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involving children. Long-term cumulative radiation exposure may be associated with an increased risk of cancer.
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E D I T O R ' S P A G E

Amyloid Imaging–Based Food and Drug Administration
Approval of Lecanemab to Treat Alzheimer Disease—What
Lasts Long Finally Becomes Good?

Henryk Barthel

Leipzig University Medical Center, Leipzig, Germany

Alzheimer disease (AD) is a devastating neurologic condition
of high socioeconomic relevance. Although today this disease can
be accurately diagnosed during a lifetime, especially with the help
of molecular imaging approaches such as amyloid PET, tau PET
or 18F-FDG PET, no disease-modifying treatment is yet available.
The search for a drug able to positively influence the course of
AD is a long story of frustration. This search thankfully took a
positive turn with the U.S. Food and Drug Administration (FDA)
approval of lecanemab (Leqembi; Eisai and Biogen) on January 6,
2023 (1). Lecanemab is currently also undergoing evaluation for
approval by the European Medicines Agency.
The Tokyo (Japan)-based pharmaceutical company Eisai and the

Cambridge (Massachusetts)-based biotech company Biogen devel-
oped lecanemab. It is a humanized IgG1 monoclonal antibody that
mainly targets larger b-amyloid oligomers (so-called protofibrils).
The approval of this drug was the outcome of the FDA’s Acceler-
ated Approval pathway, applicable in cases of unmet medical need
and if a drug has shown a favorable effect on a surrogate of clinical
efficacy. In this case, of note, the reduction of amyloid PET quanti-
tative readouts via lecanemab as shown in a placebo-controlled
phase 2 study was accepted by the FDA as a suitable clinical effi-
cacy surrogate. In this study, subjects with mild cognitive impair-
ment or mild AD dementia underwent brain MRI and, importantly,
amyloid PET imaging to establish amyloid positivity. Included
patients received an intravenous infusion of the drug (up to 10mg/
kg body weight) once every 2 wk or placebo. It was convincingly
shown that lecanemab is indeed able to remove amyloid aggregates
from the brain.
Consequently, the above phase 2 study methods are replicated in

the lecanemab prescribing information. In terms of side effects,
potential amyloid removal-related imaging abnormalities need to be
monitored by MRI, apart from potential drug infusion–related side
effects. The need of a priori amyloid testing is based on the well-
known fact that not all patients fulfilling the clinical criteria of AD
dementia indeed suffer from an amyloidopathy (2). In other words,
the amyloid “gate-keeper” test provides evidence for the presence of
the drug target and thus avoids the prescription of a drug that will not
only not work in amyloid-negative patients (and lecanemab will

likely cost around $26,000 USD per
patient per year), but also potentially
have side effects.
After aducanumab, lecanemab is the

second FDA-approved antiamyloid drug
to treat AD. In distinction from the con-
troversial clinical efficacy data (followed
by the controversial FDA approval and
nonapproval by the European Medicines
Agency) with aducanumab, for lecane-
mab there are convincing results in the
clinical efficacy phase 3 study program.
In this phase 3 study, the drug was given
for 18mo in the treatment arm, demonstrating a slowing of cogni-
tive decline by 27%. In absolute numbers, this equals a difference
of 0.45 points on the Clinical Dementia Rating-Sum of Boxes (a
valuable dementia severity measure covering a wider range of mem-
ory, orientation, personal care, and other symptoms or problems)
between the treatment and placebo arms (3). Although some neurol-
ogists express concern about the relevance of this achieved primary
endpoint to an individual patient (4,5), and concerns are also raised
about the vascular events safety profile of the drug (6), most clini-
cians in the field seem to be positive about these clinical efficacy data
(7–9). The FDA is currently reviewing these lecanemab phase 3 clini-
cal efficacy data. In parallel, another antiamyloid antibody, donane-
mab, developed by Eli Lilly, likewise appears to be making good
progress in its development program (10).
Regardless, the lecanemab development pipeline convincingly

