly-g-glutamate carboxypeptidase, and N-acetylated-a-linked
acidic dipeptidase I. PSMA is physiologically expressed in astrocytes and Schwann cells of the nervous system, prostate, proximal
renal tubule of the kidney, salivary glands, and the duodenal brush
border (8) as can be seen and quantiﬁed on PET images of cancer
patients (9).
In malignant tumors, however, PSMA expression is not only
documented for prostate cancer cells but also found in the tumorassociated neovasculature of almost all solid tumors though not in
normal vasculature. Interestingly, PSMA expression often correlates
with the aggressiveness of tumors, as has been shown for prostate
cancer as well as other tumor entities, for example, sarcomas in
which PSMA expression was higher in more malignant tumors (10).
A comprehensive review on PSMA PET imaging of nonprostatic
diseases has been recently compiled by de Galiza Barbosa et al., in
which a variety of different tumors, including almost all relevant carcinomas as well as brain and nerve-derived tumors, lymphomas, and
soft- and bone tissue sarcomas, were shown to be PSMA-positive,
usually related to endothelial expression in the associated neovasculature. The authors therefore concluded that “these unintentional
ﬁndings have paved the way for the application of PSMA PET imaging as an additional diagnostic tool” (11).
These “unintentional” ﬁndings of PET-detectable PSMA expression in many different malignant tumors imply potential use not only
for imaging but also for therapy: it may open up a universal theranostic approach of tumor treatment in many tumors, and, thus, should be
followed in more detail for different tumor entities, especially in
tumors with a high medical need for therapy improvement.
Among all the nonprostatic PSMA-expressing tumors, aggressive
brain tumor glioblastoma multiforme (GBM) holds special mention
as treatment results in this tumor type, despite extensive research, are
still very poor with no curative options thus far. Initial results in 16
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patients with histopathologically documented GBM showed PSMA
expression, albeit highly heterogeneous, on both tumor-associated
vessels and in nonendothelial cells (12). Similarly, further case
reports and case series have also demonstrated mild to intense
PSMA expression on PET/CT in GBM patients (13–18).
At ﬁrst instance, these results appear promising, however, using a
PSMA-based theranostic concept in glioblastoma may face several
challenges based on these ﬁrst reports. First, PSMA as the binding
target is primarily expressed on neovascular rather than tumor cells
in GBM, thus irradiating tumor cells only in the immediate vicinity
of the vascular cells, depending on the range of the respective radionuclide. Second, the often low and diffusely distributed tumor volume in GBM recurrences with their inﬁltrating tumor cell clusters
in comparison to, for example, solid metastatic prostate cancer
lesions, may further reduce the therapeutic index. In this setting,
the b-emitting radionuclide 177Lu, with a maximum pathlength of
approximately 2 mm, may release signiﬁcant amounts of radiation
to peritumoral brain parenchyma and nerves rather than to the inﬁltrating tumor cells, which in turn results in higher treatment toxicity.
Finally, low to moderate PSMA expression in GBM may not allow
sufﬁcient tumor radiation doses if PSMA endoradiotherapy is used
as a stand-alone treatment.
However, these limitations may be overcome. We ﬁrst should
perform clinical studies on PSMA PET/CT in correlation to conventional imaging, contrast-enhanced MRI, and 18F-ﬂuoroethyltyrosine
or 11C-methionine PET, as well as tumor panel analysis for characterizing GBM lesions in terms of PSMA expression and the respective genotype. Second, we should use PSMA therapy with 177Lu in
the case of sufﬁcient PSMA tumor uptake. Thorough state-of-the-art
dosimetry in these patients in combination with meticulous tumor
response assessment will allow evaluation of the clinical value of
this treatment option as a stand-alone therapy and help deﬁne
sufﬁcient tumor uptake. On the basis of our above-mentioned caveats, combination treatments with stereotactic radiation therapy,
sequentially or alternatively, or tyrosine kinase inhibitors should
be evaluated early on in these highly treatment-resistant tumors. Furthermore, more effective therapeutic radionuclides, for example,
161
Tb or the a-emitter 225Ac (very short pathlength!), have to be
tested in comparison to 177Lu for assessing both treatment efﬁcacy
and toxicity, and thus, their therapeutic index. Experience from radiation therapy suggests that apart from inherent radiation sensitivity
of GBM cells, several other factors such as immune cell inﬁltration,
radiation dose, duration of radiation therapy, and the like play a role
in determining the treatment outcome. Radiolabeled PSMA binding
to the neovasculature of GBM is expected to deliver relatively moderate radiation doses for inducing double-strand breaks in tumor cell
DNA but at the same time modulate the tumor microenvironment to
enhance tumor immunity as well as induce apoptosis through metabolic pathways. The radiobiology of PSMA endoradiotherapy of
GBM needs to be properly investigated in appropriate preclinical
and mathematic models.
It is most evident but imperative to state that such studies in GBM
patients, either as prospective studies or under compassionate-use
programs, have to be performed in interdisciplinary settings and
close collaboration with neurosurgeons and radiation oncologists.
Considering the extremely poor outcome of GBM patients, in terms
of both survival and quality of life, the potential of PSMA radionuclide therapy should be explored for the beneﬁt of these patients. Let
us pave the way for PSMA theranostics to GBM and further tumor
entities!
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The prostate-speciﬁc membrane antigen (PSMA) has been targeted
for PET imaging and radioligand therapy (RLT) in patients with prostate cancer. Xerostomia is a common side effect of RLT because of
the high salivary gland uptake of PSMA radioligands. Here, we aimed
to determine the impact of monosodium glutamate (MSG) administration on PSMA-radioligand biodistribution within healthy organs
and tumor lesions by using 68Ga-PSMA-11 PET imaging. Methods:
Sixteen men with prostate cancer were randomized (1:1) into oral ingestion and oral topical application (“swishing”) arms. Each subject
underwent 2 68Ga-PSMA-11 PET/CT scans within 14 d under baseline and MSG conditions. The salivary glands and whole-body tumor
lesions were segmented using qPSMA software. We quantiﬁed tracer uptake via SUVmean and SUVmax and compared parameters within
each patient. Results: For the oral ingestion arm, salivary gland
SUVmean and SUVmax decreased on average from the control scan to
the MSG scan by 45% 6 15% (P 5 0.004) and 53% 6 11% (P ,
0.001), respectively. Tumor lesion SUVmean and SUVmax also decreased by 38% (interquartile range, 267% to 233%) and 252%
(interquartile range, 270% to 249%), respectively (P 5 0.018).
Swishing had no signiﬁcant effect on 68Ga-PSMA-11 accumulation
in normal organs or tumor lesions. Conclusion: Oral ingestion but
not topical application of MSG reduced 68Ga-PSMA-11 uptake in
salivary glands. Tumor uptake also declined; therefore, the clinical
application of MSG is unlikely to be useful in the framework of RLT.
Key Words: monosodium glutamate; PSMA; PET/CT; xerostomia;
salivary glands;
J Nucl Med 2021; 62:1244–1251
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rostate-speciﬁc membrane antigen (PSMA) is a transmembrane glycoprotein highly overexpressed by prostate cancer (PCa)
cells (1). In recent years, PSMA has become an attractive target
for both diagnosis and treatment of PCa (2). After their
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introduction for whole-body imaging with PET/CT, small-molecule PSMA ligands with a DOTA chelator, such as PSMA I&T or
PSMA-617, were labeled with b-emitting (177Lu) or a-emitting
(225Ac) isotopes for therapeutic purposes. PSMA-targeted radioligand therapy (RLT) with 177Lu demonstrated signiﬁcant reductions in serum prostate-speciﬁc antigen (PSA) levels in phase 2 trials of metastatic castration-resistant PCa (3) and is currently being
investigated in a phase 3 trial (VISION: NCT03511664). PSMA
RLT with 225Ac, an a-emitter with a high energy deposition, may
have enhanced therapeutic efﬁcacy but has a less favorable toxicity proﬁle (4, 5). The most concerning side effects include xerostomia, long-term nephrotoxicity, and myelosuppression (6–8). In
particular, 225Ac-PSMA is associated with grade 2 or higher xerostomia, which often led to treatment cessation despite an initially
favorable PSA response (4, 5, 9, 10). After the preliminary effects
of 225Ac-PSMA on serum PSA levels, multiple efforts have failed
to apply protective measures against salivary gland and kidney
toxicity (11–14).
The salivary gland binding and uptake mechanism of PSMA radioligands remain unclear. There appears to be limited target expression by the salivary glands (low or intermediate immunohistochemistry PSMA staining intensity; patchy and focal expression,
limited in extent [5% of salivary gland tissue]), whereas radioligand uptake is very high (15). In contrast, PSMA-targeted radioantibodies, such as 111In-J591 and 177Lu-J591, do not accumulate in
the salivary glands or accumulate only at low levels (16). The high
accumulation of the PSMA radioligands in the salivary glands
may thus represent an off-target effect (i.e., related not to the
PSMA target expression but to the radioligand molecules).
PSMA (also known as glutamate carboxypeptidase II) is targeted by small molecules via interaction of the glutamate moiety
of the radioligands (among other features) with its enzymatic region, which has high glutamate afﬁnity (17–19). Therefore, it was
hypothesized that the administration of monosodium glutamate
(MSG), a well-known food additive, could act as a competitor by
blocking the binding of the PSMA-targeting radioligands. In a preclinical model, MSG reduced 68Ga-PSMA-11 salivary gland and
renal uptake, whereas tumor accumulation was unaffected, in
LNCap-bearing mice (20). Moreover, MSG stimulates salivary
ﬂow as shown in a controlled study, with up to a 1 mL/min mean
salivary ﬂow compared with 0.25 mL/min at baseline (21). We
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also hypothesized that MSG could be used as an oral salivary ﬂow
stimulant to remove accumulated radioligands from the salivary
glands.
68
Ga-PSMA-11 PET imaging is a rapid, noninvasive, and safe
technique that provides reliable estimates of the biodistribution of
therapeutic PSMA ligands.
In this imaging-controlled study on men with PCa, we determined the impact of MSG administration on PSMA-radioligand
biodistribution in normal organs and tumors by using 68GaPSMA-11 PET/CT with and without MSG administration. We
tested 2 administration methods: “swishing” (i.e., oral topical, to
increase the salivary ﬂow) and oral ingestion (for competitive
binding).

Volunteer patients with prostate cancer assessed for eligibility
(N = 17)
Excluded (N = 1)
Declined to participate

Enrollment
Randomized (N = 16)

Allocation
Oral ingestion arm (N = 8)

1st scan MSG
(N = 4)

1st scan MSG
(N = 4)

2nd scan MSG
(N = 4)

2nd scan MSG
(N = 4)

Analysis

MATERIALS AND METHODS
Study Design and Patient Population

Swishing arm (N = 8)

Analyzed (N = 8)

Analyzed (N = 8)

This was a prospective single-center, open-label, randomized, controlled imaging study conducted at UCLA using 16 paired PSMA
PET/CT studies with (MSG scan) and without (control scan) MSG administration, with less than 14 d between the 2 scans. The study was
investigator-initiated, self-funded, conducted under an investigational
new drug application (application 130649), approved by the local institutional review board (approval 18-001776), and registered on clinicaltrial.gov (NCT04282824).
Patients with histopathologically proven PCa who volunteered to
undergo 2 PSMA PET/CT scans within 14 d and without any treatment change between the 2 scans were eligible. Patients with prior salivary gland surgery or radiation therapy, a history of salivary gland
disease, severe uncontrolled hypertension, or a known allergic responses to MSG or who were unable to comply with the study procedures were excluded (Supplemental Table 1; supplemental materials
are available at http://jnm.snmjournals.org). We obtained oral and
written informed consent from all patients.
To preclude the potential confounding factor of stimulus effect, patients were initially randomized into 2 arms based on the type of MSG
administration: oral ingestion (n 5 8) and swishing (n 5 8). A second

FIGURE 1. Study ﬂowchart.

randomization process subdivided the patients into receiving the control or MSG scan ﬁrst. Figure 1 depicts the study ﬂowchart.
Procedures
MSG Administration. We obtained food-grade MSG as a sealed salt

powder (Ajinomoto). The U.S. Food and Drug Administration has
designated MSG to be generally recognized as safe. Patients randomized to oral ingestion received a 150 mg/kg dose of food-grade MSG
dissolved in 300 mL of drinking-grade water 30 min before 68GaPSMA-11 injection. Patients randomized to swishing received 0.5 M
MSG, which they swished within the mouth for 30 s before removing
the solution without swallowing. The swishing procedure was repeated
at 0, 30, and 45 min after 68Ga-PSMA-11 injection.
68

Ga-PSMA-11 (Glu-NH-CO-NH-Lys-(Ahx)[ Ga(HBED-CC)]) was used as the PSMA ligand and was obtained
from the Biomedical Cyclotron Facility at UCLA. 68Ga-PSMA-11 PET/
CT imaging was performed according to international guidelines (22).
The target injected activity dose was 185 MBq (allowed range, 111–259
68

Image Acquisition.

FIGURE 2. Set of images of 73-y-old patient after radiation therapy (initial PSA, 16 ng/mL; biopsy Gleason score, 8; pT2c) and concurrent androgen
hormone treatment, currently presenting for rising PSA value (6.27 ng/mL). After enrollment, patient was randomized to oral ingestion arm and received
18.9 g of MSG before second 68Ga-PSMA-11 injection. PSMA PET/CT images revealed multifocal prostate involvement, common iliac right and external
iliac right pelvic lymph nodes, and multiple bone lesions. Maximum-intensity-projection images show overall decline in 68Ga-PSMA-11 accumulation
within normal organs as well as tumor lesions on MSG scan relative to control scan. Axial view images display relevant case example of bone lesion with
signiﬁcant PSMA decrease after MSG administration (SUVmax from 18.6 to 9.2). p.i. 5 after injection.
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TABLE 1
Patient Characteristics
Characteristic

Two nuclear medicine physicians, who did not know the study condition (control vs. MSG administration and type of MSG application),
used qPSMA software to interpret the research MSG and control
PSMA PET/CT scans by consensus (24). They segmented all detected
tumor lesions and normal organs manually. Normal organs included
the lacrimal glands, parotid glands, submandibular glands, liver,
spleen, kidneys, and urinary bladder. Output parameters included
SUVmean and SUVmax for both tumor lesions and normal organs.

Data

Age (y)

72 (56–81)

Time since diagnosis of PCa (y)

7 (0.6–21)

PSA at diagnosis (ng/mL)

36 (2.5–308)

Measurements of Salivary Radioactivity. To assess the effect of MSG
on radioligand excretion, we collected saliva from all patients at 5
time points after 68Ga-PSMA-11 injection at 0 min (range, 0–7 min),
10 min (range, 9–17 min), 30 min (range, 28–39 min), 45 min (range,
44–54 min), and 100 min (range, 88–126 min). We transferred saliva
collected in disposable medication cups to disposable borosilicate
test tubes. Samples were weighed and radioactivity was measured in
a g-well counter (Capintec CAPRAC-t; Mirion Technologies). Background was measured before each patient injection. We assayed 68Ga
decay within a range of 10–1,200 keV and recorded the time of radioactivity collection and measurement to adjust for tracer decay.
We corrected tracer uptake in saliva for background and radioactive decay.

Gleason score at diagnosis*
,8

7 (44%)

$8

8 (50%)

T stage at diagnosis*
T1

1 (6%)

T2

11 (66%)

T3

3 (18%)

M status at diagnosis

†

M0

15 (94%)

M1

1 (6%)

Primary treatment‡
Prostatectomy 6 lymphadenectomy

7 (49%)

Local radiotherapy

6 (42%)

Systemic treatment

1 (7%)

Safety. We monitored safety before/after injection of the radiotracer,
before/after the MSG administration, and before/after the scan procedure. We recorded blood pressure and heart rate before injection of
68
Ga-PSMA-11 and directly after completion of the scan. We communicated with all patients within 72 h after the scan and asked whether
they had any untoward side effects or symptoms. Adverse events were
documented and evaluated according to the Common Terminology
Criteria for Adverse Events, version 5.0.

Salvage treatment
None

9 (56%)

Radiotherapy

3 (19%)

Systemic treatment

4 (25%)

Indication for scan

Outcomes

Primary staging

2 (12%)

Biochemical recurrence

7 (42%)

Metastatic restaging

7 (42%)

PSA at time of PSMA (ng/mL)

6.2 (0.2–53.7)

*Data missing for 1 patient.
M1 was deﬁned as metastatic disease (distant metastases).
‡
Data missing for 2 patients.
Qualitative data are number and percentage (total n 5 16); continuous data are median and range.
†

MBq). The target uptake period was 60 min (allowed range, 50–100
min). We applied oral but no intravenous CT contrast medium for the
control and MSG scans. We acquired images using a 64-detector PET/
CT scanner (2007 Biograph 64 Truepoint or 2010 Biograph mCT 64;
Siemens). The same scanner was used for both visits. A diagnostic CT
scan (200–240 mAs, 120 kV) with a 5-mm slice thickness was obtained.
PET images were acquired in 3-dimensional mode from mid thigh to vertex (whole-body scan) with a time of 2–4 min per bed position using a
weight-based protocol (22). All PET images were reconstructed using
corrections for attenuation, dead time, random events, and scatter. PET
images were reconstructed with an iterative algorithm (ordered-subset expectation maximization) in an axial 168 3 168 matrix on the Biograph
64 Truepoint (2-dimensional, 2 iterations, 8 subsets, 5.0-mm gaussian ﬁlter) and in a 200 3 200 matrix on the Biograph mCT 64 (3-dimensional,
2 iterations, 24 subsets, 5.0-mm gaussian ﬁlter).
Image Analyses. Board-certiﬁed nuclear medicine physicians and radiologists used a PSMA PET/CT–based TNM staging system (PROMISE)
to generate clinical reports of the control scans by consensus (23).
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The primary objective of this trial was to compare the degree of
Ga-PSMA-11 uptake in the salivary glands with and without MSG
administration. A 2-fold reduction after MSG administration was a priori deﬁned as a successful reduction in salivary gland PSMA uptake
(25). The secondary objectives were to determine the impact of MSG
administration on 68Ga-PSMA-11 uptake in normal organs and tumor
lesions, to measure whether MSG stimulates 68Ga-PSMA-11 excretion
in the saliva, and to assess the safety of oral MSG ingestion and salivary ﬂow stimulation at the proposed doses.
68

!

Statistical Analyses

Radiation doses to the salivary glands from 1 cycle of 225Ac-PSMA
or 177Lu-PSMA were estimated at 17 and 10 Gy, respectively (9, 10,
26, 27). The commonly applied safe upper limit for external-beam salivary gland radiation therapy is 32 Gy, which can be reached after 2
cycles of 225Ac-PSMA (28). On the basis of these numbers, we aimed
to achieve a 2-fold reduction in the 68Ga-PSMA-11 accumulation in
the salivary glands after MSG administration. The primary endpoint
measure was the mean difference in SUVmax and SUVmean in all
assessable salivary glands with and without the administration of
MSG interventions. Patients were randomized (1:1) using a computergenerated randomization list. The randomization plan used a permuted
block design with 2 blocks of n 5 8 (arms A and B, Supplemental
Table 2).
We report descriptive values as mean 6 SD or median and interquartile range (if data were not normally distributed according to the
Shapiro–Wilk test). Because individual patients served as their own
control, paired t tests were performed. Differences between paired
data that were not normally distributed were determined using the
Wilcoxon signed-rank test. The independent t test was used to compare the means between unrelated groups. In each analysis, a P value
of less than 0.05 was considered statistically signiﬁcant. We conducted
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Patient Population

Between December 20, 2019, and April 4,
2020, 17 patients were screened to identify
16 patients who met the eligibility criteria
(Fig. 1). One patient declined to participate.
The demographics and clinical characteristics
of the study population are presented in
Table 1. Two of 16 (16%) patients underwent
the PSMA PET/CT scan for initial staging of
PCa, 7 of 16 (42%) for localization of biochemical recurrence, and 7 of 16 (42%) for
restaging of metastatic disease.
PSMA PET/CT Images

In the oral ingestion arm, the mean injected
activity was 184 6 1 and 183 6 2 MBq for
the MSG and control scans, respectively
(P 5 0.18). Image acquisition commenced at
61 6 8 and 61 6 7 min, respectively, after
tracer injection (P 5 0.87).
In the swishing arm, the mean injected activity was 184 6 1 and 184 6 1 MBq for the
MSG and control scans, respectively (P 5
FIGURE 3. SUVmean (A) and SUVmax (B) of salivary glands, kidneys, and tumor lesions in control
0.40). Image acquisition commenced at 67 6
and MSG studies in oral ingestion and swishing arms.
15 and 66 6 14 min, respectively, after tracer
injection (P 5 0.87).
all analyses using SPSS Statistics, version 26.0 (IBM Corp.), and R
Table 2 summarizes the scan ﬁndings and
Studio, version 3.6.1 (R Foundation for Statistical Computing).
PSMA PET–based staging. Three patients had no visible PCa lesions (1 in the oral ingestion arm and 2 in the swishing arm). There
RESULTS
was no change in stage between the control and MSG scans.
A summary image of each of the 16 patients, with all measurements, is provided in the supplemental materials (Supple- 68Ga-PSMA-11 Uptake in Normal Organs
mental Fig. 1). One patient example (patient 012) is displayed
In the oral ingestion arm, MSG administration was associated
in Figure 2.
with a signiﬁcant decrease in 68Ga-PSMA-11 accumulation in all
TABLE 2
PSMA PET Findings
Swishing
Study arm
68

Control

MSG

Control

MSG

Ga-PSMA-11 PET/CT1
Prostate/prostate bed (T1)

4 (50%)

4 (50%)

5 (63%)

5 (63%)

Pelvic LN (N1)

1 (13%)

1 (13%)

2 (25%)

2 (25%)

Extrapelvic LN (M1a)

1 (13%)

1 (13%)

1 (13%)

1 (13%)

Bone (M1b)

2 (25%)

1 (13%)

3 (38%)

3 (38%)

0

0

0

0

PSMA T0 N0 M0

2 (25%)

2 (25%)

1 (13%)

1 (13%)

PSMA T1 N0 M0

3 (38%)

3 (38%)

2 (25%)

2 (25%)

Visceral (M1c)
68

Oral ingestion

Ga-PSMA-11 TNM pattern

PSMA T0 N1 M0

0

0

0

0

PSMA T1 N1 M0

1 (13%)

1 (13%)

1 (13%)

1 (13%)

PSMA T1 N0 M1

0

0

1 (13%)

1 (13%)

PSMA T0 N0 M1

2 (25%)

2 (25%)

2 (25%)

2 (25%)

PSMA T0 N1 M1

0

0

0

0

PSMA T1 N1 M1

0

0

1 (13%)

1 (13%)

Data are number and percentage.
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69.1 6 34.3

11.5 6 2.3

Salivary glands

30.1 6 8.0
20.2 6 13.5
4.9 6 1.1

Kidney

Urinary bladder

Total tumor lesions

Data are average 6 SD.

6.1 6 2.0

Spleen

4.1 6 0.8

12.8 6 3.5

Submandibular glands

Liver

6.5 6 1.6
11.7 6 2.2

Lacrimal glands

Parotid glands

Swishing (n 5 8)

6.6 6 3.5

16.0 6 8.7

Total tumor lesions

Urinary bladder

Kidney

5.4 6 1.6

7.8% 6 13.8%

1 1.9% 6 13.9%
136.5% 6 41.4%

24.2 6 8.3

16.2% 6 18.6%

15.7% 6 17.3%

11.6% 6 7.8%

15.6% 6 6.8%

10.1% 6 8.4%

14.9% 6 22.0%

245.0% 6 19.0%

1371.6% 6 300.2%

251.5% 6 13.7%

262.8% 6 6.9%

254.2% 6 5.3%

245.5% 6 14.6%

258.9% 6 8.9%

232.9% 6 22.6%

250.9% 6 6.5%

Change

30.1 6 5.8

6.3 6 1.7

4.3 6 0.9

11.9 6 2.9

13.4 6 3.6

12.0 6 2.7

6.0 6 2.5

3.5 6 2.1

3.0 6 0.9
17.4 6 8.8

8.1 6 2.0
34.5 6 14.8

Spleen

6.8 6 3.1
2.1 6 0.3

4.6 6 0.5

12.1 6 4.6

Liver

Salivary glands

6.6 6 2.5

6.9 6 3.3

10.9 6 4.1
15.9 6 5.7

Parotid glands

2.6 6 0.9

MSG

5.5 6 2.3

Control

Submandibular glands

Lacrimal glands

Oral ingestion (n 5 8)

Site

SUVmean

0.125

0.357

0.958

0.458

0.317

0.521

12.5 6 7.7

50.6 6 42.4

57.1 6 15.9

10.8 6 3.9

9.8 6 1.3

25.8 6 6.0

21.3 6 7.0

22.2 6 6.1

0.061

12.3 6 3.2

0.917

21.5 6 19.8

33.7 6 23.9

63.6 6 25.0

13.7 6 3.5

10.7 6 1.3

29.0 6 10.5

29.0 6 10.5

19.0 6 6.6

9.9 6 4.7

Control

0.625

0.023

0.004

,0.001

,0.001

,0.001

0.004

,0.001

0.002

0.001

P

15.0 6 11.3

56.4 6 20.2

57.6 6 13.6

10.1 6 2.6

10.4 6 3.0

26.6 6 7.2

22.6 6 7.3

22.5 6 6.0

11.1 6 4.6

8.2 6 8.7

184.2 6 97.5

32.7 6 16.6

5.3 6 1.5

5.5 6 0.4

13.5 6 5.9

10.4 6 3.7

13.2 6 6.2

4.3 6 1.6

MSG

TABLE 3
Comparison of 68Ga-PSMA11 Uptake in Normal Organs in Control and MSG Scans

Change

12.6% 6 27.8%

152.0% 6 70.0%

13.4% 6 15.8%

20.3% 6 15.2%

15.3% 6 15.7%

14.3% 6 12.3%

17.7% 6 11.6%

11.9% 6 10.4%

25.2% 6 25.0%

255.7% 6 22.0%

1593.2% 6 659.5%

251.3% 6 13.3%

261.5% 6 8.6%

250.1% 6 8.3%

253.4% 6 11.1%

263.2% 6 9.9%

234.1% 6 21.7%

255.5% 6 6.1%

SUVmax

0.196

0.651

0.782

0.622

0.321

0.442

0.188

0.792

0.556

0.061

0.003

,0.001

,0.001

,0.001

,0.001

,0.001

0.020

0.002

P

tracer injection for both arms are provided in Supplemental Table
3. Figure 4 shows the median saliva counts over time.
In the oral ingestion arm, a signiﬁcant decrease in salivary activity counts was observed at 45 and 100 min, with median reductions of 242% and 253%, respectively. In the swishing arm, no
signiﬁcant difference in salivary activity was observed at any time
point (P . 0.05).
Adverse Events

FIGURE 4. Median changes in 68Ga-PSMA11 activity in saliva between
control and MSG groups at 0, 10, 30, 45, and 100 min after tracer injection
for oral ingestion arm (A) and swishing arm (B).

normal organs (P , 0.05) and a large increase in bladder activity
(mean difference, 1372% SUVmean and 1593% SUVmax; Table 3).
68
Ga-PSMA-11 uptake decreased by more than 50% in the salivary
glands (mean difference, 246% SUVmean and 253% SUVmax),
with a more prominent effect on the submandibular glands (mean
difference, 259% SUVmean and 263% SUVmax) than on the parotid
glands (mean difference, 233% SUVmean and 234% SUVmax).
In the swishing arm, no statistically signiﬁcant difference in
68
Ga-PSMA-11 accumulation measured by either SUVmean and
SUVmax was observed in normal organs after MSG administration
(P . 0.05) (Table 3).
68

Ga-PSMA-11 Uptake in Tumor Lesions

In the oral ingestion arm, MSG administration was associated
with a signiﬁcant decline in 68Ga-PSMA-11 accumulation in
tumor lesions (median difference, 238% SUVmean and 252%
SUVmax; Table 4). One pelvic bone lesion showed a dramatic decrease in SUVmax (from 46.8 to 4.3) after MSG administration
(case MSG05 in the supplemental materials).
In the swishing arm, no signiﬁcant difference in tumor accumulation of 68Ga-PSMA-11 as measured by SUVmean and SUVmax
was observed between the 2 PET scans (P 5 0.11 and P 5 0.17,
respectively) (Table 4).
A comparison of pooled SUVmean and SUVmax between the
control and MSG studies for each arm is depicted in Figure 3.
Saliva Radioactivity Measurements

Salivary radioactivity increased over time, demonstrating 68GaPSMA-11 salivary excretion. The median activity counts after

Grade 1 nausea after administration was recorded in 1 (6%) of
16 patients after oral ingestion of MSG. Five non–study-related
events were recorded (diarrhea [n 5 2 in each arm] and abdominal
discomfort [n 5 1 in the swishing arm]; Supplemental Table 4).
DISCUSSION

This prospective randomized imaging study revealed that oral
ingestion of MSG, a food additive, is associated with a signiﬁcant decrease in 68Ga-PSMA-11 accumulation within normal organs and tumor lesions, whereas topical oral application of MSG
has no impact on 68Ga-PSMA-11 biodistribution. The primary
endpoint of at least a 50% decrease in 68Ga-PSMA-11 accumulation in the salivary glands was met when expressed as change
in SUVmax (53%). However, oral administration of MSG also
signiﬁcantly diminished 68Ga-PSMA-11 uptake in tumor lesions
(52% and 39% decline in SUVmax and SUVmean, respectively)
and all other organs. A 3-fold increase in 68Ga-PSMA-11 signal
in the urinary bladder highlighted rapidly increased urinary
excretion after oral MSG administration. Previous work found a
repeatability coefﬁcient of 33%–38% for SUV measurements in
PSMA PET/CT, indicating that the reduction in tumor uptake
in our patients (.45%) is related to MSG administration (29).
The application of MSG to reduce salivary gland toxicity (xerostomia) induced by PSMA RLT is therefore unlikely to be a
successful clinical strategy.
Various direct attempts to reduce the salivary gland toxicity of
225
Ac-PSMA have been reported: salivary gland duct dilation and
clearance via sialendoscopy (30), vasoconstriction of parotid gland
blood vessels through external cooling with ice packs (11, 13),
and local injection of botulinum toxin A to suppress saliva formation metabolically (31). Indirect attempts to alter the biochemical
mechanism of off-target binding by competition included PSMA
inhibitors such as 2-(phosphonomethyl) pentanedioic acid or serum glutamate–elevating approaches (20, 32–35). Dosimetry data
showed that coadministration of oral polyglutamate administration

TABLE 4
Comparison of SUVmean and SUVmax Derived from Control and MSG Scans
Parameter

Control

MSG

Change (%)

P

SUVmean

5.4 (3.9, 11.4)

3.3 (1.9, 3.8)

237.8 (267.3, 232.5)

0.018

SUVmax

10.7 (6.5, 46.8)

5.1 (2.6, 9.7)

252.3 (270.0, 248.5)

0.018

Oral ingestion (n 5 7)

Swishing (n 5 6)
SUVmean

4.9 (4.2, 5.5)

5.7 (4.1, 6.3)

13.8 (24.0, 15.4)

0.116

SUVmax

9.0 (7.8, 14.8)

11.9 (6.7, 17.5)

17.9 (214.0, 33.3)

0.173

Data are median and interquartile range for total tumor lesions.
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may reduce salivary gland ligand uptake. However, the impact on
tumor uptake has not yet been determined (36).
Application of MSG in murine models reduced salivary
PSMA radioligand uptake in a dose-dependent matter without affecting tumor uptake (20). In contrast, oral MSG administration
in humans led to signiﬁcant decreases in tumor uptake. Consistent with our ﬁndings, a signiﬁcant decrease in 18F-DCFPyL
accumulation in normal organs and tumor lesions after oral administration of MSG was also observed by others (32). Harsini
et al. (32) applied a ﬁx dose of 12.7 g, whereas our patients
received a 150 mg/kg dose of MSG, which led to higher average
dose of 15.1 g. This difference might explain the higher impact
of MSG on tracer biodistribution observed in our study, a ﬁnding
that suggests a dose-dependent effect of MSG. Although the
MSG dosages were 10-fold higher than the MSG concentration
in a normal meal (37), intake of food containing glutamate (e.g.,
MSG, umami, tomatoes, cheese, and mushrooms) may impact
the biodistribution of PSMA radioligands, and a potential impact
on diagnostic or therapy efﬁcacy cannot be formally excluded.
Further studies investigating the impact of food containing
glutamate on imaging-and-therapy PSMA radioligands may be
warranted.
68
Ga-PSMA-11 is excreted in the saliva, as shown by our measurements. Oral ingestion of MSG led to diminished salivary excretion of 68Ga-PSMA-11. This ﬁnding suggests that its off-target accumulation in the salivary glands interacts with saliva formation,
potentially impacting ductal cell transporters within the glands
(15, 38). Alternatively, the macromolecular composition of saliva
itself may be interacting with PSMA and glutamate, trapping or
binding to the molecules and causing an accumulation in the salivary glands within saliva.
Our study had limitations. First, both the dosing and the timing
of MSG administration were chosen empirically on the basis of
studies largely concerned with safe dosing of MSG rather than application as a blood glutamate–modulating tool (39). Second, although not evaluated in this study, tumor burden may play a role
in the efﬁcacy of MSG’s impact on radioligand distribution. Although PSMA RLT is currently offered in heavily metastasized
patients with late-stage metastatic castration-resistant PCa, our patients were mainly in earlier disease stages that have a low tumor
burden. Nevertheless, considering the tumor sink effect, we expect
a higher impact of MSG administration on tumor uptake in patients with a high tumor burden (40).
CONCLUSION

Oral administration of MSG successfully decreased 68GaPSMA-11 uptake in normal organs, including the salivary glands
and kidneys, in human subjects but also reduced tumor uptake signiﬁcantly. This result suggests that MSG strategies reducing the
salivary gland toxicity of PSMA RLT will negatively impact tumor PSMA uptake. Thus, clinical applicability is unlikely. Future
investigations evaluating different doses and timings of MSG administration are warranted, considering the possibility that a lower
dose may show differential preference for tumor or normal tissue.
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KEY POINTS
QUESTION: What is the impact of MSG administration on 68GaPSMA11 biodistribution?
PERTINENT FINDINGS: This prospective single-center, randomized imaging study, which included 16 men with PCa, met its primary endpoint, deﬁned as a 50% reduction in 68Ga-PSMA11
accumulation in the salivary glands when MSG was administered
orally (253.4% SUVmax, P , 0.001). However, the radiotracer reduction in normal organs was accompanied by a signiﬁcant reduction within tumor lesions (255.7% SUVmax, P 5 0.061).
IMPLICATIONS FOR PATIENT CARE: MSG is capable of modulating 68Ga-PSMA-11 biodistribution, including tumor uptake,
which limits its clinical application in the setting of PSMA RLT.
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Combination of Forced Diuresis with Additional Late
Imaging in 68Ga-PSMA-11 PET/CT: Effects on Lesion
Visibility and Radiotracer Uptake
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Renal excretion of some prostate-speciﬁc membrane antigen (PSMA)
ligands and consequently increased bladder activity can obscure locally relapsing prostate cancer lesions in PSMA PET/CT. Furthermore,
additional late imaging in PSMA PET/CT provides a useful method to
clarify uncertain ﬁndings. The aim of this retrospective study was to investigate a modiﬁed imaging protocol combining late additional imaging with hydration and forced diuresis in individuals undergoing
additional late scanning for uncertain lesions or low prostate-speciﬁc
antigen. Methods: We compared an older protocol with a newer one.
In the old protocol, patients undergoing 68Ga-PSMA-11 PET/CT were
examined at 90 min after injection, with 1 L of oral hydration beginning
at 30 min after injection and 20 mg of furosemide given intravenously
at 1 h after injection, followed by additional late imaging at 2.5 h after
injection without further preparation. In the new protocol, a second
group received the same procedure as before, with an additional 0.5 L
of oral hydration and 10 mg of furosemide intravenously 30 min before
the late imaging. We examined 132 patients (76 with the old protocol
and 56 with the new one) with respect to urinary bladder activity (SUVmean), prostate cancer lesion uptake (SUVmax), and lesion contrast (ratio of tumor SUVmax to bladder SUVmean for local relapses and ratio of
tumor SUVmax to gluteal-muscle SUVmean for nonlocal prostate cancer
lesions). Results: Bladder activity was signiﬁcantly greater for the old
protocol in the late scans than for the new protocol (ratio of bladder
activity at 2.5 h to bladder activity at 1.5 h, 2.33 6 1.17 vs. 1.37 6
0.50, P , 0.0001). Increased tumor SUVmax and contrast were seen at
2.5 h compared with 1.5 h (P , 0.0001 for old protocol; P 5 0.02 for
new protocol). Increased bladder activity for the old protocol resulted
in decreased lesion-to-bladder contrast, which was not the case for
the new protocol. Tumor-to-background ratios increased at late imaging for both protocols, but the increase was signiﬁcantly lower for the
new protocol. For the old protocol, comparing the 1.5-h to the 2.5h acquisitions, 4 lesions in 4 patients (4/76 5 5.2% of the cohort) were
visible at the postdiuresis 1.5-h acquisition but not at 2.5 h, having
been obscured as a result of the higher bladder activity. In the new
protocol, 2 of 56 (3.6%) patients had lesions visible only at late imaging, and 2 patients had lesions that could be better discriminated at
late imaging. Conclusion: Although the combination of diuretics and
hydration can be a useful method to increase the visualization
and detectability of locally recurrent prostate cancer in standard
68
Ga-PSMA-11 PET/CT, their effects do not sufﬁciently continue into
additional late imaging. Additional diuresis and hydration are
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or recurrent prostate cancer, 68Ga-PSMA-11 PET/CT has
become the examination of choice, with excellent tumor-to-background contrast and high sensitivity (1). However, 68Ga-PSMA11, in common with other prostate-speciﬁc membrane antigen
(PSMA) radioligands such as 18F-DCFPyl, undergoes predominantly renal excretion (2,3). Activity in the urinary bladder can obscure locally recurrent lesions, which are at risk of being missed
(4). PET/MRI and PET/CT are vulnerable to the halo artifact with
large activity concentrations in the urinary bladder (5,6), although
this can be minimized by adequate scatter correction. Novel radiotracers that undergo biliary excretion have been introduced, which
when labeled with 18F combine the advantages of cyclotron production of the radiotracer and improved availability, longer halflife, and reduced bladder activity (7,8).
Despite nearly a decade of routine use, the optimal examination
protocol for PSMA radiotracers remains elusive, with only generic
guidance available (9). PET/CT with 68Ga-PSMA-11 is commonly
performed at 1 h after injection. However, several publications
show an increase in tracer uptake for most prostate cancer lesions
over time (2,10–13). Later acquisition of images or additional late
imaging can improve lesion visibility and aid in the discrimination
of tracer uptake not related to prostate cancer (12).
Several publications report the utility of forced diuresis as a
means of mitigating urinary bladder activity and improving diagnostic certainty for lesions near the bladder and ureters (14). The
extant guidelines recommend application of furosemide either
shortly before or after administration of 68Ga-PSMA-11 (9), although early coapplication of radiotracer and diuretic is associated
with degraded image quality at delayed imaging (15). Instead, later
application is associated with improved lesion detection and reduced bladder activity (16). In cases of uncertain ﬁndings, later
imaging may better discriminate between pathologic and nonpathologic causes of tracer uptake; most tumor lesions exhibit increasing PSMA ligand uptake, whereas ganglia or inﬂammatory
lymph nodes usually do not (17,18). Whereas previous studies
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examined the optimal imaging time point for 68Ga-PSMA-11 (19),
with increased lesion detection when combining later imaging (at
90 min vs. 60 min after injection) with diuresis (20), no publications, to our knowledge, have systematically addressed the issue
of dual-time-point imaging and forced diuresis. Furthermore, we
know of no studies that have reported the inﬂuence of diuresis on
tumor uptake, which this study aimed to address.
MATERIALS AND METHODS

In this retrospective analysis, we investigated 132 individuals who,
having been referred to our center for biochemically recurrent prostate
cancer between October 2018 and October 2019, underwent 68GaPSMA-11 PET/CT including additional late imaging. The cantonal
ethics committee approved this retrospective study (KEK number
2020-00162), and the requirement to obtain informed consent was
waived. The study was performed in accordance with the declaration
of Helsinki. Starting in 2018, our institutional protocol was to perform
PET/CT with 68Ga-PSMA-11 at 90 min after injection, with 20 mg of
intravenous furosemide given at 60 min after injection and 1 L of water taken by mouth beginning at 30 min after injection. Additional late
scans were acquired at 2.5 h after injection in cases of low prostatespeciﬁc antigen (,2.0 ng/mL) or when uncertain lesions were identiﬁed on the whole-body PET images, as previously published (10). In
the old, 2018, protocol, this late imaging was performed without any
further preparation and was as previously published (20). Noting increased bladder activity at late imaging compared with the regular
scans, our protocol changed in April 2019 to a new one that includes
additional furosemide (10 mg intravenously) at 2 h after injection and
0.5 L of water by mouth before late imaging at 2.5 h after injection.
The 2 examination protocols are as outlined in Figure 1. Our analysis

compared 76 consecutive patients who were imaged according to the
old protocol with 56 consecutive patients who were imaged according
to the new protocol (until October 2019, when we switched to the routine use of a 18F-PSMA tracer). Patient details, including prior treatments for both cohorts, Gleason score, and prostate-speciﬁc antigen
level, are outlined in Table 1.
Radiotracer

68
Ga-PSMA-11 was produced as previously described (21,22) and
given as an intravenous bolus injection with a standard body weight–
adjusted dose of 2–3 MBq/kg.