showed the value of amyloid imaging in identifying patients in whom
the actual drug target is present and who, as such, qualify for respec-
tive drug prescription on a disease pathology ground. Here, amyloid
PET also provides a perfect baseline amyloid state readout, which
can be used as a starting point for follow-up imaging to monitor the
biologic drug effect. As such, it is conceivable that amyloid removal
might differ from patient to patient with regard to speed and intensity.
Thus, providing that such intraindividual biologic drug effect differ-
ences are indeed of relevance, amyloid imaging might allow for a
truly personalized, PET-guided drug administration regimen.
In addition, the positive clinical effect of lecanemab evidences

the validity of the amyloid cascade hypothesis. This hypothesis
proposes the aggregation of b-amyloid in the brain representing
the initial event in AD triggering a cascade of other processes,
finally resulting in neurodegeneration and cognitive decline (11).
Excitingly, now—with the lecanemab development program
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data—we seem to have one missing piece to the puzzle in hand to
better understand this devastating disorder on pathobiochemical
grounds. It would be the logical next step to apply antiamyloid drugs
in earlier or prodromal AD stages, that is, at a time point in which
tau accumulation and neurodegeneration have not yet started, thus
preventing (instead of slowing down existing) cognitive deterioration
and providing ultimate proof of the amyloid cascade theory.
The Society of Nuclear Medicine and Molecular Imaging

(SNMMI) recently welcomed the FDA’s decision to approve leca-
nemab (12) and echoed that amyloid PET imaging is very well
suited both for qualifying patients for drug prescription and for eval-
uating the drug effect on a biologic ground. The SNMMI will also
discuss a respective reimbursement with the Centers for Medicare &
Medicaid Services (CMS), with some promising preliminary feed-
back from the CMS (13). Together with the Alzheimer’s Association,
the SNNMI is also working on updating the Appropriate Use Criteria
for amyloid imaging (14) by including PET imaging to qualify
patients for antiamyloid drug prescription. Our molecular imaging
community will need to prepare to fulfil the future requirements of
anticipated widespread employment of lecanemab in terms of amyloid
tracer, PET scanner, and PET imaging staff availability. Now, more
than ever, it is the right time to support the SNMMI and other involved
bodies in their respective efforts, for the good of our patients.
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D I S C U S S I O N S W I T H L E A D E R S

Nuclear Medicine from a Novel Perspective: Buvat and
Weber Talk with OpenAI’s ChatGPT

Ir!ene Buvat, PhD1, and Wolfgang Weber, MD, PhD2

1Inserm Laboratory of Translational Imaging in Oncology, Institut Curie, Orsay, France; 2University Hospital, Technische Universit€at
M€unchen, Munich, Germany

Ir!ene Buvat, PhD, Centre National de la Recherche Scientifique
director of research and head of the Inserm Laboratory of Transla-
tional Imaging in Oncology at the Institut Curie, Orsay (France),
and Wolfgang Weber, MD, PhD, director of the Department of
Nuclear Medicine at “Klinikum rechts der Isar” (University Hospi-
tal of the Technische Universit€at M€unchen, Germany) talked with
ChatGPT, an artificial intelligence (AI) language model. ChatGPT
was developed by OpenAI (San Francisco, CA), a research organi-
zation dedicated to advancing artificial intelligence (AI) in a safe
and beneficial way. The bot was trained on a large dataset of text,
including books, articles, and other sources of information, to
develop language processing and understanding capabilities. It has
been designed to be able to respond to a wide range of questions
and provides information quickly and easily on a variety of topics.
ChatGPT was launched on November 30, 2022, and, by January
2023, had reached more than 100 million users—a faster rate of
adoption than Instagram or TikTok. By February, ChatGPT had
been featured in 10 articles in the New York Times and been on
the covers of TIME magazine and the Economist. Drs. Buvat and
Weber asked ChatGPT about the current practice and future devel-
opment of nuclear medicine.
Commentary, Drs. Buvat and Weber: ChatGPT no longer