Imaging

All patients received regular whole-body PET scans (from head to
thighs) at 1.5 h after injection. Additional late imaging was performed
at 2.5 h after injection. Hydration and forced diuresis for both groups
were as outlined in Figure 1. Patients were asked to void the bladder
immediately before all imaging. Both the 1.5-h and the 2.5-h scans
were analyzed for pathologic lesions characteristic of prostate cancer
and for the activity concentration in the urinary bladder. Our PET and
CT protocol parameters were as previously published (23).
Image Evaluation

Images were analyzed using an appropriate workstation and software (SyngoVia; Siemens). Two experienced physicians read each dataset in consensus. Clinical details and demographics were available.
The readers noted the presence of pathologic lesions (including local
recurrence, lymph nodes, and bone or organ metastases) on the wholebody scan and whether these lesions were not visible on either early or
late imaging. To calculate tracer uptake for locally recurring lesions,
circular regions of interest were drawn around areas of focally increased uptake on transaxial slices of the prostatic fossa and were automatically adapted to a 3-dimensional volume of interest at a 40%
isocontour as previously described (21). Care was taken to check that
the volume of interest in transverse, coronal, and sagittal slices did not
include the bladder. Likewise, a volume of interest was drawn around
the bladder using the same method, with care to include only the anatomic bladder as seen on CT imaging. Background uptake was measured in the standard way, using a 1 cm3 volume of interest in the left
gluteal muscle as previously published (18).
Statistical Analysis

Bladder (and background gluteal) tracer activity was measured by
obtaining the SUVmean (the variable with the lowest coefﬁcient of variation (2)). Lesion activity was determined by convention as SUVmax.
Uptake for the bladder, gluteal musculature, and prostate cancer lesions was compared at 1.5 and 2.5 h by means of the paired Student t
test; a 2-tailed P value of less than 0.05 was considered statistically
signiﬁcant. Protocols were compared for changes in bladder activity
using the unpaired Welch t test (for unequal sample sizes). The binomial test was used to determine the statistical signiﬁcance of detection
frequency at standard and late imaging. Statistical analyses were performed using SPSS (version 25; IBM) and R (version 4.0.2).
Clinical Follow-up

Rating of lesions as pathologic or benign was conﬁrmed by a composite reference standard as previously published (histology when
available, correlative MRI, or a fall in prostate-speciﬁc antigen after
targeted salvage radiotherapy (23)).

RESULTS
Patient Tolerability
FIGURE 1. Comparison of old and new protocols. p.i. 5 after injection;
i.v. 5 intravenously.

All patients were questioned—according to the institutional
standard—by a physician before the examination to exclude

DIURESIS AND DUAL-TIME-POINT PSMA PET

!

Alberts et al.

1253

TABLE 1
Patient Characteristics
Parameter

Old protocol

Age (y)
Tracer (MBq)
Gleason score

67.9 6 6.7

69.2 6 6.3

216.9 6 35.7

243.7 6 39.5

7 (6–10)

7 (6–9)

1.1 6 32.7 (mean, 11.5)

0.5 6 45.6 (mean, 7.6)

T (1–4) N (0, 0–1) M (0, 0–1)

T (1–4) N (0, 0–1) M (0, 0–1)

Prostate-speciﬁc antigen
TNM*

New protocol

*Classiﬁcation of the Union for International Cancer Control, eighth edition.
Data are median 6 SD followed by range in parentheses, unless otherwise noted.

contraindications to forced diuresis by furosemide (e.g., sulfonamide allergy). Patients tolerated both protocols equally well, and
no examples of scanner contamination through urinary incontinence were encountered. We found the application of furosemide
and oral hydration to be a simple maneuver that was easily integrated into clinical routine.
Changes in Bladder Activity

Greater urinary activity at 2.5 h was seen in the old protocol
(7.01 6 9.03 SUV at 1.5 h vs. 13.42 6 9.38 SUV at 2.5 h) than in
the new protocol (11.04 6 12.5 SUV at 1.5 h vs. 12.39 6 13.36
SUV at 2.5 h), as shown in Figure 2. The ratio of bladder activity
at 2.5 h to bladder activity at 1.5 h was signiﬁcantly higher (P ,
0.0001) for the old protocol (2.33 6 1.17) than for the new protocol (1.37 6 0.50).
Changes in Lesion Activity and Tumor-to-Background
Ratio (TBR)

For both the old and the new protocols, a signiﬁcant increase in
SUVmax for all pathologic lesions was noted from 1.5 to 2.5 h after
injection (from 5.98 to 7.78 for the old protocol and from 4.27 to
4.98 for the new protocol, P , 0.0001 and P 5 0.02, respectively). Similarly, TBR for all pathologic lesions (with respect to the
gluteal musculature) increased from 1.5 h to 2.5 h (from 55.80 to
91.39 for the old protocol and from 41.88 to 55.96 for the new
protocol; P , 0.0001 for both; Fig. 3). Comparing the ratio of the
TBR at 2.5 h to the TBR at 1.5 h after injection, the mean increase

FIGURE 2. Violin plots showing urinary bladder SUV for old and new
protocols. Whereas increase in bladder SUVmean is seen for old protocol,
this is not the case in new protocol.
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for the old protocol was higher than for the new protocol (1.72 6
0.56 vs. 1.49 6 0.62, P 5 0.013; Fig. 4).
Lesion Detectability

Overall, 71% of patients in the new protocol and 70% in the old
protocol had a positive scan (at least 1 pathologic lesion). Comparing the 1.5-h and 2.5-h acquisitions, for the old protocol, 4 patients
(4/76 5 5.2% of the patient cohort) had 4 lesions that were visible
at the postdiuresis 1.5-h acquisition but not at 2.5 h, having been
obscured as a result of the higher bladder activity. Example images are shown in Figure 5. Furthermore, for the old protocol, the
lesion SUVmax at 2.5 h in 2 cases corresponded almost exactly to
the urinary bladder activity. As conﬁrmation, follow-up with the
composite standard revealed that 2 of the patients had a subsequent fall in prostate-speciﬁc antigen after directed radiotherapy, 1
had correlative MRI ﬁndings, and 1 had a prostate-speciﬁc antigen
fall after systemic therapy.
For the new protocol, 2 patients had additional locally recurrent
lesions that could be visualized only at 2.5 h because of increasing
tracer uptake. Correlative imaging (the composite standard) was
available as conﬁrmation of these 2 lesions. A further 2 patients
had lesions that were more clearly visualized at late imaging, delivering greater diagnostic certainty (an example patient image is
shown in Supplemental Fig. 1; supplemental materials are available at http://jnm.snmjournals.org).

FIGURE 3. Violin plots showing change in locally recurrent lesion
SUVmax (prostatic fossa/seminal vesicle) vs. bladder SUVmean, that is,
lesion-to-bladder contrast. Whereas a decrease in tumor-to-bladder ratio
(i.e., lesion visibility) is seen at 2.5 h in old protocol, this was not the case
in new protocol.

No. 9

!

September 2021

additional late imaging. In keeping with previous work suggesting
that locally recurrent lesions are at risk of being missed because of
high bladder activity (25), we found that in the old protocol, 4 of
76 patients (5.3%) had lesions that were obscured by increased
bladder activity at additional late imaging. Comparing locally recurrent tumor uptake with the local bladder activity conﬁrmed this
ﬁnding, with lower lesion-to-bladder contrast at late imaging for
the old protocol. In contrast, for the new protocol, which includes
additional furosemide at late imaging, no reduction in lesion-tobladder contrast was observed, with all prostate cancer lesions
clearly visible at both early and late imaging.
Numerous publications have reported the utility of forced diuresis to mitigate accumulation of bladder activity (26). Alternatives,
such as the application of intravenous mannitol, have been less
well studied (27). The current guidelines for PSMA imaging endorse application of furosemide to mitigate activity in the ureters
FIGURE 4. TBR change at 1.5 and 2.5 h. Points show mean TBR 6 SE.
Increase in TBR was lower for new protocol than for old protocol. p.i. 5 afon 68Ga-PSMA-11 PET/CT images (9), although application
ter injection.
“shortly before or after administration” of the radiopharmaceutical
is recommended. Judicious timing of diuresis is essential: Derlin
et al. compared 2 protocols with early (concomitant application
DISCUSSION
with radiotracer) and late (100 min after injection) diuresis.
In this study, we compared two examination protocols that seek Whereas the early protocol resulted in reduced image quality and
to mitigate increased bladder activity through a combination of increased bladder activity, this was not the case for late application
forced diuresis and additional late imaging. We found that forced (15). Likewise, Wondergem et al. advocated application of diuretic
diuresis before acquisition of images at 1.5 h after injection gave shortly before imaging with 18F-DCFPyL (6). Piron et al. pubgood results, with resultant low bladder activities and high lesion lished results for an optimized protocol for 18F-PSMA-11 with
TBR. Concordant with numerous studies reporting improved le- furosemide application 30 min after injection (28). The wide variasion detection and visibility at additional late imaging (2,10–13), tion in protocols and recommendations serves to highlight that the
we also found an improved pathologic lesion TBR, with a higher issue remains far from settled and a myriad of protocols advocate
SUVmax for most pathologic lesions at additional late imaging. In both early and dynamic imaging (29–32).
We ﬁnd no publications reporting the inﬂuence of forced diure2 patients, additional later imaging combined with repeated diuresis revealed 2 lesions that were not visible at early imaging. In 2 sis on radiotracer uptake: noting the pharmacodynamics of PSMA
radioligands, which show increasing radiotracer uptake over time,
patients, 2 lesions were revealed with greater clarity.
Although furosemide produces a prompt onset of diuresis, its bi- we posit that forced diuresis might reduce the amount of radiotracologic half-life is as long as 2 h (24). However, our data show that er available during this uptake phase; this pharmacokinetic considthe duration of this residual effect is not sufﬁcient to allow for eration would favor later application over early diuresis (10,19). In
keeping with this hypothesis, Derlin et al.
found reduced image quality after early application of diuretic, although no data for
lesion radiotracer uptake were reported
(15). Early application of the diuretic could
result in rapid elimination of the radiotracer
during the uptake phase, resulting in reduced lesion uptake. Indeed, our ﬁndings
suggest that additional diuresis before late
imaging results in a lower increase in TBR
than was observed in the old protocol. Any
protocol must therefore ﬁnd the optimal
balance between improved TBR at later imaging and the short physical half-life of the
radiotracer, accumulation of bladder activity, and the ease with which any protocol
can be integrated into a busy clinic. Similarly, furosemide should be given when its
prompt onset of diuresis has maximum effect; application shortly before or after the
radiopharmaceutical is not commensurate
with its well-known pharmacodynamics, as
FIGURE 5. Example patient scan showing locally recurrent lesions (arrows) obscured by high
is exempliﬁed by our ﬁnding that its diuretbladder activity in old protocol at late imaging. Shown are low-dose CT (A and D), PET (B and E),
ic effects do not continue into additional
and fusion of PET and low-dose CT (C and F) images 2.5 h after injection (A–C) and 1.5 h after injeclate imaging. Application of furosemide
tion (D–F).
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with or shortly after the radiotracer, as recommended by the guidelines (9), is therefore unlikely to result in a satisfactory reduction
in bladder activity if imaging is performed at 1 h after injection.
Instead, we ﬁnd our new protocol be a reasonable balance between
these myriad competing demands. A larger dose of furosemide (i.e.,
20 mg before additional late imaging) is unlikely to be of additional
beneﬁt, and Uprimny et al. found no beneﬁt from 40 mg of furosemide compared with 20 mg for imaging 60 min after injection (33).
Our results may also ﬁnd application in PET/MRI (34). Because
of the halo artifact (35,36), optimal reduction of urinary activity is
necessary, although the longer examination times encountered in
pelvic MRI may necessitate placement of a urinary catheter if
forced diuresis shortly before image acquisition is used. Our ﬁndings also place new radiotracers into an important context. Recently, PSMA radioligands undergoing biliary or hepatic excretion
have been introduced, such as 18F-PSMA-1007 and 18F-rh-PSMA7 (8,37). These cyclotron-produced radiotracers have improved
availability and simplify logistic supply chains because of a longer
half-life. Other theoretical advantages include a lower positron energy, which may improve imaging resolution (7,37). However, the
principal clinical advantage of such radiotracers is their low rate
of urinary excretion in the ﬁrst 2 h after injection, with a consequent reduction in bladder activity (38). Nevertheless, our data
provide insight into the magnitude of any effect size that can be
anticipated because of this reportedly favorable pharmacokinetic
property. Only a small number of lesions directly contiguous with
the bladder or ureter are likely to be obscured, and large patient
cohorts would be required to demonstrate this small effect size
with adequate power. Neither a matched-pair comparison nor a
head-to-head study found any increased detection rate for these
new radiotracers (39,40), although lower speciﬁcity has been observed for 18F-PSMA-1007 (39). In contrast, we ﬁnd that furosemide offers a low-cost, well-tolerated, and easily performed maneuver to reduce urinary activity. Ideally, such protocols would be
integrated into any studies comparing tracers undergoing renal extraction and would afford a fair comparison with respect to bladder
activity, and consideration must be given to the timing of diuresis
when reporting semiquantitative parameters such as lesion SUV.
We note several weaknesses with our study. First, our data were
collected retrospectively, and prospective trials are required to
conﬁrm the optimum protocol. In keeping with previously published studies (20), we sought to establish the utility of our protocol and its effects on urinary bladder activity and lesion uptake.
Therefore, the two patient cohorts do not need to be similar with
regard to clinical data since these data do not inﬂuence the urinary
excretion of the tracer. Applied activity was given according to the
same weight-adapted dose regime. Despite a slightly greater mean
absolute dose of radiopharmaceutical applied in the new protocol,
lower bladder activities were seen than with the old protocol (Fig.
2), meaning that the applied activity did not act as a confounder.
Lesions classiﬁed as pathologic and where discrepancy between
the late and early images was noted were conﬁrmed at follow-up
by the composite standard. TBR was slightly higher for the old
protocol than for the new one on both early and late imaging, reﬂecting possible underlying differences in patients between these
two nonmatched cohorts.
CONCLUSION

Performing 68Ga-PSMA-11 PET/CT at 1.5 h after injection
with application of 20 mg of furosemide half an hour before
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imaging yields good results with excellent TBR and low bladder
activity. However, the effect of furosemide does not sufﬁciently
last into additional late imaging, where increased bladder activity,
due to diminishing furosemide efﬁcacy, can obscure locally recurrent lesions. To overcome this limitation of the additional late
scans, additional furosemide before late imaging provides a useful
method to increase the contrast of tumor lesions adjacent to the
urinary bladder, allowing for better discrimination of lesions and,
in a small number of cases, revealing lesions that were not visible
at early imaging. However, additional diuresis for late scans can
result in lower increases in tumor radiotracer uptake at late imaging, suggesting that the dose and timing of diuresis can inﬂuence
the radiotracer’s pharmacodynamics.
DISCLOSURE

No potential conﬂict of interest relevant to this article was
reported.
KEY POINTS
QUESTION: Does additional late imaging combined with hydration and diuresis improve local-recurrence visibility in 68Ga-PSMA11 PET/CT?
PERTINENT FINDINGS: Additional late imaging without furosemide is associated with high bladder activity that obscures locally
recurrent lesions. The addition of furosemide and hydration results
in lower bladder activity, allowing better discrimination of lesions.
In 2 cases, late imaging revealed lesions that were not visible at
early imaging.
IMPLICATIONS FOR PATIENT CARE: Later application of furosemide 30 min before imaging is recommended. Additional late
imaging should be performed with additional diuresis and
hydration.
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Accurate assessment of lymph node (LN) metastases in prostate cancer (PCa) patients is critical for prognosis and patient management.
Both prostate-speciﬁc membrane antigen (PSMA) PET/CT and ferumoxtran-10 nanoparticle–enhanced MRI (nano-MRI) are imaging modalities with high potential to identify LN metastases in PCa patients.
The aim of this study was to compare the results of these imaging
technologies in terms of characteristics and anatomic localization of
suspicious LNs in order to assess the feasibility of their complementary use for imaging in PCa patients. Methods: In total, 45 patients with
either primary PCa (n 5 8) or recurrence (n 5 36) were included in this
retrospective study. All patients underwent both 68Ga-PSMA PET/CT
and nano-MRI between October 2015 and July 2017 within 3 wk.
Both scans were performed at the same institution according to local
clinical protocols. All scans were analyzed independently by experienced nuclear medicine physicians and radiologists. The size, anatomic location, and level of suspicion were determined for all visible
LNs. Subsequently, the ﬁndings from 68Ga-PSMA PET/CT and nanoMRI were compared without respect to a reference standard. Results:
In total, 179 suspicious LNs were identiﬁed. Signiﬁcantly more suspicious LNs per patient were detected by nano-MRI (P , 0.001): 160
were identiﬁed in 33 patients by nano-MRI, versus 71 in 25 patients by
68
Ga-PSMA PET/CT. Of all suspicious LNs, 108 were identiﬁed only
by nano-MRI (60%), 19 (11%) only by 68Ga-PSMA PET/CT, and 52
(29%) by both methods. The mean size of the suspicious LNs as identiﬁed by nano-MRI was signiﬁcantly smaller (5.3 mm) than that by
68
Ga-PSMA PET/CT (6.0 mm; P 5 0.006). The median level of suspicion did not differ signiﬁcantly. Both modalities identiﬁed suspicious
LNs in all anatomic regions of the pelvis. Conclusion: Both modalities
identiﬁed suspicious LNs that were missed by the other. Both modalities identiﬁed suspicious LNs in all anatomic regions of the pelvis;
however, nano-MRI appeared to be superior in detecting smaller suspicious LNs. These ﬁndings suggest that nano-MRI has a potential
role as a complement to PSMA PET/CT. However, since the clinical
implications of the different results are not well established yet, further
investigation of this complementary use is encouraged.
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D

etecting lymph node (LN) metastases in prostate cancer
(PCa) patients is critical for prognosis and patient management.
The current gold standard to assess the LN status is extended pelvic LN dissection (PLND). However, this procedure is invasive
and associated with considerable morbidity (1). Previous research
demonstrated that in a substantial number of patients (60%–85%),
LN metastases were located outside the extended PLND template
(2–4), illustrating the demand and increasing role for noninvasive
imaging techniques to detect LN metastases in PCa patients.
Since conventional imaging techniques—that is, CT and MRI—
use only morphologic criteria for LN assessment, and in PCa more
than 60% of LN metastases are present in normal-sized LNs (,8
mm), these techniques are of limited value in LN staging (5,6),
leading to the development of advanced functional and molecular
imaging techniques. Recently, prostate-speciﬁc membrane antigen
(PSMA)–based PET/CT was introduced. PSMA is a cell-surface
glycoprotein that is overexpressed on more than 90% of PCa cells
(7). Small molecules with high binding afﬁnity to PSMA are labeled with positron emitters to enable whole-body tumor detection
using PET/CT. Whereas data on accuracy were based predominantly on retrospective research (8), a large prospective study by
Hofman et al. recently demonstrated sensitivity and speciﬁcity of
0.85 and 0.98, respectively, for both LN and distant metastases
(9). The rapid implementation of this technique in several PCa
guidelines afﬁrmed the demand for accurate staging methods
(10,11).
Another potential imaging modality for LN staging is MR lymphography or nanoparticle-enhanced MRI (nano-MRI). In nanoMRI, ultra-small superparamagnetic iron oxide particles (ferumoxtran-10 [Ferrotran; SPL Medical BV]) are used as a contrast agent.
Through accumulation of these particles in normal lymphatic tissue after intravenous drip infusion, nano-MRI allows differentiation of metastatic LNs from benign LNs, irrespective of nodal size
(5,12). The reported sensitivity and speciﬁcity in the detection of
LN metastases in PCa patients are 82% and 93%, respectively
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(12). A metaanalysis reported sensitivities of up to 90% and speciﬁcities of up to 96% for various cancers, including PCa (13).
Published data suggest that PSMA PET/CT and nano-MRI are
the imaging modalities with the highest reported accuracy to detect
LN metastases (9,14,15). Since both modalities rely on different
technical and biologic features, it was hypothesized that a combined use could even improve LN detection. Therefore, the goal
of this study was to investigate the feasibility of a potential complementary role for these imaging modalities by comparing their
results in the same patient and identifying differences and similarities in detected LN characteristics without respect to a reference
standard.
MATERIALS AND METHODS
Patient Population

Forty-ﬁve patients were enrolled in this retrospective study. Before
the database creation, the institutional review board approved this
study and the requirement to obtain informed consent was waived
(CMO2019.5810). The study included all patients with either primary
PCa (n 5 8) or recurrent disease (n 5 36) who underwent both nanoMRI and 68Ga-PSMA PET/CT in our center between October 2015
and July 2017. The 2 scans needed to be performed within 3 wk of
each other for inclusion. Patient characteristics were retrospectively
collected from medical ﬁles.
68

Ga-PSMA-HBED-CC PET/CT

anatomic locations in the pelvis, consistent with clinical practice in
our department. LN size was measured (mm) for the smallest axis.
Additionally, all detectable LNs were classiﬁed with a level of suspicion (LoS) for both nano-MRI and 68Ga-PSMA PET/CT. This classiﬁcation is a 5-point likeliness scale for potential malignancy that is used
by nuclear physicians and radiologists in our center. For nano-MRI,
LoS was based on the signal intensity in the iron-sensitive T2*weighted MRI sequence and its distribution within the LN based on
the diagnostic description proposed by Anzai et al. (16). LoS for 68GaPSMA PET/CT was based on the proposed criteria of the 68Ga-PSMA
reporting and data system by Rowe et al. (17). This evaluation comprised a combination of tracer uptake, location, and size. In more detail, LNs with no tracer uptake were given an LoS of 1, deﬁned as a
high probability of being benign. LNs with equivocal tracer uptake at
sites atypical of PCa involvement (e.g., axillary or hilar) were given a
LoS of 2 (probably benign). A LoS of 3 (equivocal), was given to
LNs with equivocal tracer uptake at sites typical of PCa involvement,
LNs with intense uptake at sites highly atypical of PCa (i.e., the likelihood of nonprostatic malignancies or other [benign] origins is high),
or LNs without tracer uptake but with pathologic aspects suspicious of
malignancy on anatomic imaging. LNs with clearly increased tracer
uptake at sites typical of PCa involvement but lacking deﬁnitive ﬁndings on anatomic imaging were given an LoS of 4, or probably malignant. A LoS of 5, deﬁned as a high probability of being malignant,
was given to LNs with intense tracer uptake at sites typical of PCa and
with corresponding pathologic ﬁndings on anatomic imaging. For both
modalities, LNs with a LoS of 3 or higher were considered suspicious
and taken for statistical evaluation.

68
Ga-PSMA PET/CT was performed using an integrated PET/CT
system (Biograph mCT 4-ring, 40-slice time-of-ﬂight PET/CT scanner; Siemens Healthcare). For all patients, 68Ga-PSMA-HBED-CC
was manufactured by the Radboud Translational Medicine Facility.
The PET acquisition was 4 min per bed position for the pelvic area
and 3 min for the rest of the body. A low-dose CT scan (slice thickness, 5.0 mm) was acquired for attenuation correction and image coregistration. PET/CT images were reconstructed in 3 orientations (axial,
coronal, and sagittal). The administered dose of the tracer was 2 MBq/
kg of body weight, and imaging was initiated after an approximately
60-min incubation time.

Statistical analyses were performed using SPSS software, version
25. Descriptive statistical methods were used to characterize the patient cohort. For continuous data, mean and SD were reported. For
categoric data, median and interquartile range were described. Only
nonparametric statistical tests (Mann–Whitney U test and Wilcoxon
signed-rank test) were performed since all data were nonnormally distributed. A P value of less than 0.05 was considered statistically
signiﬁcant.

Nano-MRI

RESULTS

All patients received ferumoxtran-10 intravenously in a weightadapted dose of 2.6 mg/kg of body weight 24–36 h before the MRI
scan. Ferumoxtran-10 was diluted in 100 mL of 0.9% NaCl solution
and administered via drip infusion using a 0.22-mm-pore ﬁlter (Minisart NML syringe ﬁlter, catalog no. 16534-k; Sartorius AG). The infusion was performed at a slow rate of 1 mL/min at the start, increasing
to 4 mL/min. The infusion duration was approximately 45 min and supervised by radiologists. MRI was performed using a 3-T MRI scanner
(Magnetom Skyra or Trio; Siemens Healthineers). The imaging area
included the pelvis from the pubic bone to the aortic bifurcation. The
MRI protocol consisted of an isotropic 3-dimensional T1-weighted
gradient-echo sequence (repetition time, 6.5 ms; echo time, 2.5 ms;
ﬂip angle, 10" ; and spatial resolution, 0.9-mm isotropic) and an isotropic 3-dimensional iron-sensitive T2*-weighted gradient-echo sequence
with fat saturation (multiple-echo data image combination, with repetition time, 21 ms; echo time, 12 ms; 3 combined echoes; ﬂip angle,
10" ; and spatial resolution, 0.85-mm isotropic).
Image Analysis

All 68Ga-PSMA PET/CT exams were retrospectively reviewed by 2
certiﬁed nuclear physicians in consensus, and the nano-MR images
were independently reviewed by 1 experienced radiologist. For both
modalities, the number, anatomic location, and size of detected LNs
were reported. The location was described according to preconﬁgured

68

Outcome Measurements and Statistical Analysis

Forty-ﬁve patients underwent nano-MRI and 68Ga-PSMA PET/
CT within a mean of 3 d (range, 1–18 d) between October 2015
and July 2017. The mean age of the patients was 64 y (range,
48–82 y). For the total cohort, the mean prostate-speciﬁc antigen
(PSA) level at the time of scanning was 9.9 ng/mL (range,
0.1–150 ng/mL). For the subgroup of patients who underwent imaging for primary staging (n 5 8), the mean PSA level was 28.9
ng/mL (range, 5.6–150 ng/mL). The mean PSA level in patients
with recurrent disease (n 5 33) was 5.0 ng/mL (range, 0.1–46 ng/
mL). Detailed patient characteristics are described in Table 1. The
median administered dose of 68Ga-PSMA-HBED-CC was 158
MBq (interquartile range, 133–180 MBq).
A cumulative total of 179 suspected LNs (LoS $ 3) was identiﬁed in 33 patients. Examples of suspicious LNs as identiﬁed by
nano-MRI, 68Ga-PSMA PET/CT, or both are shown in Figure 1.
The characteristics of the nano-MRI and 68Ga-PSMA PET/CT results are shown in Table 2. In total, 179 suspicious LNs were identiﬁed. A signiﬁcantly greater number of suspicious LNs were detected by nano-MRI (P , 0.001): 160 were identiﬁed in 33
patients by nano-MRI, versus 71 in 25 patients by 68Ga-PSMA
PET/CT. Thus, per patient, nano-MRI identiﬁed a signiﬁcantly
greater number of suspicious LNs (mean, 3.6; range, 0–15) than

GA-PSMA PET/CT VERSUS NANO-MRI
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TABLE 1
Patient Characteristics
Characteristic

Data

Patients

45 (100%)

Age (y)

64 (48–82)

Serum PSA level (ng/mL)*
Overall, n 5 42

9.9 (0.0–150)

Primary setting, n 5 8

28.9 (5.6–150)

Recurrence setting, n 5 33
Time between diagnosis and scans (mo)
Time between scans (d)

5.0 (0.0–46)
†

50 (1–202)
3.0 (1–18)

Before imaging
Any PCa treatment
Yes

36 (80%)

No

8 (18%)

Unknown

1 (2%)

PLND
Yes

22 (49%)

No

19 (42%)

Unknown

FIGURE 1. Examples of iron-sensitive T2*-weighted fat-saturated nanoMRI images (left) and PSMA PET/CT images (right). (A) Seven-millimeterdiameter LN in left pararectal region that is positive on both nano-MRI and
PSMA PET/CT. (B) Four-millimeter-diameter LN in region of left external iliac artery that is positive on nano-MRI but negative on PSMA PET/CT. (C)
Suspicious LN dorsal to left external iliac artery that is negative on nanoMRI (nano-MRI also shows no left ureter in this area) but positive on
PSMA PET/CT. LNs are encircled; arrows indicate right ureter.

4 (9%)

Clinical ISUP grade
1

5 (11%)

2

6 (13%)

3

7 (16%)

4

13 (29%)

5

8 (18%)

Unknown

6 (13%)

either left- or right-sided. Remarkably, 43% (n 5 77) of all detected suspicious LNs were outside the standard extended PLND
resection ﬁeld (included in this ﬁeld were the obturator, internal iliac, and external iliac regions).