needs an introduction for most people, but, for those who have
been hibernating for the last few months, it is a “bot,” a program
that can interact with human users. The user types in a question in
a natural language (with .90 available languages), and ChatGPT
responds in natural language. The bot can be asked to adopt a
specific style, such as Shakespearean or journalistic language. In
conversations with users, ChatGPT always “pays attention” and
remembers the thread of the dialogue. It is sometimes a bit stub-
born but very polite and eager to help. Its knowledge is impres-
sively broad, including aspects of medicine and medical imaging.
When it cannot find an answer, it says so. Sound like the perfect
personal assistant? Not quite. It is more like a trainee with impressive
skills and knowledge. In January 2023 we challenged ChatGPT with
a few questions relevant to nuclear medicine to illustrate the role it
could play in our field. (Note: ChatGPT received no special prepara-
tion for this interview and responded entirely with information
already in its extensive dataset. Bot responses to questions have not
been edited to this journal’s style; instead, they are reproduced
exactly as they appeared to the interviewers.)

Q1, Dr. Weber: Hello. Could you
please write a PET/CT report for a
patient with suspected lung cancer?
The scan shows a hypermetabolic mass
in the right upper lobe and hyperme-
tabolic lymph nodes in the right hilar
and left lower paratracheal region.
Please include the TNM stage.
ChatGPT:
Patient: [Patient Name] Date of Exam:

[Date].
Indication: Evaluation of suspected

lung cancer.
Technique: Whole body PET/CT scan

was performed with the administration
of [dose] of FDG.
Findings:

1. Hypermetabolic mass is identified
in the right upper lobe (SUV max
8.2) with an associated spiculated
margin, consistent with a primary
lung malignancy.

2. Hypermetabolic lymph nodes are
identified in the right hilar (SUV max
6.5) and left lower paratracheal (SUV
max 6.7) regions, consistent with nodal
involvement by lung cancer.

3. CT scan of the chest also confirms
the above-mentioned findings and
also shows no evidence of distant
metastasis.

TNM stage: T3N2M0 (The tumor is
located in the right upper lobe, it is
larger than 7cm and there is nodal
involvement in the right hilar and left
lower paratracheal region, no evidence of distant metastasis).
Impression: Hypermetabolic mass in the right upper lobe with asso-

ciated spiculated margin and hypermetabolic lymph nodes in the right
hilar and left lower paratracheal region consistent with lung cancer.
Recommend further workup and histopathological correlation, includ-
ing biopsy of the primary tumor and involved lymph nodes.
Commentary, Drs. Buvat and Weber: This quite impressive

response was given within a few seconds! ChatGPT uses the typi-
cal language of radiology reports and provides SUVmax values that
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are consistent with high metabolic activity. It also gets the TNM
stage almost right. It interprets the left paratracheal nodes as
“contralateral mediastinal nodes” and assigns the correct N2 stage.
Interestingly, it uses the slightly outdated 7th edition of lung can-
cer TNM staging, which defines T3 as a tumor with a diameter of
.7 cm. The current 8th edition defines T3 by a tumor diameter
between 5 and 7 cm.
Commentary, Dr. Weber: Although ChatGPT should defi-

nitely not be used to write patient reports at this stage, one could
envision that an AI could be trained specifically for writing radiol-
ogy reports in the near future. Such a system could automatically
generate structured reports and avoid all the common typographic
and grammatic errors that plague current radiology reports. It also
does not seem to be too far-fetched to combine an AI that analyzes
images with AI that generates a human-readable, standardized
report. Such a system could dramatically streamline radiology
workflows if appropriately validated and would enable radiologists
to report many more scans than currently possible.
Q2, Dr. Buvat: Could you please explain what the Ki Patlak

slope calculated from an FDG PET/CT scan represents?
ChatGPT: The Ki Patlak slope from FDG PET/CT scan repre-