*No data available for 3 patients.
No data available for 1 patient.
ISUP 5 International Society of Urological Pathology.
Qualitative data are number and percentage; continuous data
are mean and range.
†

DISCUSSION

68

Ga-PSMA PET/CT (mean, 1.6; range, 0–12) (P , 0.001). The
difference in the size of the detected suspicious LNs between the
2 modalities is shown in Figure 2. The mean size of the suspicious
LNs identiﬁed by nano-MRI (5.2 mm; range, 2–16) was signiﬁcantly smaller than that identiﬁed by 68Ga-PSMA PET/CT (6.0
mm; range, 3–16 mm) (P 5 0.006).
Table 3 shows which LNs were identiﬁed by both modalities
and which by only one. Most of the suspicious LNs were identiﬁed by nano-MRI alone (n 5 108, 60%). Almost a third (n 5 52,
29%) were identiﬁed by both modalities, and 19 (11%) were identiﬁed by 68Ga-PSMA PET/CT alone. Not surprisingly, LNs identiﬁed by both modalities were larger (mean size, 6.5 mm; range,
4–16 mm) than those identiﬁed by either of the modalities alone.
In line with this ﬁnding is the higher LoS of LNs identiﬁed by
both modalities than of LNs identiﬁed by one of the techniques
alone.
An overview of the anatomic localization of the suspicious LNs
is depicted in Figure 3 (paraaortal and paravesical LNs are left
out). Both modalities identiﬁed LNs across all anatomic locations,
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The aim of this study was to evaluate the feasibility of complementary use of 2 high-precision imaging techniques for the detection of metastatic LNs in PCa patients. We hypothesized that complementary use might even improve LN detection. Therefore, we
aimed to identify differences in the number, size, LoS, and location of suspicious LNs in order to determine when this complementary role would be most pronounced. In this direct comparative study, 3 important results were achieved. First, nano-MRI
identiﬁed a signiﬁcantly greater number of suspicious LNs per patient than 68Ga-PSMA PET/CT (P , 0.001). Second, the LNs
identiﬁed by nano-MRI were signiﬁcantly smaller (P 5 0.006)
than those identiﬁed by 68Ga-PSMA PET/CT. Third, both modalities identiﬁed LNs throughout the pelvis in all anatomic regions,
with, however, a signiﬁcant number of suspicious LNs (43%) outside the standard extended PLND templates.
To the best of our knowledge, this was the ﬁrst study directly
comparing these speciﬁc imaging techniques. In 2005–2006, Fortuin et al. conducted comparable research comparing nano-MRI
with 11C-choline-PET/CT. They showed that small suspicious
LNs were detected at a higher rate by nano-MRI than by 11C-choline PET/CT (18), a ﬁnding consistent with our results. In recent
years, however, MRI has continued to develop and improve, and
new technologies (PSMA PET/CT) have emerged. To be more
precise, technologic improvements compared with the MRI
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TABLE 2
Node Detection and Characteristics for Nano-MRI and PSMA PET/CT
Characteristic

Total

Nano-MRI

PSMA PET/CT

Total scans

90 (100%)

45 (100%)

45 (100%)

Total positive scans

58 (64%)

33 (73%)

25 (56%)

Total suspicious LNs

P

179 (100%)

160 (89%)

71 (40%)

Suspicious LNs per patient

4.0 (range, 0–6)

3.6 (range, 0–15)

1.6 (range, 0–12)

,0.001*

Suspicious LN size (mm)

5.2 (range, 2–16)

5.3 (range, 2–16)

6.0 (range, 3–16)

0.006†

4 (IQR, 4–5)

4 (IQR, 4–5)

5 (IQR, 4–5)

LoS

*Positive scan deﬁned as at least 1 LN with LoS $ 3.
Wilcoxon signed-rank test.
‡
Mann–Whitney U test.
IQR 5 interquartile range.
Qualitative data are number and percentage; continuous data are mean and range or IQR.
†

FIGURE 2. Size distribution of suspicious LNs as detected by nano-MRI
(nMRI) and PSMA PET/CT.

technique used by Fortuin et al. have led to an even higher spatial
resolution (2 mm compared with 4 mm) in MRI. Additionally,
PSMA-based PET/CT has already proven to be more sensitive
than 18F-choline–based PET/CT (19). Consequently, reevaluation
of these 2 imaging methods was considered valuable and led to
the implementation of the current study.
The validation studies that have already been conducted for
both imaging modalities showed promising sensitivity and speciﬁcity, and as technologic possibilities continue to evolve, accuracy is expected to improve further (9,12). Although there
was no reference standard in this study, the main results provide
insight into the complementary performance of the 2 modalities
by identifying areas where they agree and disagree. Such results
allow the deﬁnition of future areas of research that need to be
addressed in order to deﬁne the optimal imaging strategy for
PCa patients.
Our results show a potentially higher detection rate for nanoMRI than for 68Ga-PSMA PET/CT. As Figure 2 shows, disagreement was most pronounced on LNs smaller than 6 mm, suggesting
size to be the most likely explanation for this difference. Recent
research demonstrated large differences in the median histologic
size of metastatic LNs that were detected—compared with those
that were undetected—by 68Ga-PSMA PET/CT, suggesting a sizerelated sensitivity for LN metastasis detection by 68Ga-PSMA
PET/CT (20,21). Possible explanations for this ﬁnding might be
the biologic properties of PSMA expression on tumor tissue, as
larger lesions are likely to have more PSMA receptors and thus
68

higher tracer uptake. Yet, 68Ga-PSMA PET/CT was able to detect
the smallest PSMA-positive lesions (below the spatial resolution
of the scanner) when PSMA expression was highly concentrated
but sometimes missed a larger lesion when PSMA expression was
too dispersed (20). Furthermore, it has been demonstrated that
PSMA expression correlates with International Society of Urological Pathology tumor grade and serum PSA level (22,23). Additionally, about 5%–10% of PCa lesions do not express PSMA (7).
Since the iron-sensitive MRI sequence of nano-MRI has a higher
spatial resolution (isotropic resolution of 0.85 mm) than PET/CT
(6 mm), the resolution of nano-MRI enables detection of LNs
down to a 2 mm3 voxel size. Thus, in contrast to nano-MRI, the
performance of LN detection by PSMA PET/CT is largely dependent on tumor biology (24). Therefore, it could be anticipated that
there is a potential advantage of nano-MRI in PCa patients with a
lower International Society of Urological Pathology grade and
PSA value. To draw solid conclusions from this disagreement on
small suspicious LNs, more research is needed on the clinical signiﬁcance of these small, potentially metastatic LNs and the biology of PSMA expression.
The difference in pathophysiologic targets between the 2 modalities (PSMA expression vs. lymphatic invasion of tumor tissue)
could also partly explain our ﬁnding that nano-MRI identiﬁed suspicious LNs in 8 patients (8/45, 18%) who had no suspicious LNs
on 68Ga-PSMA PET/CT. This ﬁnding suggests false-positive LNs
for nano-MRI, a false-negative rate for 68Ga-PSMA PET/CT, or,
most likely, a combination of both. In view of the different pathophysiologic targets, there are multiple explanations. Since
about 5%–10% of tumor lesions do not show PSMA expression,
these lesions will be missed by PSMA PET/CT (7). The fact that
the sensitivity of 68Ga-PSMA PET/CT depends, in essence, on
PSMA expression could explain the failure to detect lesions
whose PSMA expression is too low. On the other hand, nanoMRI relies on the lymphotropic afﬁnity to ferumoxtran-10 of
macrophages, which accumulate the contrast agent in healthy
LNs. Thus, when accumulation in nonmetastatic tissue is disturbed, such as by ﬁbrosis, the discriminative ability between
metastatic and nonmetastatic tissue in nano-MRI could be impaired. Ideally, a reference standard should be used to evaluate
such results, and such research is strongly encouraged but surpassed the scope of the current study.
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TABLE 3
Conformity of Nano-MRI and PSMA PET/CT
Suspicious LNs as detected by …
Characteristic
No. of patients
Total suspicious LNs

Both nano-MRI and PSMA PET/CT

Nano-MRI only

PSMA PET/CT only

20

30

14

52 (29%)

108 (60%)

19 (11%)

Suspicious LNs per patient

1.2 (range, 0–10)

2.4 (range, 0–8)

0.4 (range, 0–3)

LN size (mm)

6.5 (range, 4–16)

4.7 (range, 2–16)

4.4 (range, 3–8)

5 (IQR, 4–5)

4 (IQR, 4–5)

3 (IQR, 3–4)

LoS

IQR 5 interquartile range.
Qualitative data are number and percentage; continuous data are mean and range or IQR.

number of patients who underwent both
scans within a sufﬁciently tight time
frame. Although the number of patients
was limited, the population was unique
and allowed us to compare the diagnostic
performance of these imaging techniques
without the disruptive effect of anatomic
discordances. A ﬁnal limitation was the
lack of histopathologic conﬁrmation of the
identiﬁed suspicious LNs. Unfortunately,
histologic or clinical conﬁrmation of the
positive LNs was impossible because most
of our patient group was from abroad. Yet,
the aim of this study was to compare the
ﬁndings of both imaging modalities and
discuss the potential clinical and scientiﬁc
value (feasibility) of complementary use
rather than to validate their ﬁndings.
CONCLUSION

The ﬁndings of this comparison study
imply
potential beneﬁt from complemenFIGURE 3. Anatomic distribution of identiﬁed suspicious LNs as detected by nano-MRI (nMRI)
tary use of 68Ga-PSMA PET/CT and
and PSMA PET/CT.
nano-MRI, most pronounced in small
LNs. To make clinical recommendations
Contrary to the disagreement on size-related detection rates, an- for such complementary use, more profound prospective research
other important ﬁnding was the agreement on anatomic localiza- on the competitive results is warranted and should focus on sizetion; there were no anatomic regions in which either modality related issues and tumor biology (PSMA). Nevertheless, the recould not detect suspicious LNs (Fig. 3). In addition, both modali- sults of this study underline the importance of understanding both
ties identiﬁed a substantial number of suspicious LNs outside the the technical capabilities of imaging techniques and the tumor biextended PLND template (77/179, 43%). This ﬁnding was also de- ology in order to interpret the imaging results appropriately.
scribed in recent research (12,25,26) and has a major impact on
clinical care, as it challenges the diagnostic and therapeutic value
of extended PLND (27), thus emphasizing the importance of accu- DISCLOSURE
rate imaging modalities and explaining the current rapidly changPatrik Zamecnik is a scientiﬁc advisor to SPL Medical B.V. and
ing of clinical guidelines since the introduction of PSMA PET/CT has options in SPL Medical B.V. Jelle Barentsz is a scientiﬁc advi(9,28).
sor to SPL Medical B.V. No other potential conﬂict of interest relThis study was not without limitations. An important limitation evant to this article was reported.
of the study was its retrospective nature. Also, the studied population was relatively small and heterogeneous, as it consisted of both ACKNOWLEDGMENT
patients in the primary setting and patients in the biochemically reWe thank Robin Merkx, MD, for drawing Figure 3.
current setting. However, this limitation was due to the small
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KEY POINTS
QUESTION: How do the imaging results of 68Ga-PSMA PET/CT
and nano-MRI compare in the same patients?
PERTINENT FINDINGS: In this retrospective head-to-head comparison study comprising 45 patients, nano-MRI identiﬁed a significantly greater number of suspicious LNs per patient (mean, 3.6)
than did 68Ga-PSMA PET/CT (mean, 1.6), and the mean size of
LNs detected by nano-MRI (mean, 5.3 mm) was signiﬁcantly
smaller than that detected by 68Ga-PSMA PET/CT (mean, 6.0
mm). Both modalities identiﬁed suspicious LNs in all anatomic
pelvic regions.
IMPLICATIONS FOR PATIENT CARE: The present study of 2
highly promising imaging modalities in PCa patients provided
insight into their comparability that may contribute to improved
interpretation of results.
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SUVs Are Adequate Measures of Lesional 18F-DCFPyL
Uptake in Patients with Low Prostate Cancer Disease Burden
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In prostate cancer (PCa) patients, the tumor-to-blood ratio (TBR)
has been validated as the preferred simpliﬁed method for lesional
18
F-DCFPyL (a radiolabeled prostate-speciﬁc membrane antigen
ligand) uptake quantiﬁcation on PET. In contrast to SUVs, the TBR
accounts for variability in arterial input functions caused by differences in total tumor burden between patients (the sink effect).
However, TBR depends strongly on tracer uptake interval and has
worse repeatability and is less applicable in clinical practice than
SUVs. We investigated whether SUV could provide adequate
quantiﬁcation of 18F-DCFPyL uptake on PET/CT in a patient cohort
with low PCa burden. Methods: In total, 116 patients with PCa undergoing 18F-DCFPyL PET/CT imaging were retrospectively included. All 18F-DCFPyL–avid lesions suspected of being PCa were
semiautomatically delineated. SUVpeak was plotted against TBR
for the most intense lesion of each patient. The correlation of SUVpeak and TBR was evaluated using linear regression and was stratiﬁed for patients undergoing PET/CT for primary staging, patients
undergoing restaging at biochemical recurrence, and patients with
metastatic castration-resistant PCa. Moreover, the correlation was
evaluated as a function of tracer uptake time, prostate-speciﬁc antigen level, and PET-positive tumor volume. Results: In total, 436
lesions were delineated (median, 1 per patient; range, 1–66). SUVpeak correlated well with TBR in patients with PCa and a total tumor
volume of less than 200 cm3 (R2 5 0.931). The correlation between
SUV and TBR was not affected by disease setting, prostate-speciﬁc antigen level, or tumor volume. SUVpeak depended less on
tracer uptake time than did TBR. Conclusion: For 18F-DCFPyL
PET/CT, SUVpeak correlates strongly with TBR. Therefore, it is a
valuable simpliﬁed, semiquantitative measurement in patients with
low-volume PCa (,200 cm3). SUVpeak can therefore be applied in
18
F-DCFPyL PET assessment as an imaging biomarker to characterize tumors and to monitor treatment outcomes.
Key Words: 18F-DCFPyL; PSMA; prostate cancer; SUVs; tumor-toblood ratio
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rostate cancer (PCa) is the second most prevalent type of cancer in men worldwide (1). Conventional imaging studies such as
CT, bone scintigraphy, and MRI have moderate sensitivity for the
detection of PCa metastases (2,3). The recent prostate-speciﬁc
membrane antigen (PSMA) PET/CT scans are showing more
promising results in detecting metastases and in primary staging
but especially in the recurrent stage of the disease (4,5). In addition, PSMA tracers are most commonly labeled with 68Ga (i.e.,
68
Ga-PSMA-11) or 18F (18F-DCFPyL or 18F-PSMA-1007) (6).
Recent studies demonstrated a beneﬁt from using semiquantitative measures of radiolabeled PSMA ligand uptake on PET for
prognostication, as an imaging biomarker to characterize tumors
and monitor treatment outcomes (7,8). A requisite for reliable clinical use of semiquantitative PET uptake parameters is that they
correlate with the underlying tracer kinetics in vivo (9). For 18FDCFPyL uptake, our group recently validated the tumor-to-blood
ratio (TBR) as the preferred simpliﬁed method, demonstrating a
strong correlation with the reference pharmacokinetic parameter
based on Patlak analyses (10,11). We observed that for 18FDCFPyL, high tumor volumes (1,000–2,000 cm3) had an effect on
the tracer plasma input functions. This effect renders SUV invalid
for such patients, as it assumes that plasma input functions between patients are similar. In contrast to SUV, using TBR can correct for differences in plasma input functions between patients.
Unfortunately, TBR poses some disadvantages (Table 1), as it depends more on uptake interval, has worse repeatability, and is
more labor-intensive than SUV (12–14).
The extraordinarily high tumor volumes that affected 18FDCFPyL kinetics in previous studies are relatively rare and seen
only in end-stage disease (15,16). Even in patients with metastasized castration-resistant PCa (mCRPC), only 6.2% have a tumor
volume of 500 cm3 or higher (17). In clinical practice, most patients with PCa who undergo PSMA PET/CT scan in both the primary-PCa and the recurrent-PCa setting have relatively low-volume disease (18–20). We hypothesized that SUV might be a valid
alternative to TBR for lesional 18F-DCFPyL quantiﬁcation in most
PCa patients with a low disease burden, deﬁned as 200 cm3 or
less. The aim of this study was to validate SUV against TBR in
PCa patients with commonly seen low tumor burdens and potentially deﬁne a tumor volume threshold below which SUV remains
a valid parameter for 18F-DCFPyL uptake quantiﬁcation. Second,
we illustrated the inﬂuence of uptake interval on SUV versus TBR
based on the hypothesis that SUV will be less dependent than
TBR on uptake intervals.
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TABLE 1
Advantages and Disadvantages of SUV vs. TBR
SUV
Pro

TBR
Con

Pro

Is single measurement without Is susceptible to errors in
Is validated surrogate of
additional data acquisition
scanner and dose
metabolic uptake rate Ki
and evaluation (i.e., no
calibration, correlates
(16,31)
assessment of blood activity
insufﬁciently between
is needed) (16,31)
systemic distribution volume
and body weight, and
causes interstudy variability
of arterial input function (12)
Has less variability, given
Has no reproducible
radiotracer clearance (13),
relationship with Ki (16)
therefore providing better
repeatability and better
response assessment when
analyzing effect of PSMAtargeted radioligand
therapies (14)

MATERIALS AND METHODS
Patients

A retrospective analysis was performed on 124 patients with histologically proven PCa treated at the Amsterdam University Medical
Centers (location VUmc) [Vrije Universiteit Medical center]). As an
inclusion criterion, all patients who underwent a 18F-DCFPyL PET/CT
scan within variable stages of disease were eligible. We performed a
secondary analysis of data pooled from 4 studies conducted from November 2017 and August 2019 that encompassed patients with primary
PCa, recurrent PCa, and mCRPC (5,14,16,21). All 4 studies were approved by the local medical ethical committee (review numbers
2017.543 and 2017.565 [combined for 2 studies] and 2018.453). The
main analysis included 116 patients, with 81 patients receiving a 18FDCFPyL PET/CT scan for primary PCa, 25 patients having a 18FDCFPyL PET/CT scan in the recurrent setting, and 10 patients with
mCRPC. The 81 patients who received a 18F-DCFPyL PET/CT scan in
the primary-staging setting were patients who underwent 18F-DCFPyL
PET/CT before surgery, so it is assumed that these patients had lowvolume disease. Additionally, dynamic PET acquisitions from 8 patients with end-stage, metastasized CRPC were available and used for
time-dependent analyses. All subjects gave written informed consent
when enrolling in the original studies, which were approved by the institutional review board of VUmc, explicitly allowing (by both the patients and the review board) secondary analysis of their study data.
Image Acquisition
18

F-DCFPyL was synthesized under good-manufacturing-practice
conditions at the on-site cyclotron (22,23). Images were acquired using an Ingenuity TF PET/CT system (Philips Healthcare). The scan
trajectory included mid thigh to skull base (static scans), with 4 min
per bed position. All PET scans were combined with a low-dose or
high-dose CT scan without intravenous contrast medium (30–110
mAs, 110–130 kV). Images were corrected for decay, scatter, random
coincidences, and photon attenuation. Images were reconstructed with
a binary-large-object–based ordered-subsets expectation maximization
algorithm (3 iterations; 33 subsets).
Scan Assessment

The PET/CT scans of the primary cohort of 116 patients were analyzed, and all tumor deposits were delineated according to the

Con
Needs second region of
interest to derive blood
activity concentration and is
more dependent than SUV
on uptake time (12)

Is SUV normalized to
Has worse repeatability than
radiotracer concentration in
SUV, potentially hampering
blood plasma available for
response assessment; image
inﬂux in tissue (32); this
reconstruction via pointimmediately poses con
spread function worsens this
because blood plasma
repeatability signiﬁcantly,
should be normal tissue with
whereas SUVpeak is not
affected (14)
constant and stable
radiotracer volume (12)

available clinical reports. All local tumors, lymph node metastases,
and bone or visceral metastases were delineated individually as a volume of interest. An automatically generated SUVpeak isocontour of
50% with correction for background uptake was used to create the volume of interest in the tissues suspected of malignancy (24). Per volume of interest, tumor volume (in cm3) and SUVpeak were calculated.
SUVpeak was chosen because it is less variable and has less inherent
intrapatient bias than SUVmax and does not require exact tumor borders as compared with SUVmean (25,26). Per patient, total tumor volume (TTV) and total lesion uptake were calculated. TTV was deﬁned
as the sum of the delineated tumor volumes within 1 patient, and total
lesion uptake was deﬁned as the lesional mean uptake multiplied by
the lesion volume, as a percentage of injected dose. Additionally, a 3
3 3 volume of interest was placed in the ascending aorta on 5 consecutive slices of the CT scan (27), yielding the blood-pool activity used
for the calculation of TBR. TBR was determined by dividing the
SUVpeak of the lesions by the SUVpeak of the aortic blood pool. Delineation was performed using the in-house–developed ACCURATE tool
(28).
Effect of Uptake Interval on SUV Versus TBR

In a subanalysis, 8 patients with mCRPC who were dynamically
scanned with 18F-DCFPyL PET/CT were reinvestigated to deﬁne their
correlation of SUVpeak versus TBR over time (16). These patients received a low-dose CT scan (30 mAs, 120 kV) followed by a dynamic
PET scan from 0 to 120 min after injection of 18F-DCFPyL (median
dose, 313 MBq; range, 292–314 MBq), with a 30-min break in acquisitions, for patient comfort, 60 min after the ﬁrst dynamic scan. Similarly to the scans of the main cohort, data were corrected for decay,
dead time, scatter, and random coincidences; photon-attenuation correction was performed using the low-dose CT scans. Patient demographic data can be found in the primary publication (16).
Statistical Analysis

Numeric variables were summarized with medians and interquartile
ranges; categoric variables were summarized with proportions and percentages. Data were assessed for normality using histograms. The
most intense lesion with the highest SUVpeak within each patient was
compared with the corresponding TBR by linear regression analysis
(R2) using the Pearson correlation coefﬁcient and the Spearman rank
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Aortic SUVpeak as Function of TTV and PSA

correlation coefﬁcient. To assess whether uptake time (time from injection to scan start) affected the correlation between SUV and TBR,
3 uptake-interval groups were identiﬁed: less than 110 min, 110–130
min, and more than 130 min. The signiﬁcance level was set at a P value of less than 0.05. Statistical analysis was performed using SPSS
Statistics (version 26; IBM) for Windows (Microsoft) and Prism (version 8.0.0; GraphPad Software) for Windows.

On a patient level, there was no correlation between the bloodpool (aorta) SUVpeak and the TTV (R2 5 0.001). The blood-pool
SUVpeak remained stable around increasing TTVs (Fig. 1A). Similarly, no correlation was noted between blood-pool SUVpeak and
serum PSA (as a potential surrogate marker for disease load) at
the time of the scan (R2 5 0.007; Fig. 1B).

RESULTS

Correlative Analysis Between SUVpeak and TBR

Patient Characteristics

In total, 116 patients were included in the main analysis of this
study. Patients had a median age of 68.0 y (range, 49.0–84.0 y). The
18
F-DCFPyL PET/CT scans from 81 primary-PCa patients, 25 recurrent-PCa patients, and 10 patients with mCRPC were analyzed.
Therapy before 18F-DCFPyL PET/CT was given to 35 of 116
(30.1%) patients: in the recurrent-PCa group, 14 of 25 (56.0%) patients received radical prostatectomy, 3 of 25 (12.0%) received androgen deprivation therapy combined with chemotherapy, and 8 of
25 (28.0%) received radiotherapy. In the mCRPC group, 7 of 10
(70.0%) patients received androgen deprivation therapy alone, 3 of
10 (30.0%) received androgen deprivation therapy and chemotherapy, and in 1 patient prior therapy was unknown. Further details of
the study population are provided in Table 2. Demographics per disease setting are presented in Supplemental Table 1 (supplemental
materials are available at http://jnm.snmjournals.org).
PET Imaging Results

The median uptake time was 120.2 min (range, 103.1–163.7 min),
with a median injected dose of 314.0 MBq (range, 250.4–330.9
MBq). In total, 436 lesions were delineated (median, 1 per patient;
range, 1–66). Sixty-nine of 116 (59.4%) patients had a total of 1 lesion, 35 of 116 (30.1%) had 2–5 lesions, and 11 of 116 (9.4%) had
more than 5 lesions. Of the 436 lesions, 105 (24.1%) were intraprostatic, 189 (43.3%) bone, 141 (32.3%) lymph node, and 1 (0.2%) pulmonary. Median TTV was 8.1 cm3 (range, 1.4–79.2 cm3), 24.4 cm3
(range, 2.9–173.4 cm3), and 21.5 cm3 (range, 5.4–473.1 cm3), respectively, for the primary-disease, recurrent-PCa and mCRPC groups.
Characteristics stratiﬁed per disease setting are detailed in Table 3.
TABLE 2
Baseline Patient Characteristics
Characteristic

Data

n

116

Age (y)

68.0 (49.0–84.0)

Weight (kg)

82.5 (50.0–122.0)

Height (cm)

180.0 (155.0–198.0)

PSA level (ng/mL)
Gleason score (cumulative)
Scan indication

9.7 (0.5–2,790.0)
7 (6–9)
81/116 (69.8%)

Staging
Recurrent PCa
mCRPC
Therapy before PET

25/116 (21.6%)
10/116 (8.6%)
34/116 (29.3%)

Qualitative data are number and percentage; continuous data
are median and range.
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Overall, SUVpeak correlated with TBR with an R2 of 0.931
(most intense lesion per patient, all patients included; Fig. 2).
When plotted separately, SUVpeak still correlated with TBR, with
an R2 of 0.950, 0.902, and 0.957, respectively, for the primary, recurrent, and mCRPC groups (Fig. 3). Linear regression slopes
were 1.10, 0.90, and 1.26, respectively, for the primary, recurrent,
and mCRPC groups. PSA versus SUVpeak (most intense lesion)
and PSA versus TBR per patient did not correlate (r 5 0.13, P 5
0.18, and r 5 0.14, P 5 0.13, respectively).
SUVpeak Versus TBR over Injection Time

Three patient groups were generated to stratify postinjection
scan time in minutes, with the ﬁrst group being less than 110 min,
the second 110–130 min, and the third more than 130 min after radiotracer injection. Figure 4 shows the linear regression analysis;
all 3 groups showed a strong correlation on Spearman testing,
with an R2 of 0.907, 0.925, and 0.955 for the ﬁrst, second, and
third groups, respectively. The slopes of these groups were 1.299,
1.053, and 0.9823, respectively. For the subanalysis of 8 mCRPC
patients who received a dynamic scan spanning 120 min, Figure 5
shows the development of SUVpeak versus TBR over time. In these
8 patients, the SUVpeak of the maximally intense lesion showed a
stable development after 20 min, whereas TBR showed a gradual
increase until 120 min.
DISCUSSION

In this study, we assessed the use of SUVpeak as a simpliﬁed
method for quantiﬁcation of tumor PSMA expression on 18FDCFPyL PSMA PET/CT scans in a combined cohort of PCa patients from primary-staging, recurrent-PCa, and mCRPC settings.
A high correlation between SUVpeak and TBR was found for each
group in the cohort, as well as a high correlation between SUV and
TBR in the pooled data. The correlation between SUVpeak and
TBR in the present study thus implicates SUVpeak as a suitable,
simpliﬁed method to quantify 18F-DCFPyL PSMA PET/CT in patients with a TTV below 200 cm3, based on the earlier ﬁndings that
TBR correlates with parameters from full kinetic modeling (16).
When the patient cohort was stratiﬁed for tracer uptake time, all
subgroups showed a correlation between SUVpeak and TBR. Nonetheless, intergroup evaluation showed more favorable slopes (i.e.,
a slope closest to 1) for uptake times above 110 min. This ﬁnding
is in line with that of Wondergem et al., who found that a scan
time of 120 min was optimal for visualizing an increased number
of lesions (29). The weaker correlation for the lower uptake times
can be explained by the results from our subanalysis of 8 additional
mCRPC patients, which showed that SUVpeak increased rapidly after injection and stabilized earlier than TBR. When one is visually
interpreting the curve in Figure 5, SUVpeak seems to be less dependent on uptake interval. In addition, SUVpeak has better repeatability than TBR, especially in lesions with a small volume (deﬁned
as ,4.2 cm3), as reported by Jansen et al. (14). Therefore, SUVpeak may be a more suitable measure for clinical practice than
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TABLE 3
Baseline Scan Characteristics
Characteristic

Primary

Recurrent PCa

mCRPC

Administered radiotracer (MBq)

314.1 (250.4–329.3)

311.4 (289.6–328.2)

314.9 (280.0–330.9)

Net time between injection and scan start (min)

118.5 (57.1–163.7)

119.6 (75.8–149.4)

119.9 (118.0–141.2)

Maximal SUVpeak per patient

6.7 (2.0–58.7)

11.8 (1.8–62.3)

17.4 (2.8–53.7)

TTV (cm3)

8.1 (1.4–79.2)

24.4 (2.9–173.4)

21.5 (5.4–473.1)

Prostate

0.042 (0.004–0.695)

0.026 (0.003–0.457)

0.069 (0.015–0.288)

Whole body

0.042 (0.004–0.704)

0.108 (0.007–1.268)

0.123 (0.011–0.549)

Total lesion uptake (percentage injected dose)

Data are median and range.

FIGURE 2. Linear regression of maximal SUVpeak vs. TBR for most intense lesion suspected of being PCa on 18F-DCFPyL PET/CT in 114 patients. R2 measured 0.931, and slope of regression was 1.032.

FIGURE 1. (A) Linear regression of aortic SUVpeak vs. PSA with exclusion
of the PSA outlier on log2-scaled x-axis. Slightly positive slope of 0.001 is
visible, with R2 5 0.007. With aortic SUVpeak of 0.994, outlier with PSA of
2,790.0 ng/mL did not alter results and was therefore excluded from
graph. (B) Linear regression of aortic SUVpeak vs. TTV on log2-scaled xaxis. Both R2 and correlation coefﬁcient r were highly insigniﬁcant (R2 5
0.001; r 5 0.038).

TBR, given the heterogeneity of scan protocols across hospitals.
Nevertheless, TBR stands as a reliable method of semiquantiﬁcation for the whole spectrum of TTVs, but only when adhering to
strict uptake timing protocols (16).

FIGURE 3. Linear regression of SUVpeak vs. TBR for most intense lesion
suspected of being PCa on 18F-DCFPyL PET/CT, with stratiﬁcation for different groups: primary PCa, biochemically recurrent PCa (BCR), and
mCRPC. This plot emphasizes high correlation for primary-PCa group (R2
5 0.957) and recurrent-PCa group (R2 5 0.950) and somewhat lower correlation for mCRPC group (R2 5 0.902), as individuals.
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Mean (Range) % of max TBR

Mean (Range) % of max SUVpeak

The sink effect, as described by Jansen et al. and Gaertner et al.
(16,30), was observed only in mCRPC patients with extreme
TTVs ranging up to 1,000 or 2,000 cm3 scanned in a research setting. Following the sink effect hypothesis, the aortic SUVpeak is
expected to decrease with increasing tumor load (TTV), as was
observed in the aforementioned studies. In another study, from
Werner et al., conducted on patients with lower PCa TTVs (median, 4.8 cm3; range, 0.3–98.4 cm3), the absence of a sink effect was
noted after analyzing 50 18F-DCFPyL PET/CT scans (20). Like
our study, this cohort included a variety of indications to perform
a PSMA PET/CT scan, but no patient presented with a TTV higher than 100 cm3. As in the study by Werner et al., a clear cutoff
for a sink effect was not established in the present paper, since no
measurable effect on 18F-DCFPyL input functions was noticed
(Fig. 1B), possibly because only 1 patient with a high TTV (.200
cm3) was included. Still, a very small slope was observed in both
linear regressions. In particular, the trend observed in aortic SUVFIGURE 4. Linear regression of SUVpeak vs. TBR for most intense lesion
suspected of being PCa on 18F-DCFPyL PET/CT, stratiﬁed for injection
peak versus TTV may implicate a minor sink effect in larger PCa
time. R2 in ascending order for uptake time was 0.907, 0.925, and 0.955.
metastatic volumes caused by increased TTVs that decrease
blood-pool activity, as described by Cysouw et al. (15). Since
most included patients had either primary PCa or a lower TTV,
the nonsigniﬁcant correlations can strengthen the argument that
SUV is an applicable semiquantitative measure for most clinical PSMA scans. Still,
A
the validity of TBR has previously been
demonstrated (19).
1.0
This study carried the limitations inherent
0.9
in a retrospective study, including a poten0.8
tial selection bias. We tried to overcome
0.7
this selection bias by including a heteroge0.6
neous group of indications for 18F-DCFPyL
PSMA PET/CT scans. Second, a pharmaco0.5
kinetic study (with arterial and venous
0.4
blood samples) should ideally be performed
0.3
on the entire cohort to verify our results.
0.2
Such a study would validate SUVpeak versus
actual pharmacodynamics but would be
0.1
very labor intensive for the number of pa0.0
tients we included.
0
20
40
60
80
100
120
Our ﬁndings imply that SUVpeak is a
Time (min)
valid, simpliﬁed method to quantify 18FDCFPyL PSMA PET/CT scans in patients
B
with PCa and a TTV below 200 cm3. Un1.0
fortunately, a cutoff for the sink effect
0.9
could not be identiﬁed because of the low
0.8
number of patients with high TTVs.
0.7
Therefore further research to ﬁnd a sink
effect is needed in patients with a broad
0.6
range of TTVs, with at least a reasonable
0.5
number of TTVs that have a volume
0.4
above 200 cm3, possibly even above 500
0.3
cm3. Therefore, we recommend use of
0.2
SUVpeak when tumor volumes are less
0.1
than 200 cm3, as was proven accurate in
this study. In current clinical practice, this
0.0
0
20
40
60
80
100
120
TTV encompasses most patients receiving
PSMA PET scans (14,19). Still, TBR reTime (min)
mains a reliable, simpliﬁed quantiﬁcation
FIGURE 5. Development of mean and range for SUVpeak and TBR for most intense lesions as func- method in the full spectrum of TTVs, protion of uptake interval in 8 mCRPC patients. SUV and TBR are presented as percentage of maximum vided that injection-to-scan intervals are
value measured per respective patient.
above 110 min.
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CONCLUSION
18

For F-DCFPyL PET/CT, SUV is a valuable simpliﬁed, semiquantitative measurement in patients with low-volume PCa (,200
cm3) and correlates strongly with TBR. SUVpeak can therefore be
potentially applied to improve the precision of 18F-DCFPyL
PSMA PET/CT scans, as an imaging biomarker to characterize tumors and monitor treatment outcomes. Although the presence of a
sink effect has been demonstrated for 18F-DCFPyL PET/CT previously, we could not identify the threshold TTV for this effect within our real-life clinical cohort.
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KEY POINTS
QUESTION: In clinical practice, do TBRs correlate with SUVs in
quantitative evaluation of 18F-DCFPyL PET/CT for patients with a
low PCa volume?
PERTINENT FINDINGS: In 18F-DCFPyL PET/CT, TBRs correlate
strongly with SUVs. Therefore, TBR is a valuable simpliﬁed, semiquantitative measurement for patients with low-volume PCa (,200 cm3).
IMPLICATIONS FOR PATIENT CARE: TBRs and SUVs can be
used as simpliﬁed methods for quantitative assessment of 18FDCFPyL PET/CT, enabling reliable interpretation of PET/CT scans
and use of tracer uptake as an imaging biomarker.
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Detection of Early Progression with 18F-DCFPyL PET/CT in
Men with Metastatic Castration-Resistant Prostate Cancer
Receiving Bipolar Androgen Therapy
Mark C. Markowski1, Pedro Isaacsson Velho1,2, Mario A. Eisenberger1, Martin G. Pomper1,3, Kenneth J. Pienta4,
Michael A. Gorin4, Emmanuel S. Antonarakis1, Samuel R. Denmeade1, and Steven P. Rowe1,3
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Science, Johns Hopkins University School of Medicine, Baltimore, Maryland; and 4James Buchanan Brady Urological Institute and
Department of Urology, Johns Hopkins University School of Medicine, Baltimore, Maryland

Bipolar androgen therapy (BAT) is an emerging treatment for metastatic castration-resistant prostate cancer (mCRPC). 18F-DCFPyL is a
small-molecule PET radiotracer targeting prostate-speciﬁc membrane
antigen (PSMA). We analyzed the utility of 18F-DCFPyL PET/CT in determining clinical response to BAT. Methods: Six men with mCRPC
receiving BAT were imaged with 18F-DCFPyL PET/CT at baseline and
after 3 mo of treatment. Progression by PSMA-targeted PET/CT
was deﬁned as the appearance of any new 18F-DCFPyL–avid lesion.
Results: Three of 6 (50%) patients had progression on 18F-DCFPyL
PET/CT. All 3 had stable disease or better on contemporaneous conventional imaging. Radiographic progression on CT or bone scanning
was observed within 3 mo of progression on 18F-DCFPyL PET/CT.
For the 3 patients who did not have progression on 18F-DCFPyL PET/
CT, radiographic progression was not observed for at least 6 mo.
Conclusion: New radiotracer-avid lesions on 18F-DCFPyL PET/CT in
men with mCRPC undergoing BAT can indicate early progression.
Key Words: PSMA; testosterone; early progression
J Nucl Med 2021; 62:1270–1273
DOI: 10.2967/jnumed.120.259226

such therapies. To date, changes in serial PSMA-targeted PET
have not been described in the context of bipolar androgen therapy
(BAT).
BAT is being tested as a novel treatment for men with metastatic castration-resistant prostate cancer (mCRPC). Testosterone is
administered to supraphysiologic circulating levels, which subsequently decrease over a 28-d cycle back to near-castrate levels (8).
All men are maintained on androgen deprivation to suppress endogenous testosterone production from the testes. Several studies
have demonstrated the efﬁcacy of BAT as a treatment option for
mCRPC patients (9–11). Measuring the clinical beneﬁt of BAT using changes in prostate-speciﬁc antigen (PSA) is difﬁcult because
radiographic regression of disease has been observed, with stable
or rising PSA values (10,11).
A novel imaging strategy to determine patients at high risk of
progression on BAT is needed. In this pilot study, we examined
changes in 18F-DCFPyL PET imaging after treatment with BAT in
men with mCRPC.
MATERIALS AND METHODS
18

T

he imaging of prostate cancer in many parts of the world has
recently been revolutionized by the introduction of small-molecule
PET radiotracers that bind to prostate-speciﬁc membrane antigen
(PSMA) (1). PSMA is a transmembrane glycoprotein that is
expressed in most prostate cancers (2). Those agents, which include both 68Ga-labeled (e.g., 68Ga-PSMA-11 (3)) and 18F-labeled
(e.g., 18F-DCFPyL (4)) compounds, have been shown to have high
rates of detection of sites of prostate cancer in a variety of disease
states (5).
There is an interplay between androgen signaling and PSMA
expression in which blockade of the androgen-signaling pathway
leads to upregulation of PSMA (6). Varying responses to androgen-axis–targeted therapies have been observed on serial PSMAtargeted PET studies (7), making it difﬁcult to assess response to
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F-DCFPyL PET/CT imaging was obtained as part of an Institutional Review Board–approved prospective substudy on 2 clinical
trials for men initiating treatment with BAT (ClinicalTrials.gov identiﬁers NCT02286921 and NCT03554317). Written informed consent
was obtained from all participants. All participants had mCRPC and
prior treatment with at least 1 novel androgen receptor–targeted therapy. PET/CT images were acquired on either a Biograph mCT
128-slice scanner (Siemens Healthineers) or a Discovery RX 64-slice
scanner (GE Healthcare) using 3D emission mode with CT-based attenuation correction. Scans were initiated 60 min after the intravenous
infusion of 333 MBq (9 mCi) of 18F-DCFPyL with a ﬁeld of view
from the mid thighs through the skull vertex. Images were reconstructed with standard ordered-subset expectation maximization.
All 18F-DCFPyL PET/CT scans were interpreted by a single radiologist who was masked to the details of the patient’s disease status
while on BAT. Radiotracer uptake outside the normal biodistribution
of 18F-DCFPyL was categorized according to the PSMA Reporting
and Data System, version 1.0, interpretive framework, and lesions that
were category 3A/3B/4/5 were considered positive for prostate cancer
(12). SUVmax was recorded for all lesions on baseline and follow-up
scans (Supplemental Table 1; supplemental materials are available at
http://jnm.snmjournals.org). According to the study protocol, patients
underwent 18F-DCFPyL PET/CT imaging before starting BAT and
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TABLE 1
Best Biochemical, Radiographic, and 18F-DCFPyL
Response After 3 Months of BAT
Patient

PSA change

Tumor change

PSMA result

1

93%

Not evaluable

No progression

2

298%

244%

No progression

3

293%

223%

No progression

4

1%

211%

Progression

5

255%

22%

Progression

6

263%

225%

Progression

again after 3 cycles. Clinicians were masked to the results of
F-DCFPyL PET/CT imaging, and those results were not used in
clinical management.
Comparisons were made between the pretreatment and on-treatment
PSMA-targeted PET/CT imaging to determine progression. PSMA progression was deﬁned as having one or more new lesions deemed by the
interpreting radiologist to be consistent with radiotracer-avid prostate
cancer. Radiographic progression on conventional imaging was deﬁned
by RECIST, version 1.1 (soft-tissue lesions), and by Prostate Cancer
Clinical Trials Working Group 3 guidelines (clinical and bone lesions),
and objective response was deﬁned using RECIST (13,14).

18

RESULTS

Six patients were enrolled. Five of the 6 (83.3%) began BAT on
the same day as their baseline 18F-DCFPyL PET scan, and the
ﬁnal patient started BAT the following day. The interval from
initiation of therapy to follow-up PET was a median of 84 d

Patient

#1

#2

#3

(interquartile range, 83.25–87.75). At the time of the follow-up
PET, repeat imaging was obtained with CT and bone scanning.
The best PSA and change in tumor response are listed for each
patient in Table 1. Four of the 6 (66.7%) patients had a PSA50 (decrease in PSA level by 50% from baseline) response, and 1 patient
achieved an objective response on conventional imaging. We assessed each patient for progression on PSMA-targeted imaging.
Three of the 6 (50.0%) patients had progression on 18F-DCFPyL
PET/CT. A description of each 18F-DCFPyL PET/CT lesion is
provided in Supplemental Table 1. None of the patients had evidence of radiographic progression on conventional imaging at the
time of the follow-up 18F-DCFPyL PET/CT. Two patients, who
achieved a PSA50 response with stable disease on CT and bone
scanning, had new lesions seen on 18F-DCFPyL PET. Neither patient with a PSA90 (decrease in PSA level by 90% from baseline)
response had progression on 18F-DCFPyL PET/CT. Maximum-intensity projections of the 18F-DCFPyL PET/CT for patients before
and during treatment are shown in Figure 1. Many radiotraceravid lesions became less intense after BAT. For instance, patient 1
had a complete PSMA response to BAT (i.e., 100% reduction in
SUVmax across all PSMA-avid lesions) in the clinical context of a
rising PSA on therapy. Patients 4–6 had at least 1 new PSMAavid lesion that developed on BAT. In all 3 cases of progression
on PET/CT, most 18F-DCFPyL–avid lesions became less intense.
We next explored the relationship between 18F-DCFPyL PET/
CT ﬁndings and radiographic progression on conventional
imaging. In the 3 patients who did not have progression on
18
F-DCFPyL PET/CT, radiographic progression on BAT was
not observed until 6–9 mo after the second PET/CT scan (Fig. 2).
In contrast, all patients with progression on PET/CT had evidence
of progression on conventional imaging by 3 mo. In all instances
of early progression, the sites of progression on CT or bone scanning correlated with the PSMA-targeted PET ﬁndings.

#4

#5

#6

Baseline

Follow-up

FIGURE 1. Changes in 18F-DCFPyL PET/CT imaging after 3 mo of BAT. Baseline and follow-up maximum-intensity-projection whole-body images are
shown for each patient included in study. For patients 4–6, representative new lesions or sites of progression are demarcated with arrows. Additional
new lesions may be hidden by normal uptake or other sites of disease.
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No progression

Patient #1

Progression

PSMA
#1

Patient #4

PSMA
#2

Patient #2
CT/Bone scan result

Patient #3

Objective response
Stable disease/No progression

scans were read by a single radiologist (although masked) could
bias the results of the study. A
larger prospective study is under
way to conﬁrm these ﬁndings
(NCT04424654).
CONCLUSION

Treatment with BAT induced
radiographic
changes
on
18
Patient #6
F-DCFPyL PET/CT imaging.
New radiotracer-avid lesions on
18
0
2
4
6
8
10
12
F-DCFPyL PET/CT in men
Months on BAT
with mCRPC undergoing BAT
FIGURE 2. Swimmer plot showing radiographic response/progression on BAT. All patients were followed until can indicate early progression.
Patient #5

Progressive disease

radiographic progression. 18F-DCFPyL PET/CT imaging was performed before start of BAT and after 3 mo of
treatment. Patients 1–3 had no progression noted with 18F-DCFPyL. Patients 4–6 had new 18F-DCFPyL–avid le- DISCLOSURE
sions. These data suggest that disease progression on PSMA-targeted PET imaging precedes detection on conThis project
ventional imaging.

DISCUSSION

BAT and PSMA-targeted imaging both remain under clinical
investigation for patients with prostate cancer. When testosterone
binds to androgen receptor, it induces PSA expression, meaning
there is an urgent need for the development of a biomarker that
can identify early disease progression because rising PSA is
unreliable.
We performed a pilot imaging study assessing the effect of
BAT on 18F-DCFPyL PET/CT imaging. After initiation of treatment, most sites of radiotracer uptake had a decrease in SUVmax at
the 3-mo time point. There are several possible explanations for
this ﬁnding. One is that BAT induced regression of disease across
multiple sites, as is consistent with the lack of radiographic progression after 3 mo of therapy. However, given the degree of
change in SUVmax, one would expect to see more objective responses at that time point. A second explanation is that BAT inhibits the expression of PSMA protein. Prior studies have shown
that androgen receptor inhibition increases PSMA expression and
may cause a ﬂare on PSMA-targeted PET (6,15). It is plausible
that reengagement of androgen receptor via exogenous testosterone may downregulate PSMA expression while maintaining tumor
viability. This artifact would result in a false-negative scan result.
Alternatively, BAT may downregulate PSMA protein as an early
event in apoptosis. It has been shown that PSMA may direct cellular growth through phosphatidylinositol-39 -kinase/protein kinase B
signaling (16). Thus, decreasing PSMA expression may result in
tumor regression. True radiographic progression did not occur for
9–12 mo after the 18F-DCFPyL PET scan, which would support
the possibility that these ﬁndings indicate an early clinical response. Arguing against transcriptional inhibition of PMSA expression are the ﬁndings of new or worsening 18F-DCFPyL–avid
lesions. That phenomenon was observed only in patients who experienced radiographic progression at their next restaging scan.
The utility of 18F-DCFPyL PET/CT imaging may be in identifying those patients at highest risk of progressing on BAT. Patients
who demonstrate new 18F-DCFPyL–avid lesions all had early radiographic progression.
This study was limited by the small number of patients and the
use of only 2 imaging time points. In addition, the fact that all
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KEY POINTS
QUESTION: Early progression on BAT is difﬁcult to detect given
the effect of testosterone on PSA expression and the limitations of
conventional imaging.
PERTINENT FINDINGS: New radiotracer-avid lesions on 18FDCFPyL PET/CT imaging were observed in mCRPC patients on
BAT who experienced early progression on conventional
radiography.
IMPLICATIONS FOR PATIENT CARE: PSMA-targeted PET/CT
may identify mCRPC patients at risk of early progression on BAT.
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Addition of 131I-MIBG to PRRT (90Y-DOTATOC) for
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Peptide receptor radionuclide therapy (PRRT) is an effective treatment
for metastatic neuroendocrine tumors. Delivering a sufﬁcient tumor radiation dose remains challenging because of critical-organ dose limitations. Adding 131I-metaiodobenzylguanidine (131I-MIBG) to PRRT
may be advantageous in this regard. Methods: A phase 1 clinical trial
was initiated for patients with nonoperable progressive neuroendocrine tumors using a combination of 90Y-DOTATOC plus 131I-MIBG.
Treatment cohorts were deﬁned by radiation dose limits to the kidneys
and the bone marrow. Subject-speciﬁc dosimetry was used to determine the administered activity levels. Results: The ﬁrst cohort treated
subjects to a dose limit of 1,900 cGy to the kidneys and 150 cGy to
the marrow. No dose-limiting toxicities were observed. Tumor dosimetry estimates demonstrated an expected dose increase of
34%–83% using combination therapy as opposed to 90Y-DOTATOC
PRRT alone. Conclusion: These ﬁndings demonstrate the feasibility
of using organ dose for a phase 1 escalation design and suggest the
safety of using 90Y-DOTATOC and 131I-MIBG.
Key Words: personalized dosimetry; MIBG; PRRT; DOTATOC
J Nucl Med 2021; 62:1274–1277
DOI: 10.2967/jnumed.120.254987

P

eptide receptor radionuclide therapy (PRRT), either as 177LuDOTATATE (Lutathera; Advanced Accelerator Applications) or
as 90Y-DOTATOC, is well established as an effective form of
treatment for patients with metastatic neuroendocrine tumors
(1–3). Delivering a tumor radiation dose sufﬁcient to result in a
high percentage of overall response rates remains challenging
because of limits imposed on administered activity levels by radiation-induced normal-organ toxicity (4). For 90Y-DOTATOC,
the critical organ that limits the amount of deliverable administered activity is typically the kidney (5,6). Targeted radionuclide
therapy with 131I-metaiodobenzylguanidine (131I-MIBG) has also
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demonstrated promise in some patients with advanced-stage
neuroendocrine tumors (7,8). 131I-MIBG targets tumor sites in
over 50% of patients with midgut neuroendocrine tumors
through a mechanism distinctly different from that of PRRT
agents (9). The amount of administered activity that can safely
be delivered is limited primarily by radiation to the bone marrow as opposed to the kidneys (10). We have previously demonstrated that this difference enables the combination of large
fractions of each agent (relative to amounts that can be delivered safely alone or individually) into a single treatment regimen that results in higher total tumor radiation doses without
exceeding dose limits for either the marrow or the kidneys
(11). Moreover, known differences in tumor distribution of
131
I-MIBG and radiolabeled octreopeptides may prove to be
advantages for combined therapy.
Traditionally, cancer trials on targeted radionuclide therapy
have relied on a “one size ﬁts all” approach to treating patients in
terms of prescribed levels of administered activity. This approach
to radionuclide-based therapy is considered by many to be less
desirable than using personalized patient-speciﬁc dosimetry to
guide treatment (12,13). We initiated a phase 1 clinical trial in
which the escalation design was based on increasing the radiation
dose limits to critical organs between cohorts as opposed to using
cohorts deﬁned by speciﬁc escalated levels of administered activity. Within this trial framework, we applied the technique previously described for addition of 131I-MIBG to PRRT using patientspeciﬁc dosimetry (14). We report here the results from this trial
before a redesign wherein 90Y-DOTATOC is being replaced by
177
Lu-DOTATATE and low-speciﬁc-activity 131I-MIBG is being
replaced by high-speciﬁc-activity 131I-MIBG.
MATERIALS AND METHODS

The study was approved by the University of Iowa Biomedical Institutional Review Board (IRB-01), and all subjects provided written
independent consent. Patients with nonoperable (metastatic or local),
progressive neuroendocrine tumors of midgut origin with 68Ga-DOTATATE–positive tumors on PET were invited to participate. Combined imaging with 111In-pentetreotide (as a biodistribution surrogate
for 90Y-DOTATOC) and 131I-MIBG was performed on each subject
for dosimetric analysis and detailed tumor-targeting assessment. To
be eligible to proceed to treatment, subjects had to demonstrate at
least one of the following based on the results from the combined imaging/biodistribution studies: either one or more 131I-MIBG–positive
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scan. Dose was determined for the kidneys and bone marrow and for
up to 2 soft-tissue tumor sites per organ system. Marrow dosimetry
was based on the blood-to-marrow b-contribution and on the organ- or
tumor-to-marrow g-contribution. OLINDA, version 1.1, was used.
Therapy

Cohort 1 subjects were treated with a combination of 131I-MIBG
and 90Y-DOTATOC. The administered activity was an amount calculated to deliver a total expected cumulative renal radiation dose of
1,900 cGy and a bone marrow dose of 150 cGy (delivered over 2
equal treatment cycles separated by 10–12 wk). The concept and
methods to accomplish these administered activity calculations have
been described previously (11,15). The trial escalation paradigm is depicted in Figure 1.
Each cycle consisted of 90Y-DOTATOC delivered on an outpatient
basis (day 1) followed by in-patient 131I-MIBG infusion (day 2). A
compounded amino acid solution containing 25 g of lysine and 25 g
of arginine was administered with the 90Y-DOTATOC infusion.
Blood counts, serum creatinine, and urinary protein were assessed
regularly beginning at baseline and continuing through 6 mo after cycle 2 to evaluate for dose-limiting toxicity. Dose-limiting toxicities
were based on the Common Terminology Criteria for Adverse Events,
version 4.03.
RESULTS

FIGURE 1. Trial design. DLT 5 dose-limiting toxicities.

and 90Y-DOTATOC–negative tumors, or one or more tumor sites
where the expected tumor radiation dose is higher by at least 25%
with a combination of 90Y-DOTATOC plus 131I-MIBG than with
90
Y-DOTATOC alone.
Imaging and Dosimetry

Imaging and blood sampling were performed at 1, 4, 24, and 48 h after combined administration of 222 MBq of 111In-pentetreotide plus 74
MBq of 131I-MIBG. Planar and SPECT/CT images were acquired as
multiisotope studies with a 20% window on the 364-keV photopeak of
131
I and the 247-keV photopeak of 111In. High-energy collimation was
used for all simultaneous imaging studies. Scatter correction was performed. Appropriate 1.85-MBq standards of 131I and 111In were placed
within the ﬁeld. Organ and tumor mass were measured from the CT

Six patients consented to the trial; of these, one did not meet the
second-phase eligibility criteria, a second had insurance deny clinical trial participation, and a third withdrew for personal reasons.
There were 2 men and 1 woman in the cohort presented here, aged
50–68 y. The tumors were located in the liver or abdominal lymph
nodes and, in one case, the anterior abdominal wall. The primary
tumor (small bowel in all cases) had been excised from each patient. None of the subjects had bone metastases.
In each of the 3 treated subjects, it was determined that over
11,100 MBq (300 mCi) (total) of 131I-MIBG could safely be
added to dosimetrically determined levels of 90Y-DOTATOC
(Table 1). The pretherapy tumor dosimetry results revealed that
the expected tumor-dose increases could be achieved through addition of 131I-MIBG to 90Y-DOTATOC, compared with what
would have been the case for 90Y-DOTATOC given in maximum
amounts alone. The calculated tumor-dose increases through the
addition of 131I-MIBG ranged from 34% to 83% in 5 of the 6 target tumors evaluated. An example of one of these tumors is depicted in Figure 2. The calculated expected tumor-dose increase
in the sixth tumor was an outlier, at 362%.
No dose-limiting toxicities were observed during the 6-mo doselimiting-toxicity window. One subject did register a temporary
grade 3 thrombocytopenia after the second cycle, and another developed grade 2 kidney toxicity after therapy completion

TABLE 1
Calculated Administered Activity Levels to Achieve Dose Limit of 1,900 cGy to Kidneys Plus 150 cGy to Bone Marrow
90

Subject no.

Maximum total activity
Y-DOTATOC only (GBq)

90

90

Maximum total activity
Y-DOTATOC plus 131I-MIBG (GBq)
131

Y-DOTATOC

I-MIBG

1

10.8

8.7

11.4

2

7.8

5.6

18.3

3

5.0

2.8

18.7
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Services for compliance with billing for
clinical trials; as the ﬁrst study of its
kind, the trial created a new billing pathway for radionuclide-based planning dosimetry. Enrollment was later hampered
by the Food and Drug Administration
(FDA) approval of 177Lu-DOTATATE,
which meant potential participants had to
choose between an FDA-approved commercial therapy or an experimental phase
1 clinical trial. The trial reported here was
designed 6 years ago at a time when the
only available cationic amino acid solution
in the United States was highly emetogenic. Consequently, we did not wish to
subject patients to an additional infusion
of amino acids for the dosimetric evaluation phase of our trial. Thus, to partially
adjust for this consideration, we applied a
ﬁxed 20% reduction to the 111In-pentetreotide–generated residence time for use
in estimating the expected 90Y-DOTATOC kidney dose for each subject (16).
Because the effect of the lysine/arginine
solution on renal octreopeptide uptake
FIGURE 2. Subject 1. (A) 111In-pentetreotide axial SPECT image through mid liver demonstrating
may vary substantially from one individumultiple octreopeptide-positive metastases with focal intense uptake in target lesion (arrow). (B)
131
I-MIBG SPECT axial slice at same level demonstrating intense uptake in same lesion (arrow). (C) al to another, we have revised the protoCorresponding baseline venous phase CT scan depicting multiple liver metastases consistent with col to account for this effect going forSPECT ﬁndings. Target lesion is 35.5 mm in maximum diameter. (D) Follow-up CT 6-mo after cycle 2 ward. Subject biodistribution data can be
showing measurement of target lesion (maximum diameter, 26.4 mm).
obtained in future cohorts after 177Lu-DOTATATE treatment (eliminating the need
for the pretreatment 111In-pentetreotide
(creatinine level, 1.6 mg/dL), which remained stable at 1 y after surrogate). Moreover, if biodistribution images are obtained aftreatment. Toxicity data are provided in Table 2. By RECIST, ver- ter a therapeutic administration, the amino acid effect on renal
sion 1.1, all 3 subjects showed stable disease 6 mo after cycle 2.
uptake and radiation dose becomes patient-speciﬁc. Finally,
high-speciﬁc-activity 131I-MIBG (Azedra; Progenics PharmaDISCUSSION
ceuticals, Inc.) is now an approved agent. High-speciﬁc-activity
The opening of the trial was delayed to allow time for re- 131I-MIBG may be expected to deliver higher tumor dose
view and approval by the Centers for Medicare and Medicaid levels through improved initial tumor uptake yet with marrow
TABLE 2
Posttreatment Renal and Bone Marrow Toxicity Assessment
Cycle 1
Parameter

Cycle 2

Baseline

1 mo

2 mo

1 mo

2 mo

6 mo

Subject 1

1.20

1.1

1.10

1.30

1.10

1.60

Subject 2

1.10

0.86

0.94

0.98

1.13

1.00

Subject 3

1.10

1.14

0.95

1.00

1.07

1.10

Creatinine (mg/dL)

Platelet (k/mm3)
Subject 1

396

151

215

191

216

165

Subject 2

187

82

128

86

130

189

Subject 3

253

107

150

111

47

173

Subject 1

5,050

6,510

4,310

5,630

4,560

4,100

Subject 2

6,510

4,500

3,800

4,100

4,800

5,180

Subject 3

3,230

3,393

1,575

3,281

1,332

3,520

Absolute neutrophil count (cells/mm3)
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177

Lu-DOTATE 7.4 GBq(SOC cycle 1)
+
131
I-iobenguane

Imaging/biodistribution

131
I-iobenguane
positive tumors

Lu-DOTATE + 131I-iobenguane
(AA levels based on personalized
dosimetry/results)

131
I-iobenguane
negative tumors

177

177

Continue SOC
Lu-DOTATE 7.4 GBq
additional cycles

FIGURE 3. Modiﬁed trial design. AA 5 administered activity; DOTATE 5
DOTATATE; SOC 5 standard of care.

and renal dosimetry similar to that of low-speciﬁc-activity
I-MIBG (17). The revised trial design is depicted in Figure 3.

131

CONCLUSION

These results support the concept that adding 131I-MIBG to PRRT
on the basis of individual patient dosimetry can be performed safely
and with the possibility of increasing the delivered tumor dose beyond that achievable with 90Y-DOTATOC PRRT alone.
DISCLOSURE
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KEY POINTS
QUESTION: What are the maximum tolerated critical-organ dose
limits for therapy with 131I-MIBG added to PRRT (90Y-DOTATOC)?
PERTINENT FINDINGS: Personalized combination of 131I-MIBG
added to 90Y-DOTATOC, calculated to deliver 1,900 cGy to the
kidneys and 150 cGy to the bone marrow, demonstrated no clinically signiﬁcant toxicities. Tumors demonstrated an expected
dose increase of 34%–83% (with one outlier of 362%) using combination therapy. 177Lu-DOTATATE (Lutathera) will replace 90YDOTATOC, and high-speciﬁc-activity 131I-MIBG (Azedra) will replace low-speciﬁc-activity 131I-MIBG in the next cohort.
IMPLICATIONS FOR PATIENT CARE: Once maximum tolerated
organ dose limits for this treatment paradigm are established, a
phase 2 trial may safely be initiated.
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Dual PET Imaging in Bronchial Neuroendocrine Neoplasms:
The NETPET Score as a Prognostic Biomarker
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PET scans using 18F-FDG and somatostatin receptor imaging agents
are both used in imaging of neuroendocrine neoplasms (NENs). We
have suggested the “NETPET score,” using uptake of both PET tracers, as a prognostic biomarker in NENs. The name NETPET score was
suggested previously to capture the score's intent to summarize information from dual PET imaging in neuroendocrine tumors. We previously demonstrated the effectiveness of the NETPET score in
gastroenteropancreatic NENs (GEPNENs). Its prognostic relevance in
bronchial NENs remains undetermined. Methods: This is a retrospective multicenter study (2011–2018) assessing patients who had advanced bronchial NEN and who underwent both 18F-FDG and 68GaDOTATATE PET within 60 d of each other. The NETPET score was assigned by experienced nuclear medicine physicians and compared
with other clinical data such as World Health Organization grade. The
primary outcome was overall survival; NETPET score and other prognostic variables were analyzed using univariate and multivariate analyses by the Cox proportional-hazards model. Results: Thirty-eight
patients were included for review. The NETPET score and histology
were signiﬁcantly correlated with overall survival in univariate analyses
(P 5 0.003, P 5 0.01). On multivariate analysis, only the NETPET score
remained signiﬁcant (P 5 0.03). The NETPET score was signiﬁcantly
associated with histologic grade (P 5 0.006, x2 test). Conclusion: The
NETPET score is a prognostic biomarker in bronchial NENs as well as
GEPNENs. Although it needs to be validated in prospective studies, it
holds signiﬁcant promise as a biomarker for a wide range of NENs.
Key Words: neuroendocrine tumor; FDG PET; DOTATATE PET; NETPET; biomarker
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euroendocrine neoplasms (NENs) are a heterogeneous group
of tumors that may secrete bioactive peptides. Although uncommon, they are increasing in incidence (1,2). They can arise in
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different parts of the body, most commonly in the gastrointestinal
tract, pancreas, and lung. Although they vary considerably in biologic behavior, surgical resection is the only cure, and patients
with high-grade metastatic NEN have a very guarded prognosis
(3). Tumors in the gastrointestinal tract and pancreas are known
collectively as gastroenteropancreatic NENs (GEPNENs). Bronchial NENs are often considered separately and have a different
classiﬁcation system from GEPNENs (4,5). Bronchial NENs have
a differing genetic basis from GEPNENs and may also exhibit different clinical behavior, with a median overall survival comparable
to pancreatic NENs but inferior to that of small-bowel NENs
(6–8). Treatment for patients with advanced bronchial NENs tends
to be extrapolated from GEPNENs because of a lack of prospective trials in this subgroup. For instance, the only systemic treatment for bronchial NENs supported by phase III trial evidence is
everolimus (9), whereas such evidence exists in various GEPNENs
for somatostatin analogs, everolimus, sunitinib, and peptide receptor radionuclide therapy (PRRT) (10–13).
Clinicians ﬁnd it challenging to predict prognosis and select optimal systemic therapies in metastatic NEN because of the widely
variant biologic aggressiveness of different NENs. Although histologic grade can predict disease behavior to some extent, grade
may be inaccurately measured in small biopsies, may vary in different metastatic sites, and may also evolve over time. Tissue- and
blood-based biomarkers have been suggested, but few have been
validated prospectively (14). PET imaging has been increasingly
used to image NENs and even to guide the optimal choice of systemic therapies. It is recognized that somatostatin receptor–based
radiotracers (such as 68Ga-DOTATATE PET) highlight well-differentiated NEN cells that express the somatostatin receptor. Conversely, avidity on 18F-FDG PET as well as high metabolic tumor
volume predicts aggressive tumor biology and poorer prognosis
(15–18). The distribution and intensity of somatostatin receptor
expression measured by 68Ga-DOTATATE PET, together with the
absence of sites of discordant 18F-FDG–avid disease, also provides
a theranostic role by conﬁrming suitability for treatment with
PRRT. In a similar fashion to NEN treatment, much of the data regarding PET imaging in NENs has been extrapolated from publications concerning GEPNENs.
Given the different roles of these 2 scans, we proposed a system
to interpret the complementary ﬁndings of the 2 scans—the
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“NETPET score” (19). This name was suggested in the original
study to capture the score's intent to summarize information from
dual PET imaging in neuroendocrine tumors. This score was investigated in a group of predominantly GEPNEN patients, showed
prognostic signiﬁcance independent of histologic grade, and was
subsequently validated in 2 other patient cohorts (20,21). As the
prognostic impact of the NETPET score had not been formally investigated in bronchial NENs, we aimed to measure this impact in
a retrospective study.
MATERIALS AND METHODS

This was a multicenter retrospective study conducted in Australia
(Royal North Shore Hospital, Sydney, and Royal Brisbane and Women’s Hospital, Brisbane) and the United States (Memorial Sloan Kettering Cancer Center, New York, New York). Subjects aged 18 y or
above with histologically conﬁrmed, advanced (unresectable or metastatic) NENs originating from the lung were eligible. All NEN histologies (typical carcinoid, atypical carcinoid, large cell and small cell
neuroendocrine carcinoma) were included. Other pathologies (e.g., adenocarcinoma and squamous cell carcinoma) were excluded.
Searches of each site’s nuclear medicine database were conducted.
All patients fulﬁlling the above criteria who underwent 68Ga-DOTATATE and 18F-FDG PET imaging within 60 d of each other with no
local or systemic therapy between the 2 scans were included. In the
case of multiple pairs of eligible scans in the same individual, the earliest pair acquired after diagnosis of advanced disease was chosen.
Imaging

Image data were acquired on PET/CT scanners at each institution.
All image data were acquired on current-generation PET/CT scanners
with time-of-ﬂight, scatter correction, and point-spread function resolution recovery (UltraHD) capabilities (Royal North Shore Hospital:
Biograph mCT.S/64 PET/CT scanner [Siemens Healthcare]; Royal
Brisbane and Women’s Hospital: Biograph mCT.S/128 PET/CT scanner [Siemens Healthcare]; Memorial Sloan Kettering Cancer Center:
690 or 710 PET/CT scanner [GE Healthcare]). Data were typically acquired as whole-body scans (top of skull to mid thigh), usually requiring 6–8 bed positions in step-and-shoot mode.
For the 68Ga-DOTATATE PET scans, the patients were injected
with 120–200 MBq of 68Ga-DOTA-(Tyr3)-octreotate; imaging commenced approximately 45–60 min after injection, with whole-body
low-dose CT followed by the PET acquisition of 120–180 s/bed position. Subjects were advised to cease somatostatin analogs 4 wk before
the scan.
For the 18F-FDG scans, the patients were required to fast for at least
6 h before the scan, and blood glucose levels were checked to ensure
they were within the range of 4–11 mmol/L. Subjects were administered 18F-FDG in the range of 250–450 MBq according to standard institutional protocols (Royal North Shore Hospital: 250 MBq if patient
weight under 90 kg and 300 MBq if over 90 kg; Royal Brisbane and
Women’s Hospital: 4.5 MBq/kg up to a maximum of 350 MBq; Memorial Sloan Kettering Cancer Center: 444 MBq [610%]). At approximately 60 min after injection of the 18F-FDG, scanning commenced
with whole-body low-dose CT followed by the PET acquisition of
120–150 s/bed position.
Image Analysis

Scans were graded subjectively by visual interpretation on dedicated nuclear medicine reporting workstations. Interpretation was undertaken by experienced nuclear medicine physicians at each site. Both
scans were displayed simultaneously in transverse, coronal, and sagittal planes accompanied by a maximal-intensity projection of the PET
data, with both image sets anatomically coregistered. The scans were

initially windowed with preset SUVs of 0–15 for 68Ga-DOTATATE
PET and 0–7 for 18F-FDG PET, as these were the values used for reporting in clinical practice. The readers had full access to all software
tools in the reporting software. Positivity on 18F-FDG and 68Ga-DOTATATE scans was deﬁned as uptake greater than that regarded as
physiologic for the organ or tissue in question on the respective scan.
All readers underwent initial training with a standardized dataset of
10 NEN cases (taken from the initial NETPET study (19)) before
commencing grading. According to our prior study, scoring was focused on the most discordant lesion on dual PET (Fig. 1). A score of
P5 was assigned if there was signiﬁcant disease that was 18F-FDG–avid but not 68Ga-DOTATATE–avid. A score of P2–P4 corresponded
to the presence of 18F-FDG–avid, 68Ga-DOTATATE–avid disease in
any of the lesions, with the exact score dependent on the relative avidity on 18F-FDG and 68Ga-DOTATATE PET. P1 denoted 68Ga-DOTATATE but not 18F-FDG avidity in all lesions; P0 denoted neither
68
Ga-DOTATATE nor 18F-FDG avidity (Table 1).
Clinicopathologic Data

The included patients’ charts were reviewed to extract demographic
and prognostic data (including primary site and histologic grade). Outcomes included overall survival (OS) and progression-free survival
(PFS), deﬁned as a composite of RECIST-deﬁned radiologic progression,
commencement of another systemic therapy after the index scan, and
death (22). The primary outcome was OS, measured in days from the latter of the 2 paired PET scans to the date of death or last follow-up.
Statistical Analysis

Patient demographics are presented descriptively. For survival analysis, the included patients were separated into 3 cohorts—P1, P2–P4,
and P5—in the same fashion as the original NETPET study (19). Patients with P2, P3, and P4 ﬁndings were grouped together as there is
no consensus on the exact quantitative cutoffs to separate patients who
have lesions exhibiting more 68Ga-DOTATATE than 18F-FDG avidity
from those with more 18F-FDG than 68Ga-DOTATATE avidity. Patients with P0 disease were noted but excluded from this analysis (the
authors considered that this was an uncommon ﬁnding from their clinical experience). Survival outcomes in the different cohorts were compared using the log-rank test. Univariate and multivariate regression
was performed using the Cox proportional-hazards model with the following variables: age, presence or absence of distant extrahepatic disease, histologic grade, and NETPET score. Histologic grade was divided into 3 groups: typical carcinoid, atypical carcinoid, and large
cell/small cell neuroendocrine carcinoma. Other potential prognostic
markers (most pertinently the mitotic count and Ki-67 index) were not
included in multivariate analysis because of the potential for introducing collinear factors into multivariate analysis. We conducted sensitivity analyses to determine the value of replacing histologic grade by the
Ki-67 index for OS analyses. Finally, the correlation between NETPET score and histologic grade (as well as NETPET score and Ki-67
index) was analyzed using the x2 test.
Ethics Approval

This study was approved by the Northern Sydney Local Health District Human Research Ethics Committee, 2019/ETH09817, and relevant
local ethics committees for each participating site. The requirement to obtain informed consent for this retrospective study was waived.
RESULTS

Thirty-eight patients were included in this study from 3 sites.
Female patients comprised 61% of the cohort, and the median age
was 66 y (Table 2). The median time from histologic diagnosis to
PET imaging was 13 mo (range, 1–151 mo). Treatments before
PET imaging included SSAs (18% of patients), chemotherapy
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FIGURE 1. Original NETPET schema. SSTRI 5 somatostatin receptor imaging. (Reproduced from (19).)

(26%), and PRRT (5%). Treatment after PET imaging included
SSAs (24%), chemotherapy (45%), and PRRT (37%). The median
follow-up for patients was 18.5 mo.
When the NETPET scoring system was applied to the included
patients, more than half the patients (61%) had disease that was
both 68Ga-DOTATATE–avid and 18F-FDG–avid (Table 3). The
distribution of scores did not signiﬁcantly differ among the participating institutions (x2 test, P 5 0.27). Eight percent of patients
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had a NETPET score of P1 (denoting purely 68Ga-DOTATATE–avid disease), and 26% of patients had a score of 5, denoting
the presence of signiﬁcant 18F-FDG–avid, 68Ga-DOTATATE–negative discordant disease. Two patients (5%) had disease that
was scored as P0 (i.e., all lesions were negative on both 68Ga-DOTATATE and 18F-FDG PET). In all, 16 of the 38 included patients
(42%) underwent PRRT at some point of their disease journey
(14/16 after the dual PET scans). These patients had NETPET

No. 9

!

September 2021

TABLE 1
Simpliﬁed Schematic of Relationship Between NETPET
Score and Dual PET Avidity
NETPET grade

68

Ga-DOTATATE result

18

F-FDG result

TABLE 2
Demographics of Study Cohort (n 5 38)
Characteristic

Parameter

Total

38

100
39

Female

23

61

Median

66

—

—

1

11

—

2

11

1

3

11

11

4

1

11

Primary site

5

—

11

Grade for bronchial NEN Typical carcinoid

Sex

Male

Age (y)

Range

28–81

scoring as follows: P1, 1/16 (6%); P2–P4, 13/16 (81%); and P5, 2/
16 (13%).
Death had occurred in 10 of the 38 patients (26%) at the time of
censoring. The median OS was not reached but was estimated at
53 mo. An increasing NETPET score was associated with poorer
median OS (P1, not reached; P2–P4, 49.1 mo; P5, 14.5 mo [P 5
0.003, log-rank test]) (Fig. 2). On univariate analysis, OS was associated with NETPET score (P 5 0.003) and histology (P 5
0.01). On multivariate analysis, only NETPET score remained signiﬁcant as a prognostic factor (P 5 0.03), with histology no longer
signiﬁcant (P 5 0.39) (Table 4).