sents the rate of influx of the radiotracer (fluorodeoxyglucose, FDG)
into tissues, which reflects the local tissue glucose metabolism. It is
used to quantify the regional cerebral blood flow (rCBF) and can
provide information about tissue perfusion and functional brain activ-
ity. The Ki Patlak method is a graphical analysis that plots the distri-
bution volume of the tracer in tissue over time. The slope of this line

represents the rate of tracer uptake, with a steeper slope indicating a
faster uptake rate and thus higher tissue metabolism. This method is
commonly used in the assessment of neurological and oncological
disorders, among other applications.
Commentary, Dr. Buvat: An almost correct answer. ChatGPT

mixes up cerebral blood flow and cerebral metabolic rate in 1 sen-
tence. The information is probably more comprehensive than
a Google search about Patlak analysis. It is remarkable that
ChatGPT can answer this question, because Patlak analysis is used
only in nuclear medicine research, which constitutes only a very
small part of the overall information found on the Internet.
Q3, Dr. Buvat: In a tumor seen on an FDG PET/CT image,

would you recommend reporting SUVpeak or SUVmax in the medi-
cal report?
ChatGPT: In a medical report for an FDG PET/CT scan, both

the SUVpeak and the SUVmax can be reported as measures of
tumor metabolic activity. However, the SUVpeak is typically used
as the standard measure in clinical practice.
SUVpeak refers to the maximum standard uptake value (SUV)

within a region of interest (ROI) that is used to define a specific
lesion, whereas the SUVmax refers to the highest SUV within the
entire image. The SUVpeak provides a more accurate representa-
tion of the metabolic activity within a lesion, as it takes into
account only the highest SUV within that lesion, rather than
including the background or normal physiological activity.
Therefore, it is generally recommended to report the SUVpeak

in the medical report for an FDG PET/CT scan, as it provides the

most accurate and specific measure of metabolic activity within a
lesion.
Commentary, Dr. Buvat: Here we see the limits of ChatGPT’s

knowledge. The sentences sound correct, but the content is mostly
wrong. This illustrates one of the dangers of ChatGPT: its responses
can sound very convincing even when they are simply wrong.
Q4, Dr. Buvat: Based on current knowledge, what do you think

are the 3 most promising radiotracers in oncology for routine use
in the future?
ChatGPT: There is ongoing research and development in the

field of molecular imaging and radiotracers, and several promising
radiotracers are being studied for their potential use in oncology.
Here are three radiotracers that are considered to be among the
most promising for routine use in the future:
PSMA-PET: PSMA is a protein that is highly expressed in pros-

tate cancer, and PSMA-PET imaging using radiolabeled PSMA
ligands has shown high sensitivity and specificity for detecting
prostate cancer, even in its early stages.
68Ga-DOTA-peptides: 68Ga-DOTA-peptides are a group of radio-

tracers that bind to specific receptors or antigens on cancer cells and
are used for imaging and staging of various types of cancer, including
neuroendocrine tumors, gastrointestinal tumors, and others.
18F-FDG: 18F-FDG is a widely used radiotracer that has been

validated for the evaluation of malignant lesions, including various
types of cancer such as lymphoma, lung cancer, and others. The
high glucose uptake in malignant cells makes 18F-FDG a useful
tool for detecting and staging cancer.

It is important to note that the use of these and other radio-
tracers is dependent on ongoing research, regulatory approval, and
clinical validation, and the most promising radiotracers for routine
use may change over time as new information becomes available.
Commentary, Dr. Weber: A nicely worded answer to what has

literally become a “billion-dollar question.” ChatGPT cannot see
into the future but summarizes nicely what has been said about the 3
most commonly used classes of tracers. It doesn’t really answer the
question, because all these agents are already in clinical use. But, of
course, their use may increase in the coming years, and, therefore,
the answer is not incorrect. A human “expert” would probably have
mentioned agents that are not yet FDA approved and are undergoing
clinical testing, e.g. fibroblast-activation protein ligands or gastrin-
releasing peptide-receptor ligands.
Q5, Dr. Buvat: Do you think I can trust AI-based segmentation

tools for segmenting head and neck tumors from PET/CT in the
context of radiation therapy planning?
ChatGPT: AI-based segmentation tools for head and neck

tumor segmentation from PET/CT scans have shown promise and
have the potential to improve the accuracy and efficiency of radia-
tion therapy planning. However, their reliability and accuracy
depend on the quality of the training data used to develop the AI
algorithms, as well as the complexity and heterogeneity of the
tumors being segmented.
Currently, AI-based segmentation tools are often used as a tool to

support human interpretation and decision-making, rather than as a
replacement for human expertise. It is important to validate the results