Sensitivity Analyses

We performed sensitivity analyses to investigate the impact of
substituting histologic grade with Ki-67 index. On univariate analysis, Ki-67 index was also associated with OS (P 5 0.004, logrank test). This association remained signiﬁcant on multivariate
analysis (P 5 0.034). The NETPET classiﬁcation was not signiﬁcantly associated with OS after adjustment for Ki-67 index (P 5
0.08). Finally, the NETPET score was associated with the Ki-67
index (P 5 0.01 by ANOVA).
DISCUSSION

The current project and indeed the NETPET score proposal
arose from the hypothesis that 68Ga-DOTATATE and 18F-FDG
PET provide complementary information about tumor biology.
68
Ga-DOTATATE assesses the presence and extent of somatostatin receptors, whereas 18F-FDG uptake reﬂects glucose metabolism, with avidity typically highest in more aggressive and less
well differentiated tumors. The NETPET score divides patients
into 3 main groups: those who only had 68Ga-DOTATATE avidity

Lung

38

Ki-67 index
Necrosis

Site of metastasis

Extrahepatic disease
Received PRRT

100

9

24

Atypical carcinoid

22

58

LCNEC

3

8

SCNEC

1

3

3

8

Unknown*
Mitotic count

PFS

Of the included patients, 29 of 38 (76%) had progressed at the
time of censoring, with a median PFS of 12.9 mo. Median PFS
was not reached in patients grouped as P1. In those grouped as
P2–P4, it was 14.1 mo, and in those grouped as P5, it was 4.8 mo
(P , 0.0001, log-rank test) (Fig. 3).
On univariate analysis, PFS was signiﬁcantly associated with
NETPET score (P , 0.00001) and histologic grade (P 5 0.04)
but not age (P 5 0.88) or the presence of extrahepatic disease (P
5 0.68). On multivariate analysis, only NETPET score remained a
signiﬁcant predictor of PFS (P , 0.00001) (Table 5). Finally,
NETPET score was signiﬁcantly associated with histologic grade
(P 5 0.006, x2 test).

%

15

0

OS

n

Median

3.5

Range

0–50

Median

15

Range

1–80

Yes

16

42

No

11

29

Unknown

11

39

Lungs

19

50

Lymph nodes

19

50

Liver

21

55

Bone

23

61

Brain

4

11

Other†

11

32

Yes

36

95

No

2

5

Yes

19

50

No

19

50

*Of these 3 cases, 2 were well-differentiated NEN without speciﬁc comment on histologic report as to whether this represented
typical or atypical carcinoid. One was mixed high-grade and lowgrade NEN.
†
Other sites of disease included peritoneum (4 patients), pancreas (3 patients), adrenal glands (2 patients), pericardium (1 patient), and ovary (1 patient).
LCNEC 5 large cell neuroendocrine carcinoma; SCNEC 5
small cell neuroendocrine carcinoma.

on dual PET (favorable), those with 18F-FDG–avid, 68Ga-DOTATATE–negative discordant disease (unfavorable), and those with
at least one 18F-FDG–avid, 68Ga-DOTATATE–avid lesion on
dual PET without any discordance (intermediate). This NETPET
score was a signiﬁcant prognostic biomarker in the original study,
which mainly investigated GEPNENs (19). This multicenter study
demonstrated that the NETPET scoring system has a similar prognostic ability in bronchial NENs.
In the current study, we extended the ﬁndings of the original
study of NETPET score to patients with bronchial NENs. Previously suggested factors such as histologic grade, age, and presence

NETPET SCORE IN LUNG NEN

!

Chan et al.

1281

TABLE 3
Distribution of NETPET Scores

TABLE 4
Univariate and Multivariate Analyses for OS

NETPET score

n

Variable

Univariate P

Multivariate P

0

2 (5%)

NETPET score

0.003*

0.03*

1

3 (8%)

Histology

0.010*

0.39

Presence of extrahepatic
disease

0.474

0.09

Age . 65 y

0.429

0.46

2A/2B

7 (18%)

3A/3B

4 (11%)

4A/4B

12 (32%)

5

10 (26%)
*Signiﬁcant.

or absence of extrahepatic disease had less prognostic value in the
current study. Although histologic grade and the NETPET score
were associated with OS and PFS in univariate analyses, the NETPET score was the only predictor for both OS and PFS in multivariate
analyses. The fact that histologic grade is a recognized predictor of
outcome further highlights the potential of the NETPET score (23).
The lack of OS difference between typical and atypical carcinoids in
the current study (compared with the cited reference) may be due to
the smaller size of our cohort. However, this lack of difference only
serves to show the ability of the NETPET score to reﬂect the most aggressive lesion on dual PET, particularly relevant in the presence of
metastatic heterogeneity. In contrast, histology samples only one unselected site of known disease and is also affected by sample size
(needle biopsies may underestimate grade because of the paucity of
tumor tissue). These data support a potential role for dual PET in addition to biopsy to determine tumor aggressiveness and optimal therapy in a patient with bronchial NEN. In addition, as PET is a noninvasive modality, the NETPET score may also highlight changes in
disease biology over time without the risks incurred with repeated tissue biopsies.
To our knowledge, our ﬁndings conﬁrm the prognostic value of
the NETPET score in bronchial NENs for the ﬁrst time, extending
the ﬁndings from previous GEPNEN studies (20,21). Although a
similar analysis in bronchial NENs has recently been published and
demonstrated a signiﬁcant proportion of patients with discordant
lesions, a different scoring system was used, and the impact of dual
PET scoring on OS was not reported (24). This study suggests that
patients with no avidity on PET with either tracer (analogous to
P0) and patients with signiﬁcant disease that is 18F-FDG–avid but
not 68Ga-DOTATATE–avid (analogous to P5) should not receive
PRRT, as is concordant with our clinical experience. Further investigations into a molecular imaging–led paradigm for treatment selection may impact care for patients with bronchial NEN (e.g., a

score of P1 leading to the use of somatostatin analogs, and a score
of P5 arguing more for the use of systemic chemotherapy).
We acknowledge limitations in the current study. The relatively
small numbers in this study reﬂect the uncommon nature of bronchial NENs. As such, the study should be regarded as hypothesisgenerating at this point while awaiting additional conﬁrmatory
data. Because dual PET for bronchial NENs is not routinely practiced (because of the paucity of data regarding its utility to date),
there is also a possibility of selection bias, as clinicians may order
both PET examinations for patients with more aggressive disease,
as reﬂected in the high proportion of patients with atypical carcinoids rather than typical carcinoids. This bias may also explain the
relatively small number of patients with P1 grading. The retrospective nature of this study meant that the PET scans were not
performed on the same day, raising the possibility that there may
have been changes in tumor size or characteristics between the
time of the 2 PET scans. We restricted inclusion to patients whose
scans were done within 60 d of each other to minimize this potential issue. The current ﬁndings (particularly the interplay between
Ki-67, NETPET score, and prognosis) should ideally be conﬁrmed
by a prospective study. Finally, we note that we included bronchial
NENs of all histologies (from typical carcinoid to small cell neuroendocrine carcinoma), as opposed to a recent study that enrolled
only patients with typical and atypical carcinoid (24). This inclusion allowed us to demonstrate the value of dual PET imaging and
its correlation to high-grade histologies; our results remained signiﬁcant for NETPET score alone on restriction of the cohort to
typical and atypical carcinoid histologies (data not shown).
Future research from this study might include investigation of
dual PET as a predictive biomarker for PRRT (i.e., one that predicts for differential efﬁcacy from PRRT as opposed to just predicting for poorer prognosis per se). However, ideally this needs

FIGURE 2. OS by NETPET score.

FIGURE 3. PFS by NETPET score.
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TABLE 5
Univariate and Multivariate Analyses for PFS
Variable
NETPET score

Univariate P

Multivariate P

,0.00001*

,0.00001*

Histology

0.04*

0.871

Presence of extrahepatic
disease

0.68

0.998

Age . 65 y

0.88

0.78
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to be done in the context of a prospective clinical trial. The best
systemic therapy for each NETPET score and the relative importance of this compared with histologic grade need to be determined. The current study treats the P2–P4 group (patients with lesions that are both 68Ga-DOTATATE–avid and 18F-FDG–avid) as
a single group, meaning that subtle differences in relative 68GaDOTATATE and 18F-FDG avidity have not been shown to be of
signiﬁcance to date; the P2/P3/P4 classes may be reﬁned into separate prognostic subgroups with larger studies and quantitative evaluation of 68Ga-DOTATATE and 18F-FDG metrics. Further research may show a link between different dual PET imaging
phenotypes and molecular changes in bronchial NENs (25). Finally,
the etiology and signiﬁcance of disease that is nonavid on both
68
Ga-DOTATATE and 18F-FDG PET remain to be determined (24).
This study also raises some intriguing possibilities for further
preclinical investigation. Relatively little is known about the interplay between the molecular bases of NENs and PET ﬁndings. Recent studies investigating gene expression proﬁles of bronchial
NENs have implicated multiple abnormalities involving the NFKB (nuclear factor-kB) and ERK/MAPK (extracellular-signal-regulated kinase/mitogen-activated protein kinase) pathways and also
demonstrated signiﬁcant differences between small cell lung cancer and typical or atypical carcinoids (26,27). The upregulation of
these pathways may lead to metabolic reprogramming in favor of
increased glycolytic rates and more aggressive behavior. Further
understanding of these molecular pathways may shed light on the
dual PET ﬁndings observed in the current study and also lead to
the development of new imaging tracers to better deﬁne disease
biology.
CONCLUSION

Dual PET divides patients into 4 groups: purely 68Ga-DOTATATE–avid disease (P1); dual 68Ga-DOTATATE and 18F-FDG
avidity (P2–P4); 18F-FDG–avid, 68Ga-DOTATATE–negative disease (P5); and dual negative disease (P0). The NETPET score predicts OS in patients with metastatic bronchial NEN, even after adjustment for known prognostic variables such as histologic grade.
If conﬁrmed by prospective studies, this ﬁnding would conﬁrm the
role of the NETPET score as a prognostic biomarker above that of
histologic grade alone in predicting disease aggressiveness and
guiding best care.
DISCLOSURE

David Chan has received a National Health and Medical Research Council investigator grant to fund this research in part
(APP1175788). Dale Bailey is supported in part by Sydney Vital,

QUESTION: What is the prognostic signiﬁcance of the proposed
NETPET scoring system for dual 18F-FDG and 68Ga-DOTATATE
PET imaging in patients with metastatic bronchial NEN?
PERTINENT FINDINGS: In a multicenter retrospective study of 38
patients, increasing NETPET score (signifying 18F-FDG avidity and
loss of 68Ga-DOTATATE avidity) was associated with worsened
OS on univariate and multivariate analysis.
IMPLICATIONS FOR PATIENT CARE: The NETPET score holds
signiﬁcant promise as a biomarker in patients with advanced bronchial NENs.
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and 99mTc-Sestamibi Scans in Identifying Parathyroid
Adenomas: A Metaanalysis
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Hyperparathyroidism is an endocrine disorder caused by one or
more hyperfunctioning parathyroid glands. Current imaging consisting of ultrasound and 99mTc-sestamibi is imprecise, making localization difﬁcult. 18F-ﬂuorocholine (18F-FCH) PET has recently
shown promise in presurgical localization of parathyroid adenomas. The primary aim of this study was to summarize the sensitivities and speciﬁcities of studies using 18F-FCH PET to localize
hyperparathyroidism. A secondary aim was to summarize a subset
of studies in which 99mTc-sestamibi scans were also used and to
compare the performance of the 2 modalities. Methods: We
searched the MEDLINE and EMBASE databases following the
PRISMA (Preferred Reporting Items for Systematic Review and
Metaanalysis) statement. Quality was assessed using the QUADAS2 tool (Quality Assessment of Diagnostic Accuracy Studies). Twenty
studies were included for quantitative assessment in our metaanalysis. A random-effects model and a hierarchic summary receiver-operating-characteristic model was used to summarize the sensitivity
of 18F-FCH PET in detecting abnormal parathyroid adenomas. We
used the same methodology to assess sensitivity of 99mTc-sestamibi, as a comparison to 18F-FCH PET. Results: 18F-FCH PET had a
high sensitivity, 0.97 (range, 0.96–0.98), for the detection of abnormal parathyroid adenomas. In the subpopulation for which both
18
F-FCH and 99mTc-sestamibi were reported, 18F-FCH also had a
higher sensitivity, 0.96 (0.94–0.98), than the 0.54 (0.29–0.79) reported for 99mTc-sestamibi (P , 0.001). Conclusion: 18F-FCH PET
demonstrates high localization accuracy in patients with hyperparathyroidism. This metaanalysis supports the use of 18F-FCH over
99m
Tc-sestamibi in patients with hyperparathyroidism.
Key Words: ﬂuorocholine; hyperparathyroidism; adenoma; PET;
99mTc-sestamibi
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hyperfunctional, causing excessive secretion of parathyroid hormone
into the bloodstream (1,2). It is a common endocrine disorder, with
an estimated incidence of between 0.4 and 82 cases per 100,000 in
the general population (3–6). The etiology is usually a benign overgrowth of parathyroid tissue in at least 1 of the 4 parathyroid glands.
This occurs in a single gland in approximately 80% of cases and less
frequently (15%–20% of cases) in multiple glands (7). Hyperparathyroidism is diagnosed biochemically and is associated with hypercalcemia and elevated parathyroid hormone (7); in turn, hypercalcemia, if left untreated, can cause signiﬁcant morbidities ranging from
skeletal complications to renal impairment, as well as complications
such as nephrocalcinosis, polyuria, and polydipsia.
Surgical removal of the hyperfunctioning gland (i.e., a parathyroidectomy) remains the only curative treatment for hyperparathyroidism (8). Preoperative localization of the hyperfunctioning
gland is necessary for a minimally invasive parathyroidectomy,
which is associated with a reduced risk of complications and disability after surgery as compared with conventional bilateral cervical exploration (9). Preoperative localization is complex, and
imaging recommendations vary considerably. Cervical ultrasonography and 99mTc-sestamibi SPECT are the most commonly used
methods. However, their accuracy varies considerably depending
on the location of the affected glands, the size of the adenoma,
and the skill of individual sonographers (10,11).
Given the inconsistencies of currently approved imaging modalities, new approaches are actively being evaluated. Several
studies support the utility of 18F-ﬂuorocholine (18F-FCH) PET,
and results from the literature are encouraging (12,13). For
nearly 20 years, 18F-FCH has been used to detect metastatic
prostate cancer. Choline is a precursor for the synthesis of phospholipids in the cell membrane and choline kinase, which results in the elevated phosphocholine that is overexpressed in
prostate cancer (14). However, data on the utility of 18F-FCH in
localizing hyperparathyroidism remain relatively sparse, and
comparison of 18F-FCH PET to traditional tools is limited to
single-center studies.
The primary aim of this study was to summarize studies that
have used 18F-FCH PET to localize hyperparathyroidism and to
assess their sensitivity and speciﬁcity after pathologic conﬁrmation. A second aim was to analyze a subset of studies in which a
99m
Tc-sestamibi scan was also used and to compare the sensitivity
and speciﬁcity with those of 18F-FCH PET imaging.
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MATERIALS AND METHODS

Correct identiﬁcation of hyperparathyroidism was deﬁned on a perpatient level. The protocol for this metaanalysis was registered with
PROSPERO (the International Prospective Register of Systematic
Reviews).
Search Strategy

Two of us conducted independent literature reviews for article inclusion in the study. This review included electronic databases, as well
as reference lists of relevant articles. The search was applied to the
PubMed/MEDLINE and EMBASE databases and was last updated on
August 25, 2020. We used a combination of the following terms: choline, ﬂuorocholine, F-choline, FCH; PET, positron emission tomography; and parathyroid, hyperparathyroidism.
Eligibility Criteria

Two reviewers independently assessed article eligibility for inclusion in this study. Disagreements were resolved by consensus. Articles
that met the following inclusion criteria were considered for the metaanalysis: studies evaluating the diagnostic accuracy of 18F-FCH PET
in patients with hyperparathyroidism, and studies that used pathologic
conﬁrmation of hyperparathyroidism as the reference standard. No
year or location restrictions were imposed on the studies. Articles
were excluded if they risked overlap with other studies (including systematic reviews and other metaanalyses); were not available in English; were on unpublished studies; were on case reports; had fewer
than 10 cases; did not use pathology as the reference standard for diagnosing hyperparathyroidism; or did not have data on the diagnosis of
hyperparathyroidism at the per-patient level. We also subsequently
performed the analysis by removing articles for which cases of secondary and tertiary hyperparathyroidism could not be separated from
primary hyperparathyroidism.
Data Collection

The characteristics of the eligible studies are summarized in Table
1. Data were extracted, when available, from each eligible article on
the following variables: National Clinical Trial number, prospective
versus retrospective, consent performed, number of patients imaged
with 18F-FCH, imaging modality (PET/CT or PET/MRI), number of
patients with a pathologic correlate, number of imaging readers,
whether the readers knew the results of patients’ pathology or clinical
data, injected dose and range, uptake time, and details on any adverse
event reporting.
Quantitative data points were then extracted from eligible studies.
These included number of true-positive, false-positive, true-negative,
and false-negative diagnoses of hyperparathyroidism based on 18FFCH imaging as compared with a pathologic correlate on a per-patient
basis. If available, the same results were collected for studies in which
patients were also imaged with 99mTc-sestamibi. One reviewer extracted the data points from eligible studies, and the second reviewer
reviewed the extracted data for quality assurance. For each study included in the analysis, bias was assessed qualitatively by 2 reviewers
using the Quality Assessment of Diagnostic Accuracy Studies (QUADAS-2) tool (15).
Metaanalytic Methods

For this metaanalysis, we used a random-effects model and a hierarchic summary receiver-operating-characteristic model using Stata, version 12.0 (StataCorp). Sensitivity and speciﬁcity are summarized for
18
F-FCH imaging accuracy in detecting hyperparathyroidism on a perpatient level using the pathologic correlate as the reference standard.
We also assessed sensitivity and speciﬁcity for a subset of studies that
additionally imaged patients with 99mTc-sestamibi. To include all the
studies in the metaanalysis, a small number was added to the zero cells
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for this subset of studies. All point estimates of sensitivity and specificity from the metaanalysis are reported as the effect size and 95%
CIs.
RESULTS
Eligible Studies

An electronic search of the PubMed and EMBASE libraries returned a total of 776 articles (Fig. 1). Twenty studies were deemed
eligible for the metaanalysis and are summarized in Table 1. The
number of patients assessed ranged from 10 to 151 in our selected
studies. All 20 papers were used to evaluate the sensitivity and
speciﬁcity of 18F-FCH PET in detecting hyperparathyroidism, and
10 studies included data on the results of 99mTc-sestamibi to use
for comparison. The risk of bias and the applicability of each study
to our current research were assessed using the QUADAS-2 tool
(Supplemental Table 1; supplemental materials are available at
http://jnm.snmjournals.org). In several cases, the risk of bias of the
index test and the ﬂow and timing of the imaging protocol could
not be determined from the information provided in the text. Bias
concerned the retrospective nature of many studies included in this
analysis, as well as the uncertain time between imaging and parathyroidectomy in several cases. For the purposes of this analysis, a
time of less than 4 wk between imaging and surgery was considered to have a low risk of bias.
Performance of 18F-FCH PET in Detecting
Hyperparathyroidism

All 20 studies used 18F-FCH imaging (either by PET/CT, n 5
18, or by PET/MRI, n 5 4) to identify hyperparathyroidism (Table
2). The included studies were both retrospective (n 5 8) and prospective (n 5 12), consent was obtained for research participation
in most cases (n 5 17), and 1 study was registered with ClinicalTrials.gov before conducting research procedures. The average injected 18F-FCH dose ranged from 0.1 MBq/kg to a 325.1-MBq ﬂat
dose. The uptake time ranged from 0 min for dynamic imaging to
90 min for static imaging. The most common injected dose was
100 MBq, and the most common uptake time was 60 min. Across
the 20 studies, including a total of 796 patients, the results of the
random-effects metaanalysis of the sensitivity and speciﬁcity was
0.97 (range, 0.96–0.98) and 0.23 (range, 0.11–0.35), respectively
(Fig. 2). The positive predictive value of 18F-FCH PET, compared
with pathology, was 0.94 (range, 0.92–0.96). In studies that included only patients with primary hyperparathyroidism (n 5 16),
sensitivity and speciﬁcity were 0.94 (range, 0.92–0.97) and 0.14
(range, 0–0.36), respectively (Supplemental Fig. 1).
Comparison of 18F-FCH PET and 99mTc-Sestamibi in Detecting
Hyperparathyroidism

As a secondary analysis, we compared the performance of 18FFCH PET and 99mTc-sestamibi in detecting cases of hyperparathyroidism before surgery. Ten studies, which included 301 patients,
had these data available and were used in the comparison (Table
3; Supplemental Fig. 2). 18F-FCH PET had a superior sensitivity
of 0.96 (range, 0.94–0.98), compared with 0.54 (range, 0.29–0.79)
for 99mTc-sestamibi (P , 0.001) (Figs. 3 and 4). In studies limited
to patients with primary hyperparathyroidism, 18F-FCH PET had a
superior sensitivity of 0.97 (range, 0.94–1.00), compared with
0.55 (range, 0.32–0.78) for 99mTc-sestamibi.
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FIGURE 1. PRISMA (Preferred Reporting Items for Systematic Review
and Metaanalysis) ﬂow diagram depicting process for selecting papers included in this metaanalysis.

TABLE 2
Overview of Studies Comparing Performance of 18F-FCH
PET with Pathology in 20 Studies Reporting Total of 796
Patients
First author

Year
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FP
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0

0
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0
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2018

13

12

0

0

1

796

738

19

3

33

Total

DISCUSSION

Several individual cohort studies have reported 18F-FCH PET to
be superior to traditional imaging modalities such as ultrasonography and 99mTc-sestamibi in detecting hyperparathyroidism in patients before parathyroidectomy. Individual studies are difﬁcult to
interpret because of their small sample sizes and variability between studies. In this metaanalysis, we pool the results of studies
using 18F-FCH PET to localize abnormal parathyroid adenomas
and using pathology as a reference standard. To acknowledge
individual study bias, we assessed each paper using the QUADAS-2 tool and used a random-effects model to account for between-study variability in our quantitative analysis. Overall, the
results of this metaanalysis lend further evidence to support the
use of 18F-FCH PET as a superior imaging technique over
99m
Tc-sestamibi in the localization of hyperparathyroidism before parathyroidectomy.
To avoid loss of power and incorporate more studies into our
analysis, we included studies using both PET/CT and PET/MRI.
Diagnostic differences between these modalities for this indication
have not been studied in previous literature, but we acknowledge
that inclusion of PET/MRI may further bias this analysis. Our
study did not consider results on a per-lesion basis, considering
only whether imaging localized an overactive parathyroid gland
on a per-patient basis. This approach may overestimate the accuracy of 18F-FCH PET as a presurgical tool in avoiding invasive
open parathyroidectomies.
As with any metaanalysis, our approach is limited by the underlying data in the articles included. As reported, there was a wide
range in acquisition parameters used. Most concerning was that
masking of readers to the results of parathyroidectomies before
image interpretation was not done or was unclear in most cases,

TP 5 true positive; FP 5 false positive; TN 5 true negative;
FN 5 false negative; NA 5 not applicable.
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FIGURE 2. Summary of sensitivity, speciﬁcity, and hierarchic summary
receiver-operating-characteristic (HSROC) plot of sensitivity and speciﬁcity for 18F-FCH vs. pathology overall. Effect sizes for sensitivity and specificity were 0.97 (95% CI, 0.96–0.98) and 0.23 (95% CI, 0.11–0.35), respectively. Size of circles represents size of individual studies.

!

No. 9

!

September 2021

TABLE 3
Overview of Studies Comparing Performance of 99mTc-Sestamibi with Pathology
99m

First author

Tc-sestamibi compared with pathology

Year

Patients with pathology

TP

FP

TN

FN

Amadou

2019

23

9

1

0

13

Bossert

2019

17

3

0

0
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Huber

2018

26

2

0

0

Khaﬁf

2019

19

17

0

0

2

Kluijfhout

2017

33

8

0

0

21

Lezaic

2014

24

14

0

0

10

Michaud

2014

12

8

2

0

2

Thanseer

2017

54

42

1

1

10

Uslu-Beşli

2020

80

39

1

NA

NA
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2018

13

4

2

0

7

301

146

7

1

103

Total

TP 5 true positive; FP 5 false positive; TN 5 true negative; FN 5 false negative; NA 5 not applicable.

FIGURE 3. Summary of sensitivity, speciﬁcity, and hierarchic summary
receiver-operating-characteristic (HSROC) plot of sensitivity and speciﬁcity for 99mTc-sestamibi vs. pathology overall. Effect sizes for sensitivity
and speciﬁcity were 0.54 (0.29–0.79) and 0.43 (0.30–0.57), respectively.
Size of circles represents size of individual studies.

and most studies were retrospective. This likely biased individual
study results and may have skewed results in favor of 18F-FCH
PET. Furthermore, several studies included patients with a history
of thyroid or parathyroid surgery; it is unclear what effect this
may have had on the accuracy of either 18F-FCH PET or 99mTcsestamibi in detecting the affected parathyroid glands and may
limit the applicability of these results to patients being imaged at
baseline.
One other issue is the heterogeneity of the technique used for
99m
Tc-sestamibi imaging in our analysis, as each approach has

FIGURE 4. Comparison of diagnostic sensitivities of 18F-FCH and
99m
Tc-sestamibi. Overall effect sizes (ES) were 0.96 (95% CI, 0.94–0.98)
for 18F-FCH PET and 0.54 (95% CI, 0.29–0.79) for 99mTc-sestamibi. Size
of squares represents size of individual studies. Reference numbers are in
Supplemental Table 2.

varying sensitivities that can lead to inconsistencies across the articles used in the comparison analysis. Of the 10 studies included
for comparison with 99mTc-sestamibi, 6 (including 41% of the analyzed patients) used dual-phase, dual-tracer 99mTc-sestamibi imaging with SPECT/CT. Three articles used SPECT, 2 of which used
99m
Tc-sestamibi alone, and 1 article did not describe the 99mTcsestamibi imaging.
Despite these weaknesses, we believe this study is important in
a setting that has seen little change in practice over many years.
Furthermore, there are features of this study that we feel distinguish it from prior metaanalyses on this topic. We have taken care
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to deﬁne strict study eligibility criteria, including a minimum cohort size to limit patient selection bias, the requirement of a histopathologic correlate for all cases in the analysis, and a focus on
18
F-FCH PET only, excluding studies that incorporate other choline tracers (13). Perhaps most notably, our study included 2 important subanalyses: a comparison of 18F-FCH PET to the standard-of-care 99mTc-sestamibi scan, making a strong clinical case
for the adoption of this more novel technique; and a further study
limited to cases with primary hyperparathyroidism. To our knowledge, it is also the largest study of this kind (12,16).
Beyond 99mTc-sestamibi, there are other imaging techniques being
evaluated for the localization of abnormal parathyroids, such as 4-dimensional (4D) CT and 11C-choline PET. Both have also demonstrated utility in preoperative localization of parathyroid glands in patients
with hyperparathyroidism. Literature on the use of 4D CT, with or
without ultrasonography, has reported high but varying sensitivities in
localizing adenomas (17,18). There are insufﬁcient data at this time to
compare 18F-FCH with 4D CT to perform a metaanalysis. However,
there are several theoretic advantages of 18F-FCH over 4D CT, including obviation of intravenous iodinated contrast, as well as the lower total doses of radiation (19). 11C-choline PET, a similar radiotracer to
18
F-FCH, received Food and Drug Administration approval in 2012
for use in prostate cancer (20) and has recently been used in preoperative localization for hyperparathyroidism. Because 11C-choline has a
half-life of approximately 20 min, compared with 120 min for 18F
(21), PET acquisition must occur very shortly after injection. The longer half-life of 18F-FCH allows for more ﬂexible image acquisition
and makes for more practical and favorable clinical use (22).
CONCLUSION

In patients with hyperparathyroidism, 18F-FCH PET demonstrates a high sensitivity (0.97) for parathyroid adenomas in patients with hyperparathyroidism. 18F-FCH PET also outperformed
99m
Tc-sestamibi, with a sensitivity of 0.96 for the former compared
with 0.54 for the latter. This metaanalysis supports the use of 18FFCH over 99mTc-sestamibi in patients with hyperparathyroidism.
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KEY POINTS
QUESTION: Does 18F-FCH PET aid in the localization of parathyroid adenomas in patients with hyperparathyroidism?
PERTINENT FINDINGS: In this metaanalysis, 18F-FCH PET had a
high sensitivity for parathyroid adenomas and increased the sensitivity from 0.54 for 99mTc-sestamibi imaging to 0.96 for 18F-FCH
PET.
IMPLICATIONS FOR PATIENT CARE: 18F-FCH PET is useful for
localizing parathyroid adenomas and should be used when
available.
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TauIQ: A Canonical Image Based Algorithm to Quantify Tau
PET Scans
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Recently, AmyloidIQ was introduced as a new canonical imagebased algorithm to quantify amyloid PET scans and demonstrated
increased power over traditional SUV ratio (SUVR) approaches
when assessed in cross-sectional and longitudinal analyses. We
build further on this mathematical framework to develop a TauIQ
algorithm for the quantitative analysis of the more complex spatial
distribution displayed by tau PET radiotracers. Methods: Crosssectional (n 5 615) and longitudinal (n 5 149) 18F-ﬂortaucipir data
were obtained from the Alzheimer’s Disease Neuroimaging Initiative
along with necessary adjunct amyloid PET and T1-weighted structural MRI data. A subset of these data were used to derive a chronological tau dataset, using AmyloidIQ analysis of associated
amyloid PET data to calculate the subject’s temporal position in the
canonical AD disease process, from which canonical images for the
nonspeciﬁc and speciﬁc binding components of 18F-ﬂortaucipir in
AD were calculated. These 2 canonical images were incorporated
into the TauIQ algorithm that enables the quantiﬁcation of both
global and local tau outcome measures using an image-based
regression and statistical parametric analysis of the initial residual
image. Performance of the TauIQ algorithm was compared with
SUVR approaches for cross-sectional analyses, longitudinal analyses, and correlation with clinical measures (Alzheimer Disease
Assessment Scale–Cognitive Subscale [ADAS-Cog], Clinical
Dementia Rating scale–sum of boxes [CDR-SB], and Mini-Mental
State Examination [MMSE]). Results: TauIQ successfully calculated
global tau load (TauL) in all 791 scans analyzed (range, 23.5% to
185.2%; mean 6 SD, 23% 6 20.5%) with a nonzero additional
local tau component being required in 31% of all scans (cognitively
normal [CN], 22%; mild cognitive impairment [MCI], 35%; dementia,
72%). TauIQ was compared with the best SUVR approach in the
cross-sectional analysis (TauL increase in effect size: CN2 vs.
CN1, 145%; CN2 vs. MCI1, 25.6%; CN2 vs. dementia1,
12.3%) (1/2 indicates amyloid-positive or -negative) and correlation with clinical scores (TauL increase in r2: CDR-SB1, 7%;
MMSE1, 38%; ADAS-Cog1, 0%). TauIQ substantially outperformed
SUVR approaches in the longitudinal analysis (TauIQ increase in
power: CN1, .3.2-fold; MCI1, .2.2-fold; dementia1, .2.9-fold).
Conclusion: TauL as calculated by TauIQ provides a superior
approach for the quantiﬁcation of tau PET data. In particular, it provides a substantial improvement in power for longitudinal analyses
and the early detection of tau deposition and thus should have signiﬁcant value for clinical imaging trials in AD that are investigating
the attenuation of tau deposition with novel therapies.
Key Words: statistical analysis; canonical images; ﬂortaucipir; IQ platform; power in clinical trials; tau PET
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au and amyloid-b (Ab) are the 2 pathologic hallmarks of
Alzheimer disease and consequently represent 2 key targets for
both drug and biomarker development. The development of Ab
PET biomarkers and their associated analytics is well advanced,
with established Food and Drug Administration–approved 18F
radiotracers (18F-ﬂorbetapir, 18F-ﬂorbetaben, and 18F-ﬂutemetamol)
available after the pioneering work with 11C-Pittsburgh compound
B that originated in 2004 (1). In parallel, analytic approaches for
Ab agents have advanced from historical SUV ratio (SUVR) methods to the development of centiloids, which allow for conversion of
different amyloid agents onto a common scale facilitating their
combined use in multicenter imaging trials (2). Further, our previous work using spatiotemporal modeling of Ab accumulation in
AD (3) deduced that amyloid accumulation is a global process that
can be characterized by a single parameter (AbL) and opened the
door for the canonical image based quantiﬁcation used by AmyloidIQ, which has shown increased power over SUVR-based methods
in both cross-sectional and longitudinal analyses (4).
The development of tau imaging agents faced increased challenges due to lower target density, selectivity issues over off-target
species, and the existence of different isomeric forms of tau
(3R,4R) and gained traction in the following decade only with the
introduction of 18F-ﬂortaucipir in 2013 (5). After this breakthrough, other tau imaging agents have been developed that demonstrate the ability to measure tau deposition in human subjects,
including 18F-MK-6240 (6), 18F-GTP-1 (7), 18F-RO-948 (8), 18FPI-2620 (9), and 18F-APN-1607 (10), and in May 2020 18F-ﬂortaucipir was Food and Drug Administration–approved as a radioactive diagnostic agent for adults with cognitive impairment who
are being evaluated for Alzheimer disease (11,12).
To date, analytic approaches for static tau PET imaging have
focused on SUVR approaches, with tau-relevant regions of interest
(ROIs) being used to quantify the level of tau deposition in regions
corresponding to the different stages of tau accumulation
described in the postmortem work of Braak and Braak (13). This
includes the use of regions that correspond to Braak stages I–VI
and meta-ROIs that consider the initial or strongest areas of deposition (the transentorhinal cortex and other temporal regions (13)),
such as the temporal meta-ROI of Jack et al. (14). These SUVR
methods have been applied to cross-sectional (15–18) and longitudinal (14,19–21) data to show an increase in tau signals associated
with disease progression in AD.
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The present work extends the prior analytic concepts of AmyloidIQ further to account for the more complex spatiotemporal distribution of tau to develop an algorithm for the quantiﬁcation of
tau PET scans (TauIQ). Initial investigations of tau PET scans
found that the accumulation in many subjects was more complex,
with evidence of additional hot spots of local tau deposition. This
ﬁnding led to the development of an algorithm that can accurately
quantify both the global tau accumulation pattern (as with amyloid) and any additional subject-speciﬁc localized deposits sitting
on top of this pattern. The current work ﬁrst describes the development of the TauIQ algorithm and then compares its performance
with SUVR approaches for cross-sectional analyses, longitudinal
analyses, and correlation with clinical measures using 18F-ﬂortaucipir data obtained from the Alzheimer’s Disease Neuroimaging
Initiative (ADNI).

acquisition collected 50 min after injection, with an injected dose of
370 MBq 6 10%. 18F-ﬂorbetaben data consisted of emission data
from a 20-min (four 5-min frames) acquisition collected 90 min after
injection, with an injected dose of 300 MBq 6 10%. Three imagepreprocessing steps were applied to the data before entry into the
ADNI imaging database (full details are described at http://adni.loni.
usc.edu/methods/pet-analysis/preprocessing). Brieﬂy, the frames were
coregistered and averaged. The resulting image was converted to a
160 3 160 3 96 voxel static image with voxel dimensions of 1.5 3 1.
5 3 1.5 mm. Finally, a gaussian ﬁlter (of #6 mm) was applied to harmonize the image resolution with the lowest-resolution scanner used
in the study. All subjects also underwent T1-weighted structural MRI.
These primary PET and MRI data were downloaded from the ADNI
database and used in the subsequent analyses.

MATERIALS AND METHODS

18

Imaging Data

Imaging data were obtained from the ADNI database (22). ADNI
was launched in 2003 as a public–private partnership, led by Principal
Investigator Michael W. Weiner. The primary goal of ADNI has been
to test whether serial MRI, PET, other biologic markers, and clinical
and neuropsychologic assessment can be combined to measure the progression of mild cognitive impairment (MCI) and early AD. Up-to-date
information is available at www.adni-info.org.
Data for Development of TauIQ Canonical Images

Baseline 18F-ﬂortaucipir PET, 18F-ﬂorbetapir PET, and structural
T1-weighted MRI scans were obtained for 233 subjects (127 cognitively normal [CN], 82 with MCI, and 24 with dementia; 118 men and
114 women; mean age 6 SD, 76.4 y [range, 61.3–94.4 y]; Clinical
Dementia Rating scale–sum-of-boxes [CDR-SB] score, 0.88 6 1.12
[range, 0–5.5]; Mini-Mental State Examination [MMSE] score, 26.7
6 1.7 [range, 20–30]; Alzheimer Disease Assessment Scale–Cognitive
Subscale (ADAS-Cog) score, 16.4 6 8.7 [range, 2–52.0]).
Cross-Sectional Testing Data

To create a more comprehensive dataset for testing, 382 additional
ADNI subjects were added to the development dataset, for a total of
615 subjects (382 CN, 175 with MCI, and 58 with dementia; 290 men
and 325 women; age, 74.16 7.7 y [range, 56.0–94.4 y], CDR-SB
score, 0.77 6 1.28 [range, 0–8]; MMSE score, 28.5 6 2.0 [range,
17–30]; ADAS-Cog score, 16.0 6 8.1 [range, 2–52]). For these additional subjects, a 18F-ﬂortaucipir scan, a static amyloid PET scan (18Fﬂorbetapir or 18F-ﬂorbetaben), and a structural T1-weighted MRI scan
were obtained.
Longitudinal Testing Data

From the cross-sectional dataset, 149 subjects (88 CN, 43 with
MCI, and 18 with dementia; 76 men and 72 women; age, 74.5 6 7.4 y
[range, 56.3–92.2 y]; CDR-SB score, 0.89 6 1.42 [range, 0–8];
MMSE score, 28.2 6 2.3 [range, 17–30]; ADAS-Cog score, 16.5 6
8.5 [range, 5.3–44.7] at baseline) also had sequential 18F-ﬂortaucipir
PET scans (1 or 2 follow-up visits: 121 subjects had 1 follow-up visit
and 27 had 2 follow-up visits) between 4 mo and 2.5 y after baseline,
which were used for the longitudinal analysis.
Image Acquisition and Preprocessing

All human PET data were acquired in accordance with the standardized ADNI protocol (23). 18F-ﬂortaucipir PET scans consisted of
emission data from a 30-min (six 5-min frames) acquisition at 75 min
after injection, with an injected dose of 370 MBq 6 10%. 18F-ﬂorbetapir data consisted of emission data from a 20-min (four 5-min frames)

Image Processing

Registration of Images into Stereotactic Space. 18F-ﬂortaucipir,
F-ﬂorbetapir, and 18F-ﬂorbetaben data were nonlinearly registered
into Montreal Neurological Institute template 152 (MNI152) space
(24) using the subjects’ T1-weighted MRI scan as part of a diffeomorphic nonlinear registration (Diffeomorphic Anatomical Registration
using Exponentiated Lie algebra [DARTEL]) (25). Initially, the structural MR images were segmented into gray matter and white matter
using SPM, version 12. DARTEL then uses these tissue probability
maps to create ﬂow ﬁelds that provide the parameters required to spatially normalize any images that are coregistered to the MR image into
MNI152 space. Each PET image is registered to the corresponding
MRI scan using a rigid-body registration, and the individuals’ DARTEL ﬂow-ﬁeld is applied without modulation, resulting in 18F-ﬂortaucipir, 18F-ﬂorbetapir, and 18F-ﬂorbetaben images in MNI152 space.
The normalized maps are spatially smoothed (gaussian kernel of
8 mm in full width at half maximum).
Generation of SUVR Images. SUVR images for 18F-ﬂortaucipir
were generated using the ventrolateral cerebellum of the CIC atlas
(26) as the reference region by dividing all intensities in the image by
the mean uptake value for the ventrolateral cerebellum ROI.
Development of TauIQ Algorithm

Creation of Chronological 18F-Flortaucipir Dataset and Derivation of Canonical Images. For each subject in the development

dataset, AmyloidIQ was performed on the subject’s 18F-ﬂorbetapir
scan to obtain the subject’s amyloid load (AbL). Using a previously
published functional form, F, describing the temporal accumulation of
AbL in AD (27), it was possible to derive the time, T, through the
amyloid accumulation process as T 5 F21(AbL), which lies in the
interval of 0–30 y. This process was repeated for all subjects to produce an estimated time for each of them in the amyloid accumulation
process. These times were subsequently associated with each subject’s
corresponding 18F-ﬂortaucipir tau PET scan (Fig. 1A).
Next, a linear regression was ﬁtted at the voxel level to the chronological 18F-ﬂortaucipir PET dataset to estimate the canonical images
K and NS. The intercept of the linear regression is the nonspeciﬁc
(NS) value for that voxel, and the carrying capacity (K) is 30 multiplied by the gradient so that a scan with 100% global tau load (TauL)
will correspond to a subject with the expected level of tau observed at
the 30-y time point in the amyloid accumulation process (Fig. 1B). In
a ﬁnal step, the carrying-capacity image was made symmetric by averaging the intensities in the left and right hemispheres.
TauIQ Algorithm. The TauIQ algorithm decomposes a tau PET
scan into nonspeciﬁc TauL, local tau load (LTauL), and noise using
NS and K and a statistical parametric analysis of an initial residual
image (Fig. 2). This process is performed in 2 steps. First, an imagebased regression of the tau PET scan with the 2 canonical images is
performed in MNI152 space, using QR decomposition in MATLAB,
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Second, the derived residual image is
processed via a statistical parametric analysis to estimate an image representing the
local tau signal (i.e., signal that is over and
above the level of noise expected in the
residual image). This statistical parametric
analysis uses data derived from a set of
amyloid-negative healthy control 18F-ﬂortaucipir scans (n 5 65), where it is assumed
that there is negligible tau, to derive mean
and SD images from this set of residual
images in order to characterize the noise
distribution. These mean and SD images
allow for the conversion of a residual image
calculated by the ﬁrst step of TauIQ to a z
score image. This z score image is then
processed with the SPM gaussian random
ﬁelds algorithm (28) to estimate clusters of
voxels that are signiﬁcantly greater than
zero using a conservative threshold of P ,
0.01. The LTauL parameter is then calculated as the 3-dimensional integral of the
signal in the local tau image and so is a
function of both the intensity and the extent
of the local tau signal and has the units
SUVRcm3.
Thus, the overall TauIQ algorithm (Fig. 3)
takes as its input a 3-dimensional tau PET
image and corresponding structural MRI
18
FIGURE 1. Methodology for creating F-ﬂortaucipir canonical images. (A) Creation of chronological
scan to produce 3 main outputs: the TauL,
18
18
18
F-ﬂortaucipir dataset using associated F-ﬂorbetapir data. (B) Generation of F-ﬂortaucipir K and
which is the scaling factor for the carrying
NS canonical images from voxelwise modeling of chronological dataset.
capacity image (K); the local tau image,
which shows the local tau signal across the
to estimate the TauL, the nonspeciﬁc scaling factor (ns), and a residual brain; and the LTauL, which is a summary measure of this local signal
image:
accounting for both extent and intensity.

SUVr5ns NS1TauL K:

(1)

This step is equivalent to AmyloidIQ (4) and uses DARTEL (25) in
the same way to align images into MNI152 space.

FIGURE 2. Canonical images for 18F-ﬂortaucipir PET derived from spatiotemporal modeling of chronological AD data in MNI152 space: tau
canonical image (K) (A), nonspeciﬁc canonical image (NS) (B), and reference structural T1-weighted MR image (C).
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Comparison of TauIQ and SUVR Quantification

The TauIQ outcome measure TauL was compared with SUVR in a
cross-sectional analysis, in a longitudinal analysis, and in terms of its
relationship with clinical scores (CDR-SB, MMSE, and ADAS-Cog).
For all 18F-ﬂortaucipir scans, spatially normalized SUVR images were
used to calculate mean regional SUVRs for 4 regions through the
application of Jack meta, Braak I/II, Braak III/IV, and Braak V/VI
ROIs deﬁned in MNI152 space (Supplemental Fig. 1; supplemental
materials are available at http://jnm.snmjournals.org). AmyloidIQ was
used to classify each subject as Ab1 or Ab2 (positive is deﬁned as
an AbL greater than 33% (29)) to enable subsequent cross-sectional
and longitudinal analyses that were stratiﬁed for amyloid positivity.
Cross-Sectional Analyses. The Hedges g effect sizes were calculated and compared for group comparisons of CN1 versus CN2,
MCI1 versus CN2, and dementia1 versus CN2 (1/2 indicates
amyloid-positive or -negative) using TauL and SUVR outcome measures. A 95% CI on the calculated Hedges g was estimated using
10,000 bootstrap replicates of the sample, which was also used to calculate the probability that the outcome measure with the highest effect
size in each comparison was superior to all others.
Longitudinal Analyses. A linear regression was performed on the
change from baseline of the different outcome measures for each subject, with the intercept constrained to zero. The gradient of this linear
regression provides the change per year, and this was recorded for every
subject and all analysis approaches. The distributions of the changes per
year for the different clinical groups were plotted, and the mean, SD,
and effect size (mean divided by SD) were calculated. A 95% CI on the
calculated effect size was estimated using 10,000 bootstrap replicates of
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TauIQ

The TauIQ algorithm was successfully
applied to 791 tau PET scans (488 CN,
226 MCI, and 77 dementia) from crosssectional and longitudinal datasets and
was able to decompose the scans into 3
key components: nonspeciﬁc binding,
global tau, and local tau. The 18F-ﬂortauFIGURE 3. TauIQ algorithm that estimates global and local tau outcome measures.
cipir signal was well characterized, with
the ﬁnal residual images reﬂecting noise
the sample, which was also used to calculate the probability that the out- as expected (representative examples are shown in Fig. 4). TauL
come measure with the highest effect size in each clinical group was values estimated across all scans ranged between 23.5% and
superior to all others. Finally, the calculated effect size was also used to 185.2% (mean, 21.9% 6 20.4%), and a local tau component was
estimate the sample size required for a clinical trial with an active and required in 31% of all scans (CN, 22%; MCI, 35%; dementia,
placebo arm designed to detect a 25% reduction in tau accumulation in 72%).
the active arm over 1 y (power 5 80%, a 5 0.05).
Relationship to Clinical Scores. To assess the relationship of the

outcome measures TauL and SUVR to clinical scores of disease severity, all derived at baseline, correlation analysis (Pearson correlation)
was performed with 3 clinical measures: CDR-SB (n 5 615), MMSE
(n 5 615), and ADAS-Cog (n 5 607).
RESULTS
Canonical Images

The process of ﬁtting a linear regression at the voxel level to
the chronological dataset was performed successfully and produced 2 18F-ﬂortaucipir canonical images: the tau carryingcapacity image K and the nonspeciﬁc-binding image NS (Fig. 3).
The carrying-capacity image exhibited the highest intensities in
the temporal and parietal lobe, and the nonspeciﬁc-binding image
showed the highest intensities in the striatum, which is consistent
with some known off-target binding for 18F-ﬂortaucipir in this
region (30,31).

Cross-Sectional Analysis

TauL had the highest effect size for comparison of the CN2 and
CN1 groups (P , 0.10) and an effect size similar to the best
SUVR approach for comparison of the CN2 and MCI1 groups (P
, 0.64) and the CN2 and dementia1 groups (P , 0.44) (TauL
increase in effect size: CN2 vs. CN1, 145%; CN2 vs. MCI1,
25.6%; CN2 vs. dementia1, 12.3%; Table 1; Fig. 5). Effect
sizes among all groups can be found in Supplemental Table 1.
Longitudinal Analysis

The effect size for TauIQ was greater than that for SUVR in all
6 clinical groups investigated, with the largest value observed in
the MCI1 group (Table 2). For TauIQ, the greatest mean increases
per year were also seen in the MCI1 group (3.61%/y), followed
by the dementia1 group (2.52%/y) and the CN1 group (2.01%/
y). This translated to the MCI1 group’s having the lowest clinical
trial sample size (n 5 213 per arm) required to show a 25% attenuation in the accumulation of tau deposition over a 1-y period
(power 5 80%, a 5 0.05). Fewer subjects showed a reduction in tau signal
over time with TauIQ than with any of
the SUVR measures (34 for TauL, 61 for
SUVR Jack meta-ROI, 68 for SUVR
Braak I/II, 57 for SUVR Braak III/IV, 62
for SUVR Braak V/VI; Fig. 6).
Correlation with Clinical
Outcome Measures

Analysis of the relationship between
the clinical outcome measures (CDR-SB,
MMSE, and ADAS-Cog) with both
TauIQ and SUVR outcome measures
demonstrated that TauL had the strongest
relationship with CDR-SB and MMSE
(Fig. 7). For ADAS-Cog, the Jack metaROI and TauL equaled each other in
exhibiting the highest correlation (r2 5
0.34).
DISCUSSION

FIGURE 4. Examples of TauIQ decomposition of
local tau signals.

18

F-ﬂortaucipir data into nonspeciﬁc, global, and
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TABLE 1
Cross-Sectional Analysis*
Outcome measure
IQ

Tau

TauL

CN2 vs. CN1

CN2 vs. MCI1

CN2 vs. dementia1

1.00 (0.69–1.35), P < 0.10

1.53 (1.21–1.88)

2.70 (2.28–3.26), P < 0.44

SUVR Jack meta-ROI

0.69 (0.39–1.03)

1.58 (1.21–2.01)

2.64 (2.16–3.27)

SUVR Braak I/II

0.55 (0.26–0.85)

1.62 (1.24–2.04), P < 0.64

2.46 (1.98–3.03)

SUVR Braak III/IV

0.57 (0.28–0.88)

1.34 (0.99–1.72)

2.37 (1.93–2.92)

SUVR Braak V/VI

0.49 (0.19–0.80)

0.97 (0.63–1.32)

1.90 (1.48–2.40)

*Effect sizes with CIs for 18F-ﬂortaucipir TauL and SUVR outcome measures derived from group comparisons. Best-performing method
in terms of effect size is highlighted in bold along with probability it is best method.

approaches. The more complex deposition of tau, as compared
with Ab, in AD subjects necessitates the incorporation of a local
tau component in the algorithm (with 31% of subjects analyzed in
this study requiring the addition of this local tau component).
18
F-ﬂortaucipir canonical images characterizing the nonspeciﬁc background signal and the global spatial distribution for
tau in AD were successfully calculated from a chronological
dataset. The nonspeciﬁc image, NS, is consistent with 18F-ﬂortaucipir images observed in Ab2 healthy controls, from whom
tau is absent, demonstrating a homogeneous signal throughout
the brain apart from increased uptake in the striatum consistent
with known off-target binding of the tracer, which has been
linked to monoamine oxidases (32). The carrying-capacity
image, K, is consistent with postmortem maps of tau from AD
subjects that show increased deposition in line with Braak staging (13,33), with the areas of the temporal lobe that have the
highest signal being consistent with the earliest deposition of
tau in that region. The TauIQ algorithm presented here uses
these canonical images to determine an estimate of TauL (the
scaling factor associated with the canonical tau image) and an
estimate of LTauL (any additional tau signal that sits on top of
the global tau component).
The performance of the primary TauIQ outcome parameter
(TauL) was assessed against current SUVR approaches using common composite ROIs in cross-sectional analysis, longitudinal

analysis, and correlation with clinical scores. For the crosssectional analyses and correlation with clinical outcome measures,
TauIQ typically yielded numerically higher performance metrics
than did the best SUVR approach (frequently the Jack meta-ROI).
In the longitudinal analysis, TauIQ provided a substantial increase
in power over all SUVR approaches. TauIQ also demonstrated a
more plausible annual change (CN1, 2.0%/y; MCI1, 3.6%/y;
dementia1, 2.5%/y) that is consistent with increasing deposition.
The clinical trial power calculations demonstrated that TauIQ
would be powered to detect a 25% reduction in tau accumulation
with a 2-arm study involving 213 subjects per arm and that a 50%
reduction could be detected with 54 subjects per arm. This has signiﬁcant implications for the use of TauIQ in clinical trials where
tau imaging is being deployed as a pharmacodynamic endpoint to
assess the impact of novel therapies. Further, TauIQ was signiﬁcantly superior in detecting early tau deposition as evidenced by
the increase in effect size for the cross-sectional comparison of the
CN2 and CN1 groups (145%) and the longitudinal data from
the CN1 (1324%) and MCI2 (1205%) groups, which indicate
that TauIQ could play an important role in the stratiﬁcation of early
AD populations for trial entry.
Although TauL has been the primary TauIQ outcome explored
in this work, the algorithm also calculates a LTauL parameter if
additional local deposition of tau is present. In this study, 31%
of all scans had a nonzero LTauL, and the percentage was
higher as disease progressed (CN, 22%;
MCI, 35%; dementia, 72%). This
parameter will be investigated further in
future work but could have value in
stratifying subjects into subgroups for
clinical trial analysis, and it will be
interesting to explore whether these
deposits relate more directly to individual clinical deﬁcits of patients.
One limitation of this work is that longitudinal changes in atrophy and their
impact on the PET measures were not
considered; however, the magnitude of
atrophy effects is lower than the changes
observed for TauL, and these effects are
present for both TauIQ and SUVR.
Partial-volume correction methods could
theoretically be applied to both SUVR
FIGURE 5. Cross-sectional analysis shown as box plots of distributions of 18F-ﬂortaucipir TauL and
SUVR outcome measures by clinical group.
and TauIQ approaches, and further work

1296

THE JOURNAL OF NUCLEAR MEDICINE

!

Vol. 62

!

No. 9

!

September 2021

THE TAUIQ ALGORITHM

!

Whittington and Gunn

1297

546

Effect size and CI

n

377

1,130

1.09 (0.79 to 1.54),
P < 0.020
213

Effect size and CI

640

n

0.38 (20.17 to
1.42), P < 0.27
1,741

Effect size and CI

n

99,385

0.05 (20.44 to 0.83)

0.004 (0.085)

13,985

20.13 (20.58 to 0.71)

20.011 (0.079)

2,080

20.34 (21.32 to 0.76)

20.007 (0.019)

10,229

0.16 (20.24 to 0.57)

0.008 (0.052)

190,970

20.04 (20.49 to 0.53)

20.002 (0.040)

6,699

0.19 (20.15 to 0.52)

0.007 (0.039)

557,745

0.02 (20.25 to 0.30)

0.001 (0.037)

SUVR Braak I/II

32,2607

0.02 (20.56 to 0.76)

0.002 (0.080)

29,595

0.09 (21.18 to 1.01)

0.002 (0.024)

1,063

0.49 (0.13 to 0.93)

0.023 (0.047)

14,512

0.13 (20.31 to 0.79)

0.004 (0.031)

8,170

0.18 (20.16 to 0.55)

0.007 (0.041)

37,422

0.08 (20.19 to 0.37)

0.003 (0.036)

SUVR Braak III/IV

67,106

20.06 (20.64 to 0.71)

20.005 (0.078)

63,426

0.06 (21.52 to 1.01)

0.002 (0.024)

1,655

0.39 (0.00 to 0.89)

0.017 (0.044)

1,610

0.40 (20.05 to 0.94)

0.010 (0.025)

9,019

0.17 (20.16 to 0.55)

0.007 (0.039)

847,562

20.02 (20.30 to 0.24)

20.001 (0.037)

SUVR Braak V/VI

*Change in 18F-ﬂortaucipir TauL and SUVR outcome measures per year for each clinical group. Best-performing method in terms of effect size (mean/SD) is highlighted in bold along
with probability that it is the best method. n is number of subjects, in both active and placebo arms of simulated clinical trial, required to show 25% reduction in tau accumulation in active
arm over period of 1 y (power 5 80%, a 5 0.05).

2.52 (6.64)

Mean and SD

147,860

0.63 (20.13 to
2.14), P < 0.28

Dementia1

20.001 (0.032)
20.04 (21.55 to 0.76)

1.53 (2.43)

Mean and SD

Effect size and CI

Dementia2

n

0.47 (0.12 to 0.85)

3.61 (3.31)

Mean and SD

MCI1
0.023 (0.049)

4,458

0.82 (0.57 to 1.58),
P < 0.13

n

0.24 (20.22 to 0.82)

1.87 (2.28)

Effect size and CI

0.008 (0.032)

5,726

0.21 (20.12 to 0.55)

Mean and SD

MCI2

2.01 (2.97)
0.68 (0.43 to 0.98),
P < 0.022

Mean and SD

0.009 (0.044)

33,812

940

CN1

n

0.09 (20.18 to 0.37)

0.52 (0.28 to 0.79),
P < 0.016

Effect size and CI

0.003 (0.037)

SUVR Jack meta-ROI

1.20 (2.31)

TauIQ TauL

Mean and SD

CN2

Parameter

TABLE 2
Longitudinal Analysis*

FIGURE 6. Longitudinal analysis shown as box plots of distributions of change in 18F-ﬂortaucipir TauL and SUVR outcome measures.

FIGURE 7. Correlations between clinical scores (CDR-SB, MMSE, and ADAS-Cog) and tau imaging outcome measures.
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will investigate this possibility. Also, the current analysis used
spatially normalized and smoothed images as part of the analytic
pipeline. It is possible that further advantages could be obtained
through processing of unsmoothed images in native space for both
SUVR and TauIQ.
Although the current work used the tau tracer 18F-ﬂortaucipir,
the algorithm is equally applicable to other tau tracers given the
appropriate generation of tracer-speciﬁc canonical images. Work
with the tracer 18F-GTP-1 has also been presented and demonstrated increased performance over SUVR approaches (34).
CONCLUSION

TauIQ is a canonical image-based algorithm for the quantiﬁcation of tau PET scans and accounts for the more complex deposition of tau than of amyloid. TauL as estimated by TauIQ provides a
substantial improvement in power for longitudinal analyses and
for early detection of tau deposition over SUVR approaches and
should have signiﬁcant value for clinical imaging trials in AD that
are investigating the attenuation of tau deposition with novel
therapies.
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KEY POINTS
QUESTION: What is the best way of quantifying tau PET
images?
PERTINENT FINDINGS: The TauIQ algorithm introduced in this
work shows increased performance over standard SUVR
approaches. This quantiﬁcation approach will provide increased
performance when using tau imaging as a biomarker in clinical
trials, leading to either studies with fewer subjects or increased
signals.
IMPLICATIONS FOR PATIENT CARE: This algorithm might
provide data for important clinical decision making when AD
therapies become approved.
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Hypermetabolism on Pediatric PET Scans of Brain Glucose
Metabolism: What Does It Signify?
Harry T. Chugani
Department of Neurology, NYU Langone School of Medicine, New York, New York

When one is interpreting clinical 18F-FDG PETscans of the brain (excluding tumors) in children, the typical abnormality seen is hypometabolism
of various brain regions. Focal areas of hypermetabolism are noted
occasionally, and the usual interpretation is that the hypermetabolic
region represents a seizure focus. In this review, I discuss and illustrate
the multiple causes of hypermetabolism on 18F-FDG PET studies that
should not be interpreted as seizure activity, as such an interpretation
could potentially be incorrect. Various conditions in which focal hypermetabolism can be encountered on 18F-FDG PET studies include interictal hypermetabolism, Sturge–Weber syndrome, changes associated
with brain plasticity after injury, Rett syndrome, hypoxic–ischemic brain
injury, various inborn errors of metabolism, and autoimmune encephalitis. The radiologist or nuclear medicine physician interpreting clinical
18
F-FDG PET studies should be aware of these circumstances to accurately assess the ﬁndings.
Key Words: 18F-FDG PET; brain; hypermetabolism; epilepsy
J Nucl Med 2021; 62:1301–1306
DOI: 10.2967/jnumed.120.256081

represents an epileptic focus (if small) or an epileptogenic region (if
large). Although this interpretation may be correct in most patients
with epilepsy, it may be incorrect in many cases and lead to erroneous interpretation of the ﬁndings. In addition, the semiquantitative
objective methods designed to aid in visual analysis have been validated only for the detection of hypometabolism, not for hypermetabolism. In this article, which is based on a review of the
literature and focuses mainly on children, I discuss and illustrate
the multiple causes of hypermetabolism that can be encountered in
18
F-FDG PET studies. A discussion of the hypermetabolism seen
in malignant brain tumors is not within the scope of this review.
Since this is a review of previously published studies, institutional
review board approval was not required. It should be noted that
the ﬁgures in this article are from several decades ago, and image resolution has since improved considerably. Unless otherwise stated,
the images are from the author’s personal dataset. Intensity scales/
side bars are not shown because they are not available, but are less
relevant for these black-and-white qualitative images.
18

F-FDG PET HYPERMETABOLISM IN EPILEPSY

P

ET scans of glucose metabolism using the radiotracer 18F-FDG
have been performed for over 3 decades and have been incorporated
into clinical practice, particularly in oncology. In adults, brain 18FFDG PET scans are approved for the evaluation of dementia and
intractable epilepsy and for differentiation between recurrent brain
tumor and radiation necrosis. In children, however, brain 18F-FDG
PET scans are approved for the evaluation of intractable epilepsy
before potential epilepsy surgery and for brain tumors. I recently presented data and argued that 18F-FDG PET scans are also clinically
valuable in the management of children with neurodegenerative disorders, and I recommended that approval be extended to include this
population as well (1).
In the interpretation of 18F-FDG PET scans of the brain, the typical abnormality seen is hypometabolism of various brain regions.
For clinical studies, hypometabolic brain regions are determined
on visual inspection by comparison with adjacent regions and with
the contralateral hemisphere. Various semiquantitative objective
methods are also used in some centers to augment visual interpretation. However, brain regions showing hypermetabolism are occasionally noted, and the interpretation of such images can be
challenging. The usual conclusion is that the hypermetabolic region
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Unlike SPECT, for which ictal scans can be planned, scheduling
of ictal PET scans is not practical because of the short half-life of 18F
(#110 min). Patients (particularly children) with frequent seizures
may occasionally experience a seizure during the approximately
30-min 18F-FDG uptake period, thus yielding an ictal PET scan.
In some institutions, patients with frequent seizures are monitored
with an electroencephalogram during the tracer uptake period, and
if a clinical or subclinical seizure occurs, its localization, timing,
and duration can accurately be analyzed (2). If the seizure occurs
early enough (#the ﬁrst 10 min) during the tracer uptake period
and lasts for more than a few minutes, hypermetabolism may be
seen on the images and may provide useful localization data (Fig.
1A), both from the PET scan itself and from the concurrent electroencephalogram, if performed. Brief seizures or seizures occurring
late in the relatively long 18F-FDG uptake period will usually not
show hypermetabolism.
Less well known and often missed is the phenomenon of interictal
hypermetabolism (2,3). This occurs when the patient’s electroencephalogram shows a focal interictal epileptiform discharge that persists throughout much of the tracer uptake period. No actual seizure
is recorded clinically or on the electroencephalogram, yet the PET
images show focal hypermetabolism in a cortical region (Fig. 1B)
corresponding to the focal discharge seen on the electroencephalogram. This phenomenon is similar to observations from experimental animal models of focal epilepsy induced by electrical or chemical
kindling, and 14C-2-deoxyglucose autoradiography reveals hypermetabolism in the spiking focus without an actual clinical seizure
recorded on the electroencephalogram or a clinical seizure observed
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because the electroencephalograms often show more robust epileptiform activity in epileptic children than in adults. When concurrent
electroencephalography during PET is not feasible, a review of previous electroencephalograms of the patient may also aid in the accurate interpretation of the 18F-FDG PET results.
HYPERMETABOLISM IN STURGE–WEBER SYNDROME (SWS)

In children with SWS, the typical ﬁnding on 18F-FDG PET is
hypometabolism in the involved cortex, often with extension to additional areas beyond the vascular abnormality (leptomeningeal angioma) seen on MRI (5,6). However, in the early stages of the
evolution in SWS, affected infants may show a paradoxic pattern
18
FIGURE 1. (A) Ictal F-FDG PET scan of 14-mo-old child with infantile
of hypermetabolism interictally in the cortex underlying the leptospasms who fortuitously developed convulsive seizure 12 min after admin18
meningeal angioma. As the disease progresses, the hypermetabolic
istration of F-FDG. Intense hypermetabolism (arrow) is seen in left medial
area becomes hypometabolic and atrophied, indicating a dynamic
temporal lobe. (B) Interictal hypermetabolism in adolescent with left temporal lobe epilepsy who showed spiking on electroencephalogram during
course of brain injury in this disorder (5). Different regions within
entire 18F-FDG uptake period, producing left temporal cortex hypermetabthe affected hemisphere may undergo this process independently
olism (arrow). No actual seizures were witnessed clinically or observed on
(Fig. 2A). Eventually all affected regions become atrophied and
electroencephalogram. Without electroencephalography, this 18F-FDG
hypometabolic. This can occur in unilateral as well as bilateral cases
PET study could have been interpreted as right temporal cortex hypometabof SWS (Figs. 2B and 2C). Early hypermetabolism seen on the 18Folism, thus falsely lateralizing seizure focus.
FDG PET scans of children with SWS is almost never the result of
seizure activity unless an actual seizure is witnessed during the tracer
uptake period. Moreover, the hypermetabolism in SWS is typically
in the animal (4). The high energy demand of the persistent epileptic not due to interictal spiking since this is not a common ﬁnding in
spiking is sufﬁcient to produce observable hypermetabolism in the their electroencephalograms, which more typically show focal slow14
C-2-deoxyglucose experimental model and with 18F-FDG in ing and background attenuation over the angioma.
The ﬁnding of focal glucose hypermetabolism in the early stages
human PET studies. Therefore, patients who are known to have
actively spiking foci and are undergoing an 18F-FDG PET study of SWS should not be misinterpreted as a seizure focus or an area of
should be monitored with electroencephalography during the uptake ischemia requiring more glucose because it has switched to anaeroperiod to allow accurate interpretation of the ﬁndings, a practice only bic metabolism. Indeed, these considerations were dismissed after
rarely followed in clinical PET centers. Interictal hypermetabolism ﬁndings reported from SPECT studies that showed hyperperfusion
is seen more commonly in children than in adults, presumably in affected regions in babies and infants even before seizure onset (7).
Both the 18F-FDG PET and the SPECT
observations are consistent with an earlier
study that found accelerated myelination in
the affected hemisphere on MRI scans (8).
Glucose hypermetabolism, hyperperfusion, and accelerated myelination in focal
brain regions early in the course of SWS
are likely interrelated phenomena indicating
dynamic changes within these regions leading to eventual tissue damage. A study using
MR spectroscopy to address the underlying
cause of the hypermetabolism found mean
ipsilateral/contralateral glutamate/creatine
ratios to be highest in the youngest of the
10 children evaluated, with a strong positive
correlation to their seizure frequency scores.
All scans were performed in the interictal
state as veriﬁed by concurrent electroencephalogram monitoring. In 5 children,
increased glutamate concentrations in the
affected hemisphere were seen in the same
areas as those currently or previously manifesting hypermetabolism on 18F-FDG PET
FIGURE 2. (A) Transient focal hypermetabolism evolving to hypometabolism and brain injury in SWS
(9). The authors suggested that increased
may undergo different temporal course in various regions within affected hemisphere. In this child, 18Fglutamate concentrations are common in
FDG PET scan shows interictal right frontal cortex hypermetabolism at age 1.9 y evolving to hypomeyoung children with SWS and likely to be
tabolism at age 2.7 y (solid arrows), whereas right parietal cortex hypometabolism was already present
associated with their tissue damage and epiat age 1.9 y and unchanged at 2.7 y (dashed arrows). (B and C) MRI and 18F-FDG PET in child with bilateral brain involvement showing both hypometabolism and hypermetabolism (arrows).
lepsy. These ﬁndings are also consistent
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life; neuropathology examination suggests
that axodendritic connections are the most
vulnerable in this neurodegenerative process. Naidu et al. (14) studied children
with Rett syndrome using various neuroimaging approaches and found the largest
changes in the frontal lobes, which showed
hypoperfusion, as well as increased choline
and reduced N-acetylaspartate on MR spectroscopy. However, 18F-FDG PET showed
hypermetabolism in the frontal lobes not
related to seizure activity (Fig. 4). The
authors concluded that the frontal cortex
was hypermetabolic (rather than the occipital cortex hypometabolic) based on the
18
FIGURE 3.
F-FDG PET scans of 3 children with unilateral leptomeningeal angiomatosis in SWS.
SPECT hypoperfusion and MR spectrosArrows point to normal occipital cortex showing hypermetabolism, as compared with contralateral
copy ﬁndings in the frontal lobe of Rett
affected hemisphere, which shows severe hypometabolism and atrophy.
patients. They hypothesized increased glutamate cycling in synapses leading to brain
injury as the mechanism of frontal lobe
with observations from a previous study suggesting that the early hypermetabolism. The role of glutamate neurotoxicity in dendritic
cortical hypermetabolism may be predictive of subsequent severe and synaptic injury is strongly supported by ﬁndings from mouse
epilepsy (10).
models of Rett syndrome (15). Indeed, the drug troﬁnetide, which
Another phenomenon displaying focal hypermetabolism in SWS is a glutamate antagonist, is currently undergoing clinical trials in
relates to occipital lobe plasticity. When there is signiﬁcant and early children with Rett syndrome (16) and 18F-FDG PET may potentially
(likely intrauterine) occipital lobe injury resulting in severe hypome- serve as an objective biomarker to monitor therapeutic efﬁcacy.
tabolism and atrophy in the affected occipital lobe, there may be dramatic hypermetabolism in the contralateral intact occipital lobe (Fig. HYPOXIC–ISCHEMIC BRAIN INJURY IN THE NEWBORN
3), which appears normal on the MRI scan (11). This hypermetaboHypermetabolism in damaged brain regions can be seen in newlism seen in the intact hemisphere is not related to epilepsy and borns in the acute phase after perinatal hypoxic–ischemic brain
should not be misinterpreted as a seizure focus. It is likely due to injury. Previous 18F-FDG PET studies in this population have not
reorganizational changes (plasticity) in the intact occipital lobe reported this phenomenon, presumably because the babies were
and is not speciﬁc to SWS but may also be seen in other conditions, scanned in the subacute or chronic state. Instead, various patterns
such as focal cortical dysplasia affecting one occipital lobe (12).
of hypometabolism were reported, extending beyond the affected
RETT SYNDROME

Focal glucose hypermetabolism in interictal 18F-FDG PET studies has been reported in Rett syndrome, which is a neurodevelopmental disorder, affecting primarily girls, that progresses over
several stages to severe intellectual and physical disabilities; the disorder results from mutations in the MECP2 gene, as was recently
reviewed (13). Neuroimaging studies in Rett syndrome have
revealed restriction of brain growth beginning in the ﬁrst year of

FIGURE 4. Eight-year-old girl with Rett syndrome whose 18F-FDG PET
scan shows bilateral frontal cortex hypermetabolism (arrows). (Reprinted
with permission from Elsevier (14).)

structural abnormalities shown by CT scanning (17). Subsequent
studies in these babies suggested that persistently low quantitative
cerebral glucose metabolic rates are associated with delayed development (18). Total cerebral metabolic rates of glucose were found to
be inversely correlated with the severity of the brain injury. Thus,
neonates with the lowest cerebral metabolic rates of glucose subsequently developed permanent neurologic symptoms and cerebral
palsy (19).
A transient hypermetabolism has been observed in the basal
ganglia after the near-total type of hypoxic–ischemic injury in the
neonatal period, followed by severe hypometabolism in the lenticular nuclei and thalami when the child was restudied several years
later (Fig. 5) (20). This type of acute catastrophic injury may be
seen in cases of placental abruption, uterine rupture, or umbilical
cord prolapse. The selective vulnerability of the basal ganglia in
this setting may be related to the transient excess of glutamate
receptors seen in the newborn basal ganglia compared with older
children and adults (21). This form of injury is associated with the
subsequent development of the dystonic (choreoathetoid, extrapyramidal) type of cerebral palsy, as, indeed, was the sequela in this
child. It was postulated that the transition from hypermetabolism
to hypometabolism indicates the culmination of the brain injury
due to excitotoxic mechanisms, which are mediated by glutamatergic neurotransmission (22). Unfortunately, the time course of the
transient hypermetabolism is unknown and yet to be deﬁned. Also
unknown is whether transient hypermetabolism is seen in the
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watershed types of neonatal hypoxic–ischemic brain injury (also
referred to as the partial prolonged type of brain injury) sometimes
encountered at birth.
INBORN ERRORS OF METABOLISM