`̀ [O]ne of the dangers of ChatGPT: its responses can sound very convincing even when they are simply wrong.´́
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of AI-based segmentation tools against established clinical criteria and
to assess their performance in a robust and systematic manner.
In conclusion, AI-based segmentation tools have the potential to

be a valuable tool in radiation therapy planning, but they should
be used in conjunction with human expertise and with appropriate
validation to ensure the reliability and accuracy of the results.
Commentary, Dr. Buvat: This answer is again quite impres-

sive; there is little a human expert could add. The key challenges
are described (i.e., heterogeneity of the tissue, need for sufficient
training sets, etc.).
Q6, Dr. Buvat: Which such tool would you recommend?
ChatGPT: As a language model developed by OpenAI, I don’t

have personal opinions or biases, and I do not endorse any specific
product or brand. The choice of an AI-based segmentation tool for
head and neck tumor segmentation from PET/CT scans depends
on several factors, including the clinical and technical require-
ments of the specific case, the available resources, and the prefer-
ences and experience of the clinician.
When selecting an AI-based segmentation tool, it is important

to consider the following factors:

- Validation and reliability: The tool should have been validated
against established clinical criteria and should have a demon-
strated track record of reliability and accuracy.

- User-friendliness: The tool should be easy to use and should
provide results in a timely and efficient manner.

- Technical support and customer service: The vendor should pro-
vide robust technical support and customer service to assist with
any questions or problems that may arise during use.

- Integration with other software and systems: The tool should be
compatible with the other software and systems used in the clin-
ical environment, such as the radiation therapy planning system,
and should provide seamless integration.

Ultimately, the choice of an AI-based segmentation tool should
be based on a thorough evaluation of the specific requirements and
resources of the clinical environment, and should be made in con-
sultation with relevant experts and stakeholders.
Commentary, Dr. Weber: A very useful answer that avoids

giving a concrete recommendation. All the factors ChatGPT lists
are relevant when deciding which computer system to purchase. It
would be difficult for a human expert to list all these items as
quickly as ChatGPT did. This illustrates how ChatGPT can be
helpful for collecting relevant information before making a pur-
chase decision.
Q7, Dr. Buvat: Do you think it is the right time to build a thera-

nostic center for molecular radiation therapy?
ChatGPT: The development of a theranostic center for molecu-

lar radiation therapy is a complex and multi-disciplinary effort that
requires significant resources and expertise. Whether it is the
“right time” to build such a center depends on several factors,
including the local demand for advanced cancer treatment options,
the availability of expertise and resources, and the regulatory and
reimbursement landscape.

In general, the field of molecular radiation therapy is rapidly
evolving and has shown significant promise in improving the out-
comes of cancer treatment. There is increasing demand for these
advanced treatment options, particularly among patients with com-
plex or advanced-stage cancers.
However, the development of a theranostic center is a significant

investment and requires a commitment to long-term sustainability, as
well as a comprehensive understanding of the regulatory, reimburse-
ment, and economic factors that impact the delivery of these treatments.
In conclusion, the “right time” to build a theranostic center for

molecular radiation therapy will depend on the specific circumstances
and resources of the local environment. It is important to carefully
assess the feasibility and sustainability of such a project, and to consult
with relevant experts and stakeholders before proceeding.
Commentary, Dr. Weber: ChatGPT does very well with this

timely question. It describes the potential of a theranostic center but
also mentions the important regulatory and economic hurdles that
physicians will face when setting up such centers. A human expert
might have added that the current interest in theranostics almost
exclusively stems from 2 diseases: neuroendocrine tumors (NETs)
and prostate cancer. Alternative therapies for prostate cancer or NETs
that are more effective, have less side effects, or are less expensive
could significantly lessen the clinical relevance of theranostics. It is
also largely unclear how quickly theranostic targets for other diseases
can be identified that would broaden the spectrum of a theranostic
center and decrease its dependence on only 2 therapeutic targets.
Summary commentary, Drs. Buvat and Weber: Overall, these

chats illustrate the strengths and weaknesses of current bots. They
can certainly help in time-consuming tasks, such as writing medical
reports (Q1) or creating cover letters when submitting articles or
simplified summaries for the public based on scientific abstracts.
They can answer specific technical questions well and be used for
educational purposes (Q2), but answers should always be verified,
because they can look authoritative but be wrong (Q3: the defini-
tion of SUVpeak is approximate and the definition of SUVmax is not
quite correct). ChatGPT has learned from data collected through
2021 and is clearly not aware of the latest advances in our field
(Q4, fibroblast-activation protein is missing from the list) and does
not fully understand the question (Q4: FDG is not a promising
radiotracer). The bot is very cautious about giving recommenda-
tions (Q5) and does not promote a solution (Q6), as a colleague
might do. It offers a synthetic view on current issues in only a few
seconds (Q7) and avoids taking a firm position (Q3, Q7). Thanks to
fierce competition among the GAFAM (Google, Apple, Facebook,
Amazon, Microsoft), chatbots will evolve very quickly and will
become more and more reliable as personal assistants. Thanks to
continuous learning techniques, they will expand their knowledge
and improve the accuracy of their answers. They should not be
feared but rather considered promising allies who will help us cope
with ever-increasing workloads, freeing up time to devote to
patients and colleagues and to expend more energy on tasks that
require unique and advanced expertise. A final note: ChatGPT is
often quite busy and not always available. Sound familiar?
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Functional Imaging of Chemobrain: Usefulness of Nuclear
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1Department of Biomedicine and Prevention, University of Rome Tor Vergata, Rome, Italy; 2IRCCS Neuromed, Pozzilli, Italy;
3Nuclear Medicine Section, Santa Maria Goretti Hospital, Latina, Italy; 4Institute of Cognitive Sciences and Technologies, Consiglio
Nazionale Delle Ricerche, Rome, Italy; and 5Department of Medical Radiation Physics and Nuclear Medicine, Karolinska Hospital,
Stockholm, Sweden

The impact of chemotherapy on brain functionality has been widely
investigated from a clinical perspective, and there is a consensus on a
significant impairment of multiple cognitive domains affecting cancer
patients after treatment. Nuclear medicine offers a variety of biomar-
kers for evaluating possible effects of chemotherapy on the brain and
for depicting brain changes after chemotherapy. This review sum-
marizes the most relevant findings on brain imaging in patients
undergoing chemotherapy for the most common oncologic diseases.
The literature published to date offers exciting results on several radi-
olabeled compounds, from the more common imaging of glucose
metabolism to neuroinflammation. This review also provides a general
overview of the literature concerning clinical features and the physio-
pathologic basis of chemotherapy-related cognitive impairment.

Key Words: chemobrain; functional imaging; PET; FDG; DAT;
neuroinflammation
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Chemotherapy is associated with debilitating side effects that
affect quality of life (1,2). The term chemotherapy-related cogni-
tive impairment (CRCI) describes a clinical condition characterized
by memory and concentration impairment, difficulties in informa-
tion processing and executive functions, and mood and anxiety dis-
orders (3,4), with a highly variable prevalence estimated to range
from 17% to 75% (5). There is evidence that chemotherapy drugs
such as cisplatin, carboplatin, paclitaxel, cyclophosphamide, vin-
cristine, and lenalidomide are neurotoxic (6): at a molecular level,
cytokine dysregulation and oxygen radical production are sus-
pected to be responsible for CRCI (7). Despite several studies on
CRCI, there is no consensus on whether specific brain areas are
implicated (8). In recent years, molecular neuroimaging techniques
have revealed interesting aspects of the underlying mechanisms of
CRCI. This review highlights the contribution of neuroimaging
to this field, underlining findings and information from the most
important studies.