Transient hypermetabolism of the basal ganglia seen on 18F-FDG
PET scans has been reported in several inborn errors of metabolism.
This transient phase is followed by hypometabolism in the same
brain region and indicates a selective vulnerability due to the abnormal biochemical state (i.e., metabolic toxins) in the speciﬁc disorder.
Propionic acidemia is an organic acidemia associated with diverse
neurologic manifestations, including developmental delay, intellectual disability, seizures, optic neuropathy, and strokelike episodes.
The disorder is progressive and may also result in cardiac, gastrointestinal, and renal complications. Serial MRI and 18F-FDG PET
scans in 5 children with biochemically conﬁrmed propionic acidemia showed normal ﬁndings on both 18F-FDG PET and MRI in
the early stages of the disorder. As the disease progressed, the 18FFDG PET scans revealed glucose hypermetabolism in the basal ganFIGURE 5. 18F-FDG PET scan of child who had hypoxic ischemic encephglia and thalami with subsequent evolution to hypometabolism in the
alopathy at birth and later developed dystonic/choreoathetoid cerebral
basal ganglia (Figs. 6A–6C), whereas MRI showed atrophy and an
palsy. Left image, from newborn period, shows intense hypermetabolism
abnormal signal in the caudate and putamen, with normal thalami
in basal ganglia (solid arrows) compared with control. Right image, at 5 y
(23). The investigators suggested that the neurotoxins in this metaof age, shows severe hypometabolism in lenticular nuclei (solid arrows)
bolic disorder have a predilection for the basal ganglia, activate gluand thalami (dotted arrows). Metabolism is relatively preserved in cerebral
cortex.
tamatergic mechanisms, and eventually damage or destroy the basal
ganglia. This notion is supported by the transient hypermetabolism
in the basal ganglia in accordance with the dynamic nature of neurodegeneration during the course of this disorder.
A somewhat similar phenomenon has
been reported in ethylmalonic aciduria,
which is a severe organic aciduria affecting
mitochondria and the vasculature. Ethylmalonic aciduria, in addition to involving the
central nervous system, can also lead to
changes in the retinal vessels, acrocyanosis,
petechiae, and gastrointestinal symptoms.
The central nervous system symptoms
include hypotonia, physical and intellectual
regression, and, as the disease progresses,
dystonia and spasticity. Neuroimaging studies in a 6-mo-old boy with ethylmalonic
aciduria showed normal MRI ﬁndings but
bilaterally intense hypermetabolism in the
caudate and putamen on 18F-FDG PET
(Figs. 6D and 6E). When performed again
a year later, 18F-FDG PET showed bilateral
hypometabolism in the putamen, caudate
head, and frontal cortex, whereas MRI
showed atrophy and infarcts in the basal
ganglia (24). These ﬁndings are again consistent with the selective vulnerability of
the basal ganglia in some inborn errors of
metabolism.
FIGURE 6. (A–C) 18F-FDG PET scans of 3 children with propionic acidemia at different stages of dis18
ease: at age 1 mo (A), this baby shows relatively normal pattern of glucose metabolism for age; this 2F-FDG PET scans have been permo-old infant (B) shows intense hypermetabolism in basal ganglia (solid arrow) and thalamus (dashed
formed on several other inborn errors of
arrow); this 2-y-old child (C) shows relatively normal glucose metabolism in thalamus (dashed arrow),
metabolism, often published in case reports.
but basal ganglia shows no metabolic activity. (Reprinted with permission from Elsevier (23).) (D and
The general ﬁnding is hypometabolism, but
E) 18F-FDG PET images of boy with ethylmalonic aciduria: at 2 y of age (D), intense bilateral hypermein some cases, the hypometabolism is spetabolism is seen in caudate nucleus and putamen (dashed arrow); when scanned again at age 3 y (E),
ciﬁc to, or most prominent in, the basal
there has been evolution of hypermetabolism to hypometabolism (dashed arrow). (Reprinted with permission from Elsevier (24).)
ganglia. These include glutaric aciduria
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hypometabolism. Focal hypermetabolism or more commonly hypometabolism in autoimmune encephalitis has
been conﬁrmed by other investigators
and can be useful in early diagnosis in
these disorders (30–32). In particular,
some cases of suspected autoimmune
encephalitis may be antibody-negative,
and 18F-FDG PET may contribute
toward establishing a clinical diagnosis.
CONCLUSION

In this review, I have illustrated multiple examples of hypermetabolism that
should not be interpreted as seizure
activity on 18F-FDG PET scans. The
radiologist or nuclear medicine physician interpreting these studies needs to
be aware that focal hypermetabolism
does not always indicate a seizure focus,
and the physician should be familiar with
FIGURE 7. 18F-FDG PET scans of 15-y-old boy with anti-N-methyl-D-aspartate receptor encephalitis.
the less common causes of hypermetabo(Top) Focal intense hypermetabolism in right cerebellar cortex (solid arrows) and diffuse hypometabolism
lism. Since seizures do not emanate from
of bilateral cerebral hemispheres. (Bottom) Subsequent focal hypometabolism in right cerebellar cortex
the basal ganglia, the physician should
(dashed arrows), corresponding to initially hypermetabolic region. (Reprinted with permission from Sage
also be aware that increased glucose
(29).)
metabolism in the basal ganglia may be
a clue to an underlying metabolic disorder. In these cases, the timing of the
type 1 (25,26) and 3-methylglutaconic aciduria (27). It is unclear at 18F-FDG PET scan in relation to the course of a progressive neurowhich stage of disease progression these 18F-FDG PET studies were logic disorder should be noted, and if indicated, the study should be
conducted. I postulate that had the 18F-FDG PET studies been per- repeated to determine progressive changes in brain glucose
formed at an earlier stage of rapid clinical regression in these disor- metabolism.
Finally, it is acknowledged that when interpreting 18F-FDG PET
ders, the 18F-FDG PET scans might also have shown transient
hypermetabolism in the basal ganglia. Furthermore, recently devel- scans of glucose metabolism visually (as in clinical studies), we are
oped hybrid PET/MRI scanners provide a unique opportunity to looking at relative hypermetabolism since absolute quantiﬁcation is
determine the time course and relationship between structural, glu- not available, and interpretation may thus be challenging. Some gencose metabolism, and MR spectroscopic changes seen in this group eral rules may be helpful in this regard. For example, if supratentorial cortical metabolism is decreased, thalamic metabolism usually
of rare disorders.
follows; caudate may follow, but not the rest of the basal ganglia
or brain stem. Frontal, parietal, and temporal cortex metabolism is
AUTOIMMUNE ENCEPHALITIS
usually lower than metabolism in the primary visual cortex (medial
The autoimmune encephalitides comprise a group of disorders occipital cortex, calcarine cortex). Cerebellar metabolism is higher
characterized by changes in mental status, seizures, dyskinesias, or than most supratentorial cortical metabolism in the ﬁrst few months
memory decline in association with the presence of serum and cere- postnatally, but never after the ﬁrst year. This rule is particularly usebrospinal ﬂuid autoantibodies against brain proteins (28). MRI scans ful when deciding between supratentorial cortical hypometabolism
in these disorders often have normal ﬁndings or may show increased and basal ganglia hypermetabolism. Brain stem nuclei metabolism
ﬂuid-attenuated inversion recovery/T2 signal in various locations, is usually around the same as that of the basal ganglia. Ultimately,
such as in one or both temporal lobes in limbic encephalitis. 18F- the experience of the interpreting physician, as well as knowledge
FDG PET scans may show focal hypermetabolism in various loca- of the patient history, is crucial.
tions (29,30).
A report of focal hypermetabolism in a case of autoimmune DISCLOSURE
encephalitis involved a 15-y-old boy with anti-N-methyl-D-aspartate
No potential conﬂict of interest relevant to this article was
receptor encephalitis whose brain MRI ﬁndings were repeatedly norreported.
18
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lesion in the right cerebellar cortex (Fig. 7). The patient showed clin- REFERENCES
ical signs of improvement after 2 courses of intravenous immuno1. Chugani HT. Positron emission tomography in pediatric neurodegenerative disorglobulin therapy over 4 wk. On day 46, repeat brain 18F-FDG PET
ders. Pediatr Neurol. 2019;100:12–25.
18
showed overall improvement, but in contrast to the previous F2. Schur S, Allen V, White A, et al. Signiﬁcance of FDG-PET hypermetabolism in children with intractable focal epilepsy. Pediatr Neurosurg. 2018;53:153–162.
FDG PET scan, the right cerebellar cortex showed focal

HYPERMETABOLISM ON BRAIN 18F-FDG PET

!

Chugani

1305

3. Chugani HT, Shewmon DA, Khanna S, Phelps ME. Interictal and postictal focal
hypermetabolism on positron emission tomography. Pediatr Neurol. 1993;9:10–15.
4. Ackermann RF, Chugani HT, Handforth A, Moshe S, Caldecott-Hazard S, Engel J.
Autoradiographic studies of cerebral metabolism and blood ﬂow in rat amygdala kindling. In: Wada JA, ed. Kindling 3. Raven Press; 1986:73–87.
5. Chugani HT, Mazziotta JC, Phelps ME. Sturge-Weber syndrome: a study of cerebral
glucose utilization with positron emission tomography. J Pediatr. 1989;114:244–
253.
6. Juh!asz C, Batista CE, Chugani DC, Muzik O, Chugani HT. Evolution of cortical metabolic abnormalities and their clinical correlates in Sturge-Weber syndrome. Eur J
Paediatr Neurol. 2007;11:277–284.
7. Pinton F, Chiron C, Enjolras O, Motte J, Syrota A, Dulac O. Early single photon emission computed tomography in Sturge-Weber syndrome. J Neurol Neurosurg Psychiatry. 1997;63:616–621.
8. Jacoby CG, Yuh WT, Aﬁﬁ AK, Bell WE, Schelper RL, Sato Y. Accelerated myelination in early Sturge-Weber syndrome demonstrated by MR imaging. J Comput
Assist Tomogr. 1987;11:226–231.
9. Juh!asz C, Hu J, Xuan Y, Chugani HT. Imaging increased glutamate in children with
Sturge-Weber syndrome: association with epilepsy severity. Epilepsy Res. 2016;122:
66–72.
10. Alkonyi B, Chugani HT, Juh!asz C. Transient focal cortical increase of interictal glucose metabolism in Sturge-Weber syndrome: implications for epileptogenesis. Epilepsia. 2011;52:1265–1272.
11. Batista CE, Juh!asz C, Muzik O, Chugani DC, Chugani HT. Increased visual cortex
glucose metabolism contralateral to angioma in children with Sturge-Weber syndrome. Dev Med Child Neurol. 2007;49:567–573.
12. Jeong JW, Tiwari VN, Shin J, Chugani HT, Juh!asz C. Assessment of brain damage
and plasticity in the visual system due to early occipital lesion: comparison of
FDG-PET with diffusion MRI tractography. J Magn Reson Imaging. 2015;41:431–
438.
13. Gold WA, Krishnarajy R, Ellaway C, Christodoulou J. Rett syndrome: a genetic
update and clinical review focusing on comorbidities. ACS Chem Neurosci. 2018;
9:167–176.
14. Naidu S, Kaufmann WE, Abrams MT, et al. Neuroimaging studies in Rett syndrome.
Brain Dev. 2001;23(suppl 1):S62–S71.
15. Maezawa I, Jin LW. Rett syndrome microglia damage dendrites and synapses by the
elevated release of glutamate. J Neurosci. 2010;30:5346–5356.
16. Glaze DG, Neul JL, Kaufmann WE, et al. Double-blind, randomized, placebocontrolled study of troﬁnetide in pediatric Rett syndrome. Neurology. 2019;92:
e1912–e1925.
17. Doyle LW, Nahmias C, Firnau G, Kenyon DB, Garnett ES, Sinclair JC. Regional
cerebral glucose metabolism of newborn infants measured by positron emission
tomography. Dev Med Child Neurol. 1983;25:143–151.

1306

THE JOURNAL OF NUCLEAR MEDICINE

!

Vol. 62

!

18. Suhonen-Polvi H, Kero P, Korvenranta H, et al. Repeated ﬂuorodeoxyglucose positron emission tomography of the brain in infants with suspected hypoxic-ischaemic
brain injury. Eur J Nucl Med. 1993;20:759–765.
19. Thorngren-Jerneck K, Ohlsson T, Sandell A, et al. Cerebral glucose metabolism measured by positron emission tomography in term newborn infants with hypoxic ischemic encephalopathy. Pediatr Res. 2001;49:495–501.
20. Batista CE, Chugani HT, Juh!asz C, Behen ME, Shankaran S. Transient hypermetabolism of the basal ganglia following perinatal hypoxia. Pediatr Neurol. 2007;36:330–
333.
21. Greenamyre T, Penney JB, Young AB, Hudson C, Silverstein FS, Johnston MV. Evidence for transient perinatal glutamatergic innervation of globus pallidus. J Neurosci.
1987;7:1022–1030.
22. Johnston MV. Excitotoxicity in neonatal hypoxia. Ment Retard Dev Disabil Res Rev.
2001;7:229–234.
23. Al-Essa M, Bakheet S, Patay Z, et al. 18ﬂuoro-2-deoxyglucose (18FDG) PET scan of
the brain in propionic acidemia: clinical and MRI correlations. Brain Dev. 1999;21:
312–317.
24. al-Essa MA, Al-Shamsan LA, Ozand PT. Clinical and brain 18ﬂuoro-2-deoxyglucose
positron emission tomographic ﬁndings in ethylmalonic aciduria, a progressive neurometabolic disease. Europ J Paediatr Neurol. 1999;3:125–127.
25. Al-Essa M, Bakheet S, Patay Z, et al. Fluoro-2-deoxyglucose (18FDG) PET scan of
the brain in glutaric aciduria type 1: clinical and MRI correlations. Brain Dev.
1998;20:295–301.
26. Awaad Y, Shamoto H, Chugani H. Hemidystonia improved by baclofen and PET
scan ﬁndings in a patient with glutaric aciduria type I. J Child Neurol. 1996;11:
167–169.
27. Al-Essa M, Bakheet S, Al-Shamsan L, Patay Z, Powe J, Ozand PT. 18ﬂuoro-2-deoxyglucose (18FDG) PET scan of the brain in type IV 3-methylglutaconic aciduria: clinical and MRI correlations. Brain Dev. 1999;21:24–29.
28. Graus F, Titulaer MJ, Balu R, et al. A clinical approach to diagnosis of autoimmune
encephalitis. Lancet Neurol. 2016;15:391–404.
29. Maqbool M, Oleske DA, Huq AH, Salman BA, Khodabakhsh K, Chugani HT. Novel
FDG-PET ﬁndings in anti-NMDA receptor encephalitis: a case based report. J Child
Neurol. 2011;26:1325–1328.
30. Newey CR, Sarwal A, Hantus S. [18F]-ﬂuoro-deoxy-glucose positron emission
tomography scan should be obtained early in cases of autoimmune encephalitis. Autoimmune Dis. 2016;2016:9450452.
31. Solnes LB, Jones KM, Rowe SP, et al. Diagnostic value of 18F-FDG PET/CT versus
MRI in the setting of antibody-speciﬁc autoimmune encephalitis. J Nucl Med. 2017;
58:1307–1313.
32. Tripathi M, Tripathi M, Roy SG, et al. Metabolic topography of autoimmune nonparaneoplastic encephalitis. Neuroradiology. 2018;60:189–198.

No. 9

!

September 2021

Dopamine D1 Receptor Agonist PET Tracer Development:
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Non–catechol-based high-afﬁnity selective dopamine D1 receptor
(D1R) agonists were recently described, and candidate PET ligands
were selected on the basis of favorable properties. The objective of
this study was to characterize in vivo in nonhuman primates 2 novel
D1R agonist PET radiotracers, racemic 18F-MNI-800 and its more
active atropisomeric (2)-enantiomer, 18F-MNI-968. Methods: Ten
brain PET experiments were conducted with 18F-MNI-800 on 2 adult
rhesus macaques and 2 adult cynomolgus macaques, and 8 brain
PET experiments were conducted with 18F-MNI-968 on 2 adult rhesus
macaques and 2 adult cynomolgus macaques. PET data were analyzed with both plasma-input–based methods and referenceregion–based methods. Whole-body PET images were acquired with
18
F-MNI-800 from 2 adult rhesus macaques for radiation dosimetry
estimates. Results: 18F-MNI-800 and 18F-MNI-968 exhibited regional
uptake consistent with D1R distribution. Speciﬁcity and selectivity
were demonstrated by dose-dependent blocking with the D1 antagonist SCH-23390. 18F-MNI-968 showed a 30% higher speciﬁc signal
than 18F-MNI-800, with a nondisplaceable binding potential of approximately 0.3 in the cortex and approximately 1.1 in the striatum. Dosimetry radiation exposure was favorable, with an effective dose of about
0.023 mSv/MBq. Conclusion: 18F-MNI-968 has signiﬁcant potential
as a D1R agonist PET radiotracer, and further characterization in
human subjects is warranted.
Key Words: D1 receptor: agonist; PET imaging; schizophrenia; Parkinson disease;
J Nucl Med 2021; 62:1307–1313
DOI: 10.2967/jnumed.120.256008

D

opamine D1 receptors (D1Rs) are the most abundant dopamine
receptor subtype in the brain and the primary subtype in the prefrontal cortex (1,2) and are exclusively found postsynaptically on
dopamine-receptive neurons (medium spiny neurons in the striatum
and pyramidal neurons in the prefrontal cortex). Despite its extensive brain distribution, D1R interest has dropped behind other
subtypes, especially D2 receptors, partly because of the lack of

D1R-selective agents that would facilitate a greater understanding
of this target.
Dihydrexidine, the ﬁrst high-afﬁnity catechol-based selective full
D1R agonist, demonstrated the therapeutic potential of D1Rselective ligands in schizophrenia (alleviation of cognitive deﬁcit
and negative symptoms (3)) and Parkinson disease (antiparkinsonian action in MPTP-treated primate model (4)). The recent introduction of non–catechol-based high-afﬁnity selective D1R
agonists has revived interest in this target (5–9).
The development of in vivo imaging techniques has proven
extremely valuable to elucidate disease pathology, disease progression, and advancement of target-speciﬁc therapies. Several PET
radiotracers for D1R have been developed, mainly the antagonists
11
C-NNC-112 (10), 11C-SCH-23390 (11), and 11C-A-69024 (12);
the partial agonist 11C-N-methyl-NNC 01-0259 (13); and the agonist
11
C-SKF 82957 (14). However, 11C-SCH-23390 and 11C-NNC-112
suffer from selectivity against 5-HT2a (15), and 11C-N-methyl-NNC
01-0259 and 11C-SKF 82957 have brain-penetrating radiometabolites (13,14). Moreover, D1Rs exhibit both high- and low-afﬁnity
states, with agonists preferentially binding to the high-afﬁnity active
state whereas antagonists do not discriminate between the 2 states.
Therefore, development of a full D1R agonist PET tracer could provide important in vivo functional information and be a useful imaging tool to assess D1R agonists.
Two novel D1R agonists from a noncatechol chemotype
discovered by Pﬁzer were selected on the basis of favorable
properties as potential PET ligands. The objective of this study
was to characterize these 2 D1R agonist PET radiotracers, racemic
18
F-MNI-800 and the atropisomeric (2)-enantiomer 18F-MNI968, in vivo in nonhuman primates (NHP). We assessed their brain
distribution and kinetic proﬁle, the speciﬁcity of the signal in
preblocking studies with a D1R antagonist and a partial agonist,
test–retest variability, and radiation dosimetry estimates of 18FMNI-800.
MATERIALS AND METHODS
In Vitro Pharmacology and PET Properties of Novel Noncatechol
D1R Agonists
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The identiﬁcation of a suitable PET ligand was guided by a set of PET
properties to ﬁnd a D1R-selective agonist that resides within favorable
physicochemical property space deﬁned by the central nervous system
PET multiparameter optimization score (.3) (16) and shows potent
binding afﬁnity to D1R (Bmax/Kd . 10), high passive permeability
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FIGURE 1. Proﬁle of D1R agonist PET ligand lead MNI-968. AB 5 apical to basolateral; BA 5 basolateral
to apical; CNS 5 central nervous system; cFub 5 fraction unbound in brain; EC50 5 half-maximal effective
concentration; Emax 5 maximal effect; hD1 5 human D1; hD2 5 human D2; IC50 5 half-maximal inhibitory
concentration; Ki 5 inhibition constant; MDR1 5 multi-drug resistance 1; MPO 5 multiparameter optimization; rD1 5 rat D1; Papp 5 apparent permeability; RRCK 5 Ralph Russ canine kidney assay.

(RRCK Papp AB . 5 3 1026cm/s), low p-glycoprotein efﬂux (Pgp)
efﬂux (MDR1 BA/AB # 2.5), and a sufﬁcient fraction unbound in brain
(cFu_b .0.05) for low nonspeciﬁc binding.
Initially, racemate MNI-800 (PK-84677) and subsequently its
(2)-enantiomer MNI-968 (PF-0110), a noncatechol D1R agonist from
a chemotype developed by Pﬁzer (7), emerged as a promising PET
ligand lead with a benzyl ﬂuoride moiety for late-stage 18F radiolabeling
(Fig. 1; Supplemental Scheme 1; supplemental materials are available at
http://jnm.snmjournals.org).
Indeed, MNI-968 has a potent binding afﬁnity to human D1R (Ki 5 2
nM), and minimal species differences in rat (Ki 5 8 nM) and NHP (Ki 5
2 nM). Given a D1R Bmax in human and NHP striatum of approximately
52 pmol/g tissue (#52 nM assuming 100 mg of protein/g of tissue) (17),
a desired Bmax/Kd of more than 10 corresponds to a binding afﬁnity of
less than 5 nM, indicating that MNI-968 meets this afﬁnity requirement.
Moreover, unlike other known D1R antagonist radiotracers (SCH-23390
and NNC-112), MNI-968 is a potent D1R functional agonist with an
EC50 of 5 nM and 96% Emax. Finally, MNI-968 showed selectivity for
D1R over other dopamine receptors, with no appreciable binding to
human D2, D3, and D4 receptors (IC50 . 10 lM).
In addition to its favorable in vitro pharmacology proﬁle, MNI-968
met all the PET ligand property parameters: high central nervous system
PET multiparameter optimization score (3.57), good passive permeability (RRCK Papp AB 5 21.6 3 1026 cm/s), low p-glycoprotein efﬂux
(MDR1 BA/AB 5 1.46), and a reasonable fraction unbound in brain
(cFu_b 5 0.06), suggesting a low risk of nonspeciﬁc binding.
Details on the synthesis of MNI-968 and MNI-800 are provided in the
supplemental materials.
Radiochemistry of 18F-MNI-800 and

18

F-MNI-968

All 18F-MNI-800 and 18F-MNI-968 radiolabeling reactions were performed in a GE Healthcare TRACERlab FX-FN automated synthesis
module using the Boc-protected benzyl chloride precursor (Fig. 2,
MNI-799 or MNI-969).
For 18F-MNI-800, the 2-step, 1-pot production with the racemic precursor MNI-799 afforded sufﬁciently high yields (15%–35%) with high
radiochemical purity (.95%), chemical purity (,0.20 lg/mL), and speciﬁc activity (.220 GBq/lmol).
For 18F-MNI-968, it proved too difﬁcult to conﬁdently control the
undesired racemization of the enantiopure precursor MNI-969, and the
procedure was modiﬁed. First, an in-process chiral high-performance
liquid chromatography separation step with inclusion of a chiral column
before the C18 reverse-phase column provided sequential separation of
the desired atropisomer followed by mass puriﬁcation. Second, the
radiolabeling solvent was changed to acetonitrile because dimethyl sulfoxide was not compatible with the chiral stationary phase. Beyond these
2 changes, the 18F-MNI-968 process was similar to the process for 18FMNI-800 and provided the desired product in expected lower yields
(5%–15%) and an acceptable chemical proﬁle (radiochemical purity
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. 95%, chemical purity , 0.10 lg/mL, and
speciﬁc activity . 75 GBq/lmol). Atropisomeric purity was assessed to conﬁrm enantiopurities of more than 99% at the end of
synthesis, throughout storage in solution,
and before injection.
Details on the radiosynthesis of 18F-MNI800 and 18F-MNI-968 are provided in the supplemental materials.
Animals

All experiments were conducted in accordance with the U.S. Public Health Service’s
Policy on Humane Care and Use of Laboratory Animals and with institutional approval
(Yale PET Center and Charles River Laboratories). Adult rhesus macaques (Macaca mulatta, 2 females [7.6 6 1.4 kg, NHPs A and B] and 1
male [19.6 6 3.0 kg, NHP C]) and cynomolgus macaques (Macaca fascicularis, 3 males, 5.0 6 0.4 kg, NHPs D–F) were studied. The animals
were anesthetized with intramuscular ketamine and given glycopyrrolate
to reduce secretions, transferred to the camera, and intubated for continuous anesthesia with approximately 2.5% isoﬂurane. Radiotracer was
injected 2 h after administration of anesthetics to allow for stabilization
of the animals’ physiology. Body temperature was maintained by a
heated water blanket and monitored with a rectal thermometer.
Blocking Agent Preparation and Administration

SCH-23390 (R(1)-SCH-23390 hydrochloride; Sigma-Aldrich) and
PF-2562 (8,9) are a potent, selective D1R antagonist and a partial agonist, respectively. SCH-23390 was dissolved in normal saline.
PF-2562 was dissolved in 5% ethanol, 5% Cremophor (BASF Corp.),
and 18.5% sulfobutylether-b-cyclodextrin in sterile water.
Receptor occupancy experiments were performed with 18F-MNI-800
and 4 doses of SCH-23390 (0.03, 0.1, 0.2, and 0.5 mg/kg) administered
intravenously over a 20-min period beginning 25 min before the radiotracer injection, and with 18F-MNI-968 and 1 dose of PF-2562 in duplicate (1.2 mg/kg total dose) administered intravenously over a 120-min
period beginning 30 min before tracer injection (bolus of 0.121 mg/
kg/min for 3 min followed by infusion of 0.007 mg/kg/min for 117
min). Plasma samples were taken at several time points during each
PET scan.
Brain PET Studies

PET scans were performed on a Focus 220 microPET camera
(Siemens Healthcare Molecular Imaging) after intravenous bolus administration of 18F-MNI-800 (170.5 6 16.5 MBq, 0.28 6 0.22 lg) or 18FMNI-968 (158.0 6 29.1 MBq, 0.47 6 0.22 lg). Ten scans were done
with 18F-MNI-800, and 8 scans were done with 18F-MNI-968 (Table
1). Test and retest scans were separated by 2 wk for 18F-MNI-800 and
4 mo for 18F-MNI-968. The dynamic series were reconstructed using ﬁltered backprojection with corrections for random, scatter, and
attenuation.
Arterial Input Function. After tracer administration, radial artery
blood samples were collected over 2 h. Radioactivity in whole blood
and plasma was measured in all samples. Radiometabolites were

FIGURE 2. Radiosynthesis of 18F-MNI-800 and 18F-MNI-968.
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TABLE 1
Summary of Scans with 18F-MNI-800 or 18F-MNI-968
18

18

Species

NHP no.

Rhesus

A

Test, retest, SCH23390 (0.5 and 0.1 mg/kg)

B

Test, retest, SCH23390 (0.2 and 0.03 mg/kg), dosimetry

Baseline

C

Dosimetry

Baseline,* PF-2562 (1.2 mg/kg)*

D

Baseline

Baseline

E

Baseline

Cynomolgus

F-MNI-800

F-MNI-968

Test, retest,* PF-2562 (1.2 mg/kg)*

F

Baseline

*90-min scan.
Scans are 120 min unless otherwise indicated.

measured in a subset of samples by reverse-phase high-performance
liquid chromatography performed on a Phenomenex Luna C18(2) (10
3 250 mm, 10 lm) at a ﬂow rate of 4 mL/min. The mobile phase consisted of a mixture of methanol/water with 0.2% triethylamine in a 65/35
ratio. Plasma samples were processed by acetonitrile denaturation, and
the plasma protein binding free fraction (fp) was measured by ultraﬁltration (Centrifree; Millipore).
Image Processing. PET images were analyzed in PMOD, version
3.609 (PMOD Technologies), and were motion-corrected frame by
frame when necessary. The initial PET images (15 min) were averaged
and aligned onto a rhesus or cynomolgus structural T1-weighted MRI
template, and the transformation matrix was applied to the whole PET
series. A volume-of-interest atlas (including the caudate, putamen,
globus pallidus, nucleus accumbens, thalamus, cortical regions, and cerebellum) was applied to the PET series in MRI rhesus or cynomolgus
template space to extract the regional time–activity curves. Curves
were expressed in SUV by normalizing the activity concentration by
the injected dose and animal body weight.
Kinetic Modeling and Analysis. Time–activity curves were analyzed with 1- and 2-tissue-compartment (2T) models (18) and Logan
graphical analysis (LGA) (19) using the arterial plasma input function
corrected for radiometabolites to derive the volume of distribution
(VT) and the inﬂux rate constant K1 in each region. The nondisplaceable
binding potential (BPND) was estimated using the cerebellum as a reference region: BPND 5 VT/VND – 1, VT and VND being the distribution
volumes in the target region (speciﬁc and nondisplaceable binding)
and reference region (nondisplaceable binding), respectively (20). In
addition, BPND was directly derived from the simpliﬁed reference tissue
model (SRTM) (21) and noninvasive LGA (NI-LGA) (19) with the cerebellum as a reference region. All kinetic analyses were performed using
PMOD. Test–retest variability for VT and BPND was estimated as absolute (test 2 retest)/average (test 1 retest).
The D1R occupancy (Occ) produced by SCH-23390 or
PF-2562 was determined as the percentage change in BPND:
baseline
Occ5ðBPbaseline
2BPdrug
. The SCH-23390 plasma-occupancy
ND
ND Þ=BPND
curves for the striatum (putamen and caudate) were ﬁtted in Prism (version 6.01; GraphPad Software) with a single speciﬁc binding site model:
Occ5Occmax 3C=ðC1EC50 Þ, where Occmax is the maximum occupancy; EC50 is the half-maximal effective concentration, which represents the SCH-23390 plasma level for 50% occupancy; and C
represents the SCH-23390 average plasma level during the scan.
18

Imaging) after intravenous bolus injection of 18F-MNI-800 to determine
the biodistribution and estimate absorbed radiation doses.
PET images were imported into PMOD, and volumes of interest were
drawn on source organs. Absorbed radiation dose and effective dose
(International Commission on Radiological Protection publication 60)
were estimated with OLINDA/EXM software, version 1.0 (22), according to the male or female model. The gastrointestinal model of International Commission on Radiological Protection publication 30 was used
with the assumption that activity entered the gastrointestinal tract
through the small intestine (fraction of activity entering the intestine
was estimated as the highest fraction encountered in the intestinal area).
RESULTS
Plasma Analysis

High-performance liquid chromatography analysis of 18F-MNI800 and 18F-MNI-968 arterial plasma revealed 1 major radiometabolite and 1 minor metabolite eluting just after the ﬁrst one (whose
contribution remained small throughout the study), with both metabolites more polar than the parent compound. No difference was
observed between rhesus and cynomolgus macaques, and the results
were pooled across the 2 species. 18F-MNI-800 and 18F-MNI-968
showed similar moderate metabolic proﬁles, with about 60%–70%
and 40%–50% of intact parent remaining at 30 and 120 min after

F-MNI-800 Whole-Body PET Studies

Two adult rhesus monkeys (Macaca mulatta), 1 male and 1 female,
were used for whole-body PET imaging from head to mid thigh over
4 h on a Biograph mCT PET/CT camera (Siemens Healthcare Molecular

FIGURE 3. Parent fraction proﬁle in arterial plasma after intravenous
administration of 18F-MNI-800 (mean 6 SD, n 5 4) or 18F-MNI-968 (mean
6 SD, n 5 4).
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and predicts a Kd about 1.3 times higher
for 18F-MNI-800 (23). Furthermore, VT in
the cerebellum was 1.83 6 0.06 mL/cm3 for
18
F-MNI-800, compared with 1.87 6 0.01
mL/cm3 for 18F-MNI-968, demonstrating a
similar nondisplaceable signal for both tracers, with a relationship with BPND (2T model)
for the within-animal studies: BPND
ðMNI-968Þ 5 1:29 3 BPND ðMNI-800Þ 1
0:006.
Figures 6B and 6C compare VT and
BPND across methods for 18F-MNI-968,
demonstrating very good agreement
between the different estimates (R2 5
0.99), in particular for BPND between
plasma-based and reference region–based
FIGURE 4. (Left) Average PET images from 30 to 90 min after injection for rhesus macaque (NHP A) in
methods, with points aligning almost on
transverse plane of 18F-MNI-800 at baseline and after dosing with SCH-23390 at 0.5 mg/kg (occupancy
the identity line. Similar results were
18
of #85%) and of F-MNI-968 at baseline and after dosing with PF-2562 at 1.2 mg/kg (occupancy of
obtained for 18F-MNI-800 (data not
#40%). (Right) Time–activity curves in some brain regions for same rhesus macaque for studies with
18
shown). A summary of VT and BPND for
F-MNI-800 and 18F-MNI-968. Caud. Nucl. 5 caudate nucleus; Glob. Pall. 5 globus pallidus; Nucl.
Acc. 5 nucleus accumbens.
the different methods is provided for a subset of regions in Table 2 for 18F-MNI-800
injection, respectively (Fig. 3). Plasma parent fp measured by ultra- (n 5 4) and in Table 3 for 18F-MNI-968 (n 5 3 for 2T and LGA,
ﬁltration was 13.4% 6 1.3% (n 5 4) for 18F-MNI-800 and 13.5% 6 and n 5 5 for SRTM and NI-LGA). Additional kinetic parameters
1.5% (n 5 4) for 18F-MNI-968.
for 2T are provided in Supplemental Tables 1 and 2. VT ranged
from approximately 1.9 6 0.1 mL/cm3 in the cerebellum (similar
Brain Uptake Distribution and Time–Activity Curves
estimates for both tracers) to approximately 3.7 6 0.3 mL/cm3
Representative average 18F-MNI-968 and 18F-MNI-800 PET and 4.3 6 0.2 mL/cm3 in the putamen for 18F-MNI-800 and 18Fimages in a rhesus macaque at baseline showed the highest uptake MNI-968, respectively. BPND ranged from approximately 0.2 in
in the striatum, consistent with known D1R distribution (Fig. 4, the cortex to 0.9 in the putamen for 18F-MNI-800, and from approxleft). The 18F-MNI-800 PET image after a SCH-23390 preblock imately 0.3 in the cortex to 1.1–1.2 in the putamen for 18F-MNI-968,
(0.5 mg/kg) demonstrated almost complete saturation. 18F-MNI- conﬁrming an average speciﬁc signal higher by approximately 30%.
968 and 18F-MNI-800 time–activity curves at baseline and after a K1 (2T model) was similar across regions, animals, and tracers, with
SCH-23390 (0.5 mg/kg) or PF-2562 (1.2 mg/kg) preblock are pre- K1 5 0.23 6 0.03 mL$cm23$min21 for 18F-MNI-800 and K1 5 0.27
sented in Figure 4 (right) in the same rhesus macaque. Both 18F- 6 0.06 mL$cm23$min21 for 18F-MNI-968 (Supplemental Tables 1
MNI-968 and 18F-MNI-800 readily entered the brain, with SUVpeak and 2).
at 5–10 min after injection. The signal was highest in the putamen
and caudate nucleus, followed by the globus pallidus and nucleus
accumbens, with the lowest uptake consistently found in the cerebellum. Clear blocking of 18F-MNI-800 or 18F-MNI-968 uptake was
seen after preblocking with SCH-23390 (0.5 mg/kg, occupancy of
#85%) or PF-2562 (1.2 mg/kg, occupancy of #40%), respectively.
Higher uptake was also observed for 18F-MNI-968 than for 18FMNI-800, particularly in the putamen and caudate nucleus, whereas
a similar proﬁle was maintained in the cerebellum.
Kinetic Analysis

2T was favored for both 18F-MNI-800 and 18F-MNI-968 data
over 1 tissue compartment based on the Akaike information criterion. Typical 2T and SRTM ﬁts and Logan plots (LGA with t* 5
15 min, and NI-LGA with t* 5 10 min) are provided in Figure 5
for a baseline study in a rhesus macaque with 18F-MNI-968.
SRTM determined k92 to be 0.17 6 0.04 min21 (n 5 4) for 18FMNI-800 and 0.16 6 0.02 min21 (n 5 5) for 18F-MNI-968, and
these SRTM estimates of k92 were used for the NI-LGA ﬁt.
A within-animal comparison (n 5 2) between 18F-MNI-800 and
18
F-MNI-968 VT estimates (2T model) is shown in Figure 6A and
indicates a higher speciﬁc signal for 18F-MNI-968 (negative y-intercept) and the same target/Bmax for both tracers (linearity of the
relationship) (23). Since the fp was similar for 18F-MNI-800 and
18
F-MNI-968, the slope corresponds to the in vivo afﬁnities ratio
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FIGURE 5. (A and C) Representative time–activity curves at baseline for
rhesus macaque (NHP B) in some brain regions after bolus injection of
18
F-MNI-968, showing 2T compartment model ﬁts (A) and SRTM ﬁts (C).
(B and D) Graphical analysis with LGA with plasma input function (t* 5 15
min) (B) and NI-LGA with reference region input function (t* 5 10 min) (D).
Caud. Nucl. 5 caudate nucleus; Cp 5 activity concentration in plasma;
Cref 5 activity concentration in reference region; Ct 5 activity concentration
in region of interest; Glob. Pall. 5 globus pallidus; Nucl. Acc. 5 nucleus
accumbens; Thal. 5 thalamus.
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the striatum, as is expected to hold true for
18
F-MNI-968 because it is one enantiomer.
Absolute selectivity against 5-HT2a receptors
could be tested further by a challenge with the
selective 5-HT2a antagonist MDL 100907.
These studies also conﬁrmed the choice of
the cerebellum as a reference region for noninvasive methods, BPND calculations, and
18
18
FIGURE 6. (A) Within-animal comparison (n 5 2) of F-MNI-800 and F-MNI-968 2T VT estimates. occupancy measurements since the signal in
(B) Comparison of 18F-MNI-968 VT estimates across models (n 5 3). (C) Comparison of 18F-MNI-968 this region was not blocked. This choice is
BPND estimates across models (n 5 3). 1T 5 1 tissue compartment.
also supported by a VND estimate from occupancy plots of 2.0 6 0.1 (25), in very good
Test–retest variability was assessed in a limited number of repeat agreement with a VT of 1.9 6 0.1 in the cerebellum (Table 2).
studies for 18F-MNI-800 (n 5 2) and 18F-MNI-968 (n 5 1). The Assuming passive diffusion through the blood–brain barrier, the tisresults are summarized in Supplemental Tables 3 and 4 for the dif- sue non-displaceable free fraction (fND) can be calculated from the
ferent methods. Variability in VT estimates was low in all regions measured fp and VND above (20), giving an fND of approximately
and both tracers (,10%), whereas that of BPND in the striatum 7%, in close agreement with the unbound fraction of 6% in brain.
remained low for 18F-MNI-800 (,5%) and somewhat higher for Finally, the agreement in occupancy estimates between the
18
F-MNI-968 (#15%), for which, however, test and retest scans plasma-based and reference-region–based methods suggests that
D1R occupancy can be quantitatively assessed in monkeys using
were separated by 4 mo.
SRTM or NI-LGA, without the need for arterial sampling.
BPND in humans and NHPs was reported to be approximately
SCH-23390 Occupancy Studies
11
Preblocking with SCH-23390 increased the measured occupan- 0.4–0.6 in the cortex and 2.0–3.0 in the striatum for C-SCH18
23390
and
approximately
0.6–0.8
in
the
cortex
and
3.0–4.0
in the
cies in a dose-dependent fashion and reduced the F-MNI-800
11
uptake to levels close to those in the cerebellum at the highest striatum for C-NNC-112 (15,26–28), which are higher than the
18
dose tested (Fig. 4), supporting the speciﬁcity and selectivity of values reported here for F-MNI-968 (#0.3 in the cortex and
18
F-MNI-800 for D1R, with measured occupancies of approxi- #1.1 in the striatum, Table 3). Also, BPND variability in humans
mately 85% and 60% at the 2 highest SCH-23390 doses of 0.5 was reported as approximately 10%–15% in the cortex and
5.0%–10% in the striatum for both 11C-SCH-23390 and 11Cand 0.2 mg/kg, respectively.
SCH-23390 plasma levels during the preblocking studies are NNC-112 (27,29), marginally better than that reported here
shown in Figure 7A, and the relationship between the measured (Supplemental Table 3), although we assessed the variability in
11
D1R occupancy and the average plasma levels during the PET imag- a limited number of animals. However, both C-SCH-23390
11
ing (25–145 min after administration of SCH-23390) is shown in and C-NNC-112 are antagonist radioligands and therefore canFigure 7B for the various analysis methods used, for which the max- not provide information on the high- or low-afﬁnity state of D1R,
imum occupancy was constrained to 100%. All methods produced and both suffer from a cortical 5-HT2a signal that represents about
similar occupancy measurements, with slightly lower estimates for 20%–30% of the total signal (15,26). Therefore, further evaluation
18
2T at the 2 lowest SCH-23390 doses, with a consistent estimated and characterization of F-MNI-968 in human subjects is warEC50 ranging from 6.0 6 1.0 ng/mL for NI-LGA to 8.5 6 1.0 ng/mL ranted because the tracer could prove to be a valuable tool in Parkinson disease (9) and in psychiatric disorders such as
for 2T (average, #7 ng/mL).
schizophrenia (8).
18

F-MNI-800 Dosimetry

Whole-body studies showed that 18F-MNI-800 is eliminated
mainly via the hepatobiliary route. The urinary bladder, gallbladder, and liver were determined to be the critical organs with the
highest absorbed dose (Supplemental Table 5). The whole-body
effective dose (ED) was estimated to be 0.025 mSv/MBq for the
female rhesus and 0.021 mSv/MBq for the male rhesus, in
line with other 18F-labeled tracers (e.g., 0.019 mSv/MBq for
18
F-FDG (24)).