CLINICAL FEATURES OF CRCI

Recognition of an association between cancer-related treatment
and cognitive changes in long-term survivors is not something new,
with the first reports on this topic dating to the 1980s and 1990s
(9). CRCI may have a wide spectrum of symptoms, ranging from
problems with attention, concentration, and working memory to
problems with executive function (Table 1) (10).
According to longitudinal neuropsychological studies, up to

35% of patients are affected by cognitive impairment months or
years after completion of oncologic therapy (11). However, CRCI
can affect distinct populations of cancer patients differently
according to the differences in tumor histology, biologic behavior,
location, and growth rate (12).
There is no consensus on the preferred tools for diagnosing and

measuring cognitive impairment in cancer patients who have
undergone chemotherapy. However, according to the existing liter-
ature, the 2 main methods of assessment in addition to neuroimag-
ing are neuropsychological testing and self-reports of cognitive
impairment. Regarding the former method, a wide range of neuro-
psychological batteries has been recommended (i.e., the Hopkins
Verbal Learning Test, Revised; the Trail Making Test; the testing
recommendations of the International Cognition and Cancer Task
Force; and the Controlled Oral Word Association [part of the Mul-
tilingual Aphasia Examination]). The latter method is based mainly
on a patient’s subjective perception as measured through tools such
as the European Organization for Research and Treatment of Can-
cer core quality-of-life questionnaire (QLQ-C30) or the Functional
Assessment of Cancer Therapy–Cognitive Function Questionnaire.

CRCI PHYSIOPATHOLOGIC BASIS

Cognitive impairment may affect up to 50% of patients under-
going chemotherapy (13). Chemotherapy may lead to encephalopa-
thy with highly complex and heterogeneous molecular mechanisms.
The damage induced by chemotherapy affects neurons and micro-
glia. Drug-induced damage to neurons elicits a cascade of events cul-
minating in activation of microglia and astrocytes and disruption of
the normal homeostatic relationship between myelinating cells (oli-
godendrocytes) and oligodendrocyte precursor cells (13). In addition,
there is an increase of proinflammatory cytokines that, together with
activation of astrocytes, promotes the release of paracrine factors,
significantly hampering the maturation of oligodendrocytes (13).
Direct involvement of chemotherapy in the release of cytokines needs
to be further investigated. Instead of a local increase, it is more proba-
ble that circulating cytokines induced by chemotherapy penetrate the
blood–brain barrier to directly act on the central nervous system,
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activating microglia and astrocytes to secrete further cytokines (14).
Chemotherapy may affect brain tissue by modifying the shape of
neurons, neurotransmitter release, and blood–brain barrier integrity
(1) and may slow neurotransmitter uptake and release into neurons
(15–17). These finding may partially explain some of the clinical fea-
tures of CRCI, particularly those related to alteration in emotion,
learning, and memory.

SEARCH STRATEGY

Two separate literature searches of the PubMed/Medline databases
were performed according to the PRISMA guidelines (Preferred
Reporting Items for Systematic Reviews and Metaanalyses). The first
assessed the effects of the most commonly used chemotherapeutic
drugs on cognitive function, and the second assessed the results of
available SPECT and PET examinations of the field of interest.
For search 1, the terms used were a combination of the most com-

monly used chemotherapeutic agents (i.e., cisplatin, carboplatin, oxa-
liplatin, cyclophosphamide, methotrexate, fluorouracil, doxorubicin,
etoposide, irinotecan, taxanes) AND “chemotherapy-related cogni-
tive impairment” OR “chemobrain.” The following types of studies
were considered: head-to-head comparative series, matched