CONCLUSION

We report here the evaluation of racemate 18F-MNI-800 and its
(2)-enantiomer 18F-MNI-968 in NHPs. Both tracers had regional
uptake consistent with D1R distribution. The selectivity and

DISCUSSION

Both 18F-MNI-800 and its active atropisomeric (2)-enantiomer
F-MNI-968 demonstrated high penetration in monkey brain,
with uptake distribution in agreement with the known D1R distribution. Blood proﬁles were highly similar, with an almost identical
metabolism rate and fp (#13%).
SCH-23390 has a 5-HT2a component (15); however, the density
of 5-HT2a receptors in the striatum is negligible compared with
D1R. Therefore, SCH-23390 preblocking studies conﬁrmed the speciﬁcity and selectivity of 18F-MNI-800 for D1R over other targets in

18

FIGURE 7. (A) SCH-23390 plasma levels for 4 doses, with 18F-MNI-800
injection at 25 min after drug administration. (B) Striatal D1R occupancy
against average plasma levels between 25 and 145 min after administration
of SCH-23390. EC50 5 half-maximal effective concentration.
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TABLE 2
F-MNI-800 VT and BPND in Pooled Rhesus and Cynomolgus Macaques
VT

BPND

Region

2T

LGA

2T

LGA

Striatum

3.6 6 0.3 (8%)

3.5 6 0.3 (8%)

Caudate

3.5 6 0.4 (11%) 3.4 6 0.4 (11%) 0.81 6 0.11 (14%) 0.78 6 0.10 (12%) 0.78 6 0.09 (11%) 0.78 6 0.09 (12%)

Putamen

3.7 6 0.3 (7%)

3.6 6 0.3 (7%)

0.91 6 0.14 (15%) 0.88 6 0.12 (13%) 0.89 6 0.11 (12%) 0.89 6 0.11 (13%)

Nucleus
accumbens

2.9 6 0.2 (7%)

2.8 6 0.2 (7%)

0.48 6 0.03 (6%)

Globus pallidus 2.9 6 0.3 (9%)

2.8 6 0.3 (9%)

0.50 6 0.06 (13%) 0.48 6 0.06 (12%) 0.48 6 0.06 (12%) 0.48 6 0.05 (11%)

Thalamus

2.4 6 0.2 (9%)

2.4 6 0.2 (8%)

0.25 6 0.06 (22%) 0.25 6 0.04 (17%) 0.26 6 0.04 (16%) 0.26 6 0.04 (16%)

Frontal cortex

2.3 6 0.0 (0%)

2.2 6 0.0 (1%)

0.24 6 0.04 (18%) 0.20 6 0.05 (24%) 0.20 6 0.05 (23%) 0.20 6 0.05 (25%)

Cerebellum

1.9 6 0.1 (7%)

1.9 6 0.1 (6%)

0.86 6 0.10 (11%) 0.83 6 0.08 (9%)

0.46 6 0.02 (5%)

SRTM

NI-LGA

0.83 6 0.07 (8%)

0.83 6 0.07 (8%)

0.45 6 0.02 (5%)

0.46 6 0.02 (5%)

Data are mean 6 SD, followed by coefﬁcient of variation in parentheses (n 5 4).

speciﬁcity of 18F-MNI-800 and 18F-MNI-968 for D1R were
demonstrated against SCH-23390 or PF-2562, a selective
D1R antagonist and a partial agonist, respectively. Noninvasive
quantiﬁcation of 18F-MNI-800 and 18F-MNI-968 with SRTM or
LGA using the cerebellum as a reference is possible, particularly for occupancy studies. 18F-MNI-800 dosimetry, and putatively dosimetry of 18F-MNI-968, are favorable, with an
effective dose consistent with values reported for other PET
radiotracers. Therefore, 18F-MNI-968 has great potential as a
D1R agonist PET radiotracer and warrants further characterization in human subjects.
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KEY POINTS
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TABLE 3
F-MNI-968 VT and BPND in Pooled Rhesus and Cynomolgus Macaques
VT

BPND

Region

2T

LGA

2T

LGA

SRTM

NI-LGA

Striatum

4.1 6 0.2 (4%)

4.0 6 0.2 (4%)

1.14 6 0.05 (5%)

1.07 6 0.02 (2%)

1.07 6 0.03 (2%)

1.08 6 0.03 (3%)

Caudate

4.0 6 0.3 (8%)

3.9 6 0.3 (8%)

1.08 6 0.12 (11%) 1.02 6 0.09 (9%)

1.06 6 0.09 (8%)

1.06 6 0.08 (8%)

Putamen

4.3 6 0.2 (4%)

4.1 6 0.2 (4%)

1.20 6 0.09 (8%)

1.13 6 0.10 (9%)

1.11 6 0.08 (7%)

1.12 6 0.08 (8%)

Nucleus
3.2 6 0.2 (5%)
accumbens

3.1 6 0.2 (6%)

0.65 6 0.02 (4%)

0.61 6 0.00 (0%)

0.59 6 0.07 (12%) 0.60 6 0.07 (12%)

Globus
pallidus

3.2 6 0.6 (18%) 3.1 6 0.5 (18%) 0.65 6 0.20 (31%) 0.60 6 0.21 (35%) 0.58 6 0.18 (31%) 0.58 6 0.18 (31%)

Thalamus

2.6 6 0.2 (9%)

2.6 6 0.2 (9%)

0.35 6 0.04 (13%) 0.33 6 0.04 (13%) 0.29 6 0.05 (19%) 0.29 6 0.06 (20%)

Frontal cortex 2.6 6 0.1 (2%)

2.4 6 0.1 (2%)

0.33 6 0.08 (25%) 0.27 6 0.04 (15%) 0.28 6 0.05 (17%) 0.28 6 0.05 (18%)

Cerebellum

1.9 6 0.1 (5%)

1.9 6 0.1 (6%)

Data are mean 6 SD, followed by coefﬁcient of variation in parentheses (n 5 3 for 2T and LGA, and n 5 5 for SRTM and NI-LGA).
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Optical Navigation of the Drop-In g-Probe as a Means to
Strengthen the Connection Between Robot-Assisted and
Radioguided Surgery
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With translation of the Drop-In g-probe, radioguidance has
advanced into laparoscopic robot-assisted surgery. Global-positioning-system–like navigation can further enhance the symbiosis
between nuclear medicine and surgery. Therefore, we developed
a ﬂuorescence-video–based tracking method that integrates
the Drop-In with navigated robotic surgery. Methods: Fluorescent
markers, integrated into the Drop-In, were automatically detected
using a daVinci Fireﬂy laparoscope. Subsequently, a declipseSPECTnavigation platform calculated the Drop-In location within the surgical
ﬁeld. Using a phantom (n 5 3), we pursued robotic navigation on
SPECT/CT, whereas intraoperative feasibility was validated during porcine surgery (n 5 4). Results: Video-based tracking allowed for navigation of the Drop-In toward all lesions detected on SPECT/CT (external
iliac and common iliac artery regions). Augmented-reality visualization
in the surgical console indicated the distance to these lesions in real
time, conﬁrmed by the Drop-In readout. Porcine surgery underlined
the feasibility of the concept. Conclusion: Optical navigation of the
Drop-In probe provides a next step toward connecting nuclear medicine
with robotic surgery.
Key Words: radioguided surgery; robot-assisted surgery; optical navigation; image-guided surgery; augmented reality
J Nucl Med 2021; 62:1314–1317
DOI: 10.2967/jnumed.120.259796

I

n the pursuit of precision surgery, robot-assisted approaches are
gaining traction (e.g., prostatectomy and lymphatic dissections). An
effective minimally invasive approach requires not only wellengineered (robotic) instruments but also precise target deﬁnition.
Interventional molecular imaging can help achieve this: radioguided
surgery is one of the most used image-guided surgery techniques (1).
Unfortunately, the use of laparoscopic g-probes is cumbersome with
the robot (2). To overcome these limitations, tethered drop-in g- and
b-probes have been introduced for sentinel lymph node resection

(2,3) and prostate-speciﬁc membrane antigen–targeted resection
(4,5). These robot-tailored modalities allow the surgeon to autonomously position the detector to localize lesions during surgery. In
areas with great anatomic complexity, road maps provided by preoperative imaging (SPECT/CT or PET/CT) are considered a critical
tool to provide insight on the number and location of surgical targets
(6). Unfortunately, during robotic procedures, real-time registration
of such preoperative imaging information into the surgical view is
challenging.
SPECT-based navigation of g-probes could translate road maps
created at nuclear medicine to the surgical theater (7). Unfortunately,
traditional tool-tracking technologies cannot be used with a drop-in
probe, whose tethered nature prohibits tracking with external optical
tracking systems, and the metal parts of the robot setup degrade the
accuracy of electromagnetic tracking systems (8,9). Alternatively,
video-based tracking concepts have been pursued (8,9). Use of
patterned-surface markers, which can be segmented from a laparoscopic video feed using traditional white-light imaging, has been
explored for tethered ultrasound and g-probes (10,11). For such a
tracking method, a direct line of sight has to be maintained between
the drop-in probe and the laparoscope. However, Wild et al. have
proposed use of ﬂuorescence surface markers, with which a direct
line of sight is less easily impaired by smoke, water, or blood and
which can be used in combination with ﬂuorescence guidance
(12). In combination with multicolor ﬂuorescence imaging (13),
use of ﬂuorescence markers would also aid the integration of robotic
navigation with bimodal tracers (14).
In this study, we exploit real-time ﬂuorescence-based optical
tracking for navigation of a drop-in g-probe during robotic procedures on phantoms and a porcine model. To increase the translational potential of this concept, we used image-guided surgery
technologies already available in the clinic (Drop-In [Eurorad
S.A.] (2), multicolor ﬂuorescence (13), and declipseSPECT
[SurgicEye GmbH]).
MATERIALS AND METHODS
Tracking and Navigation Setup
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The SPECT-navigated setup (Fig. 1) consisted of the Drop-In g-probe
(3), a Da Vinci Si robot (Intuitive Inc.) with a Fireﬂy ﬂuorescence laparoscope (Intuitive Inc.), and a declipseSPECT navigation system (SurgicEye GmbH) with near-infrared optical tracking (Northern Digital Inc.),
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phantom’s hip, allowing for registration of
the scans in the operating room.
Porcine Evaluation

To investigate the Drop-In tracking setup in
a real-life surgical setting, 4 pigs underwent
robot-assisted laparoscopic surgery. Surgical
targets were created by depositing ICG (#50
mL, 2.5 mg/mL solution in saline) in the
abdominal wall (average of 3 depositions per
pig). The tracer deposits were manually set
as targets to which the Drop-In probe was navigated. Animal experiments were performed
under the approval of the local ethical
committee.
RESULTS
Phantom Evaluation

Figure 2 illustrates the concept of performing
SPECT-based navigation of the Drop-In
FIGURE 1. Overview of Drop-In tracking-and-navigation setup displaying underlying pose relations
with colored arrows, describing the relative positions and orientations of all objects in the navigation
in the robot-assisted laparoscopic setting
workﬂow. (A) Near-infrared optical tracking determines the pose of Fireﬂy and patient reference targets
(see also Supplemental Video 1; supplemen(red arrows), whereas underlying registrations translate this pose to Fireﬂy camera (purple arrow) and
tal materials are available at http://jnm.
lesions as found on SPECT/CT (orange arrow). (B) Vision-based tracking from Fireﬂy determines the
snmjournals.org). A navigation-enriched
pose of Drop-In markings within surgical ﬁeld (blue arrow), and these markings are calibrated with
view of the abdomen was visible in the
Drop-In probe tip (purple arrow). Finally, the Drop-In can be navigated toward SPECT/CT-marked
robotic console, including an augmentedlesions. NAV 5 navigation system; RT 5 reference target; T 5 pose transformation.
reality overlay of the lesion segmented
from SPECT/CT. Maintaining a direct linerunning customized tracking software. The Fireﬂy Si laparoscope records of-sight between the Fireﬂy and the Drop-In allowed for real-time calthe raw ﬂuorescence video feed and allows for simultaneous visualization culation of the distance between the targeted lesion and the Drop-In tip
of ﬂuorescein in yellow, indocyanine green (ICG) in pink, and the ana- in millimeters. The marker geometry allowed for a great range of
tomic background in blue or in black and white (13). To allow for accurate maneuverability: at a 10-cm distance in line with the laparoscope,

calculations within the tracking software, the
Fireﬂy intrinsic and extrinsic camera properties were calibrated (15).
An asymmetric 3-ring ﬂuorescent-marker
pattern was incorporated into the Drop-In
housing, fabricated from medical-grade ultraviolet-curable adhesives comprising ﬂuorescein. The ﬂuorescent emissions were
automatically detected on the basis of color
and shape. Using the known geometric
arrangement, the pose of the Drop-In tip
could be estimated (5 degrees of freedom)
with respect to the Fireﬂy laparoscope (Fig.
1B). With one reference target attached to
the Fireﬂy and one to the patient (Fig. 1A),
the declipseSPECT was used to determine
the pose of the Fireﬂy and the patient within
the operating room.
Phantom Evaluation

To study the concept of SPECT/CT-based
navigation, we used a laparoscopic torso
phantom (15) that contained bones, artery
structures, and a radioactive model of pelvic
lymph nodes (2 MBq of 99mTc each). Radioactive nodes were placed at different locations (i.e., right and left external iliac artery
and left common iliac artery), and 3 separate
SPECT/CT scans were acquired with the navigation reference target ﬁxated at the

FIGURE 2. Real-time Drop-In tracking and navigation during robot-assisted laparoscopic surgery on
phantom. (A) Setup overview. (B) Phantom SPECT/CT example, displaying patient reference target
(PRT) and targeted lymph node (SN). (C) Augmented-reality visualization in surgical console, displaying
Drop-In navigation toward lymph node (including calculated distance).
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navigation. Although the excitation power
in the near-infrared region with this Fireﬂy
is roughly 100 times higher than in the
blue region of the spectrum (13), there was
no clear difference in intensity observed
between the ﬂuorescein markers and ICG
lesions. Bleaching of the ﬂuorescein ring
markers was not observed within the
approximately 1-h experiments. In addition,
problems with blood contamination of the
Drop-In markers were not observed, indicating the potential of ﬂuorescence-based
markers as discussed previously (12).
DISCUSSION

We investigated the ﬁrst steps toward
optical navigation of the Drop-In g-probe,
a concept that further integrates interventional nuclear medicine during robotic
surgery. Visualizing the position of the
Drop-In with respect to predeﬁned lesions
is likely to help surgeons reduce intraoperative uncertainties about the target location
and the g-probe readout. The translational
character of the ﬁndings is underscored by
the proven utility of the Drop-In concept in
prostate-cancer surgery (sentinel node targeting with both the tracer ICG-99mTc-nanocolloid and the tracer 99mTc-nanocolloid (2)
and prostate-speciﬁc membrane antigen targeting with 99mTc-PSMA-I&S (5)), the use
of medical-grade ﬂuorescent materials as
markers, the use of the clinically approved
Fireﬂy camera and declipseSPECT navigation system, and a proof of concept in porFIGURE 3. Real-time tracking of Drop-In probe with respect to targeted lesions during robot-assisted
cine surgery. Obviously, the concept could
laparoscopic surgery on pig. (A) Operating room overview. (B) White-light image. (C–E) Tracking of
in the future be disseminated to alternative
Drop-In probe with respect to targeted lesion (pink) using ﬂuorescence imaging at calculated target disindications for which 125I-, 99mTc-, or
tances of 79, 34, and 3 mm.
111
In-based radioguided surgery approaches
"
"
"
"
have been reported (1) or even to alternative
Drop-In tracking was feasible for 0 –360 (roll), 0 –360 (pitch), and
multicolor ﬂuorescence approaches (16).
15" –165" and 195" –345" (yaw). The location of the lesion targets (i.e.,
In this study, we evaluated navigation in preoperative SPECT/CT
left and right external iliac artery and left common iliac artery) meant
that the high maneuverability of the Drop-In was instrumental for intra- scans, but the same concept could also be expanded using, for examoperative detection (2). The audible feedback provided by the Drop-In ple, a drop-in b-probe (or even a drop-in ultrasound probe) in combination with PET/CT scans (4). Unfortunately, the surgical
g-probe conﬁrmed effective navigation.
facilities that we used to test the presented technologies did not allow
us to evaluate SPECT/CT-based navigation in porcine models. Since
Porcine Evaluation
to date a facility allowing such an experiment is unavailable, this link
Robotic surgery on a porcine model was used to evaluate translahas to be further validated in clinical trials, as was done for other
tion into an actual surgical setting (Fig. 3; Supplemental Video 1). In
g-probes (7). The current study, however, ensures that follow-up trithis real surgical environment, the ﬂuorescein markers on the Drop-In
als can rely on a validated technology, thus limiting the exposure of
probe remained clearly detectable (in yellow), both in white-light and
patients to unnecessary risks.
ﬂuorescence imaging mode. ICG-containing lesions were visible
only in ﬂuorescence imaging mode (in pink) and could be detected
CONCLUSION
at the same time as the Drop-In markers (Figs. 3C–E). Uniquely,
Surgical navigation of the Drop-In probe based on SPECT/CT is
the ﬂuorescent emissions of ﬂuorescein (maximal l-emission, 515
nm) and ICG (maximal l-emission, 820 nm) could be excited simul- promising, providing the next step toward precision radioguided surtaneously and could be distinguished by exploring the ﬂuorescence- gery, connecting nuclear medicine with robotic surgery. Studies on
multiplexing capabilities of the Fireﬂy Si camera (13). The surgeon humans are in preparation to conﬁrm these ﬁndings and evaluate the
was thus also able to visually conﬁrm the localized lesions during oncologic beneﬁt of such an image-guided surgery approach.
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KEY POINTS
QUESTION: Is it possible to navigate the Drop-In g-probe toward
preoperatively marked lesions during robotic surgery?
PERTINENT FINDINGS: As evaluated in a robot-assisted phantom
setting, ﬂuorescence markers can be used to navigate the Drop-In
toward lesions as identiﬁed on SPECT/CT. The feasibility of this
concept was conﬁrmed during surgery in a porcine model.
IMPLICATIONS FOR PATIENT CARE: Proving its utility in largeanimal models, a next step has been taken toward precision
radioguided surgery in the human robot-assisted setting.
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CHALLENGING CASE STUDIES

Distinguishing Primary Lateral Sclerosis from Parkinsonian
Syndromes with the Help of Advanced Imaging
Pegah Masrori1–3, Donatienne Van Weehaeghe4,5, Koen Van Laere4,5, and Philip Van Damme1–3
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We describe a unique case of a patient presenting with unilateral mild
paresis, slowing of the upper limb, and parkinsonism, who underwent
a full imaging work-up including MRI, 123I-FP-CIT PET, 18F-FE-PE2I
PET, and 18F-FDG PET. This case demonstrates that imaging may aid
substantially in the diagnostic work-up of complex neurologic disorders.
Key Words: neurology; PET/CT; PET/MRI; motor neuron disease; neurodegenerative disorders; functional imaging
J Nucl Med 2021; 62:1318–1319
DOI: 10.2967/jnumed.121.261942

PART 1
Case Report

We report the case of a 60-y-old man who initially presented after 6
mo of subacute and slowly progressive symptoms including muscle
stiffness, decreased ﬁne motor skills, slowing of movements, and
mild muscle weakness in his right hand. The patient was righthanded and experienced writing difﬁculties—without cramps or
dystonia—that affected legibility. He had no complaints of postural
symptoms associated with orthostatic hypotension or other autonomic failure. No sleep disturbance, periodic limb movement during
sleep, or restless legs syndrome was mentioned.
The patient had a history of a myocardial infarction, diabetes mellitus, and hypercholesterolemia; the latter two were relatively well
controlled with medication. His family history was negative for neurodegenerative diseases.
The neurologic examination showed slowness in whole-hand
grasping and on tapping tasks, as well as mild paresis of the dorsal
interosseous muscles of the right hand. Furthermore, we found an
asymmetric mild hypertonia in the lower right limb. A unilateral positive Hoffman sign (right) was noted, but we found no Babinski sign
and tendon reﬂexes were symmetrically brisk. When the patient
walked, we observed a reduced arm swing on the right side without
postural imbalance or gait disorder. There was no evidence of myoclonus. All sensory modalities were normal. Eye movements, both
Received Jan. 22, 2021; revision accepted Apr. 13, 2021.
For correspondence, contact Philip Van Damme (philip.vandamme@
uzleuven.be).
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saccades and vertical gaze, were normal. Furthermore, detailed language testing and a behavioral assessment showed no abnormalities.
Obtaining a diagnosis remained challenging, as it was difﬁcult to distinguish between parkinsonism and a motor neuron disorder.
Hematologic and serum biochemistry tests had normal ﬁndings.
The electromyography results were strictly normal.
MRI of the brain demonstrated mild white matter lesions normal
for his age, without any hyperintensity in the corticospinal tracts.
The cervical MR images showed no evidence of myelopathy or radiculopathy. 18F-FDG brain PET showed asymmetric mild hypometabolism in the left sensorimotor cortex compatible with the right
arm symptoms, in favor of a motor neuron disease. To exclude neurodegenerative parkinsonism 123I-N-v-ﬂuoropropyl-2b-carbomethoxy-3b-(4-iodophenyl)nortropane (123I-FP-CIT) SPECT was
performed 9 mo later and showed normal presynaptic dopaminergic
transmission (Fig. 1).
Notably, there was no response to dopaminergic treatment with
levodopa and benserazide.
Discussion

The differential diagnosis was broad. After excluding structural,
metabolic, inﬂammatory, and infectious disorders, we were leaning
toward diagnosis of a motor neuron disorder. Finally, we found no
mutations in the SOD1, TARDBP, FUS, or C9orf72 genes.
Whole-exome sequencing was done but showed no mutations
related to neurodegenerative disorders.
Besides a slow progression of isolated paresis of the right hand,
the patient’s condition remained unchanged during a 1-y followup period. Repetition of the electromyography showed no signs of
lower motor neuron degeneration. We requested a more sensitive
18
F-(E)-N-(3-iodoprop-2-enyl)-2b-carboﬂuoroethoxy-3b-(49 -methylphenyl) nortropane (18F-FE-PE2I) PET scan to exclude subtle presynaptic dopaminergic transmission deﬁcits. This imaging showed no
abnormalities in the striatum or in the substantia nigra.
PART 2
Final Diagnosis

Together, the clinical picture and ancillary tests were compatible
with an asymmetric form of pure upper motor neuron disorder. The
imaging allowed diagnosis of primary lateral sclerosis (PLS) by
showing on the one hand a hypometabolism of the sensory-motor
cortex contralateral to the clinical involvement and on the other
hand a presynaptic integrity of the dopaminergic pathways.
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FIGURE 1. (Top) Orthogonal 18F-FDG PET slices showing mild hypometabolism (arrows) in left sensorimotor cortex corresponding to right arm location of cortical homunculus. (Middle and bottom)
Transverse slices of dopamine transporter imaging. Both classic 123I-FP-CIT SPECT and highresolution, selective 18F-PE2I PET showed normal presynaptic dopaminergic uptake. Images are in
radiologic orientation. SUVR 5 SUV ratio.

Conclusion

PLS is a rare neurodegenerative disorder characterized by a
slowly progressive upper motor neuron syndrome. Compared with
classic variants of amyotrophic lateral sclerosis, PLS has a signiﬁcantly slower rate of disease progression and longer survival. Diagnosis of PLS is challenging and is based on excluding structural
disorders (e.g., cervical spondylotic myelopathy, Arnold–Chiari
malformation, spinal arteriovenous ﬁstula, and tumor), hereditary
spastic paraparesis, leukodystrophies, metabolic and toxic disorders
(e.g., vitamin E deﬁciency, cerebrotendinous xanthomatosis, and
hexosaminidase deﬁciency), neurodegenerative disorders (e.g., Parkinson disease, multiple systems atrophy, and corticobasal syndrome), inﬂammatory disorders (e.g., primary progressive multiple
sclerosis), and infections (e.g., neurosyphilis, tropical spastic paraparesis, neuroborreliosis, spinal sarcoidosis, and AIDS). Thalamic,
hippocampal, and basal ganglia atrophy, as well as subcortical
gray matter degeneration, have been demonstrated in imaging studies of PLS (1). Postmortem studies have reported atrophy of the thalamus and striatum, as well as TDP-43 inclusions in the striatum,
amygdala, hippocampus, and basal ganglia.

In this case, molecular imaging had a
substantial added value to aid in the
differential diagnosis between neurodegenerative parkinsonian syndromes and
amyotrophic lateral sclerosis. Neurodegenerative parkinsonian syndromes are
characterized by a presynaptic dopaminergic deﬁcit. 123I-FP-CIT SPECT is widely
used in clinical practice to visualize dopaminergic system integrity at the level of
the presynaptic terminals in the striatum
(2). 18 F-FE-PE2I PET is a novel highly
selective and high-resolution DAT imaging technique that allows visualization
and quantiﬁcation of both the striatum
and the substantia nigra (3). As both techniques, when repeated after 12 mo of
follow-up, had normal results, a presynaptic dopaminergic deﬁcit could be excluded.
Although dopaminergic deﬁcits have been
described in amyotrophic lateral sclerosis
patients, a recent report on PLS patients
with atypical signs of parkinsonism did
not ﬁnd any dopaminergic deﬁcits (4), in
line with our results.
Moreover, 18 F-FDG PET also showed
typical signs of a motor neuron disease,
as a mild hypometabolism in the left sensorimotor cortex was found corresponding to the right arm location of the
homunculus (5,6). Therefore, advanced
brain imaging guided the diagnosis.
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LETTERS TO THE EDITOR
Bowel Obstruction as a Complication of Peptide
Receptor Radionuclide Therapy
TO THE EDITOR: With great interest, we recently read Strosberg
et al.’s publication regarding the risk of bowel obstruction in patients
with mesenteric or peritoneal disease who receive peptide receptor
radionuclide therapy (PRRT) (1). At the author’s institution, 5
patients experienced a bowel obstruction within 3 mo of treatment.
The authors hypothesized that the mechanism of the bowel obstruction was inﬂammation induced by PRRT; this hypothesis was supported by surgical ﬁndings of a “frozen abdomen” in 2 of those
patients. Before their publication, there had been no known reports
highlighting intestinal obstruction as a complication of PRRT.
On the basis of our institution’s experience with PRRT (177LuDOTATATE) for gastroenteropancreatic neuroendocrine tumors,
we would like to provide further evidence supporting Strosberg
et al.’s hypothesis by reporting additional cases of bowel obstruction
after PRRT. After witnessing several patients presenting with abdominal pain in the days shortly after treatment, we reviewed 80 patients
who received PRRT before December 2018 at our institution. We
found that 16 patients went to the emergency department or were
admitted to the hospital within the ﬁrst 14 d after a PRRT cycle, 4
of whom were ultimately diagnosed with a bowel obstruction.
Our ﬁndings are in contrast to the clinical trial data from
NETTER-1. In the supplemental appendix of an article on that trial,
there was a report of only 2 hospitalizations among a much larger
cohort of patients who received PRRT (n 5 116) (2). This ﬁnding
could be explained by signiﬁcant differences between the study population and our real-world cohorts. In the NETTER-1 trial, only 17
(15%) and 7 (6%) of the patients in the PRRT arm had metastases to
the mesentery and peritoneum, respectively. On the other hand, all 4
of our patients who had a bowel obstruction had known peritoneal
disease, and in Strosberg et al.’s report, 81 of 159 (51%) of their
patients had peritoneal or mesenteric disease, including all 5 who
had an obstruction (1).
Although peritoneal disease itself is a risk factor for intestinal
obstruction, the fact that the patients at our institution developed
obstructive complications within 14 d of PRRT treatment suggests
an even stronger temporal cause–effect relationship. The hypothesized
inﬂammation mechanism is even further supported by the radiographic
ﬁnding of pseudoprogression with neuroendocrine tumors, which has
already been commonly observed, as shown by other reports (3).
Existing literature regarding the safety of PRRT has previously
focused primarily on long-term complications and laboratory abnormalities, such as hematologic or renal toxicity. For example, the rare
but serious complication of secondary myeloid neoplasms has been
well documented (4). There are fewer reports of immediate toxicity
or short-term complications, but in 1 retrospective review of patients
who received PRRT for grade 3 neuroendocrine tumors (n 5 69), the
authors reported that “PRRT was well tolerated by all patients” (5).
Unfortunately, our real-world experience provides additional
examples that support Strosberg et al.’s observation that bowel
obstruction is a short-term complication of PRRT treatment in
! 2021 by the Society of Nuclear Medicine and Molecular Imaging.
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patients with baseline peritoneal and mesenteric disease. To our
knowledge, ours is the only other report that highlights this speciﬁc
complication of PRRT. Clinicians should remain cognizant of the
potential for intestinal obstruction when weighing risks and beneﬁts
of treatment options until we have more deﬁnitive evidence and
experience.
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Reply: Bowel Obstruction as a Complication of
Peptide Receptor Radionuclide Therapy
REPLY: Dr. Wee and colleagues reviewed their database of gastroenteropancreatic neuroendocrine tumor patients treated with
177
Lu-DOTATATE and observed patterns of bowel obstruction
very similar to those described in our study (1). These corroborating data signiﬁcantly strengthen the evidence of a causal
link between 177 Lu-DOTATATE and risk of intestinal obstruction among patients with mesenteric or peritoneal disease. Fortunately, the increased use of high-sensitivity somatostatin
receptor PET imaging (e.g., 68 Ga-DOTATATE and 64CuDOTATATE PET) improves the ability of clinicians to identify
peritoneal carcinomatosis and screen patients who are at risk for
bowel obstruction.
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What can be done to mitigate this complication? We have adopted
a strategy of classifying mesenteric or peritoneal disease patterns as
high or intermediate risk for intestinal obstruction. We deﬁne high
risk as extensive peritoneal implants, omental caking, or mesenteric
masses with signiﬁcant bowel tethering causing symptoms of intermittent partial bowel obstruction. Intermediate risk is deﬁned as
scattered peritoneal or mesenteric metastases (greater than 10 but
not innumerable), mesenteric mass with minimal bowel tethering,
or implants in the rectovesical or rectouterine pouch.
Patients at high risk of obstruction are advised to pursue other
second-line options such as everolimus, cytotoxic drugs, or (in select
cases) debulking peritoneal or mesenteric surgery. We prophylactically treat intermediate-risk patients with corticosteroids after each
cycle of 177Lu-DOTATATE based on the presumption that
radiation-induced inﬂammation contributes to the obstructive process. The regimen we use generally consists of 8 mg of intravenous
dexamethasone after completion of amino acid infusion followed
the next day by a 3-wk oral dexamethasone taper starting at 4 mg
by mouth daily. We acknowledge that evidence for the prophylactic
use of corticosteroids remains theoretic, and that other regimens (such
as solumedrol dose pack) may be equally effective or ineffective.
We have not observed any episodes of irreversible bowel obstruction occurring after 177Lu-DOTATATE since adopting these

mitigation strategies. Hopefully, our real-world experience, combined with that of the Mayo Clinic, will help ensure that clinicians
are cognizant of this potential complication and will stimulate further research into prevention strategies.
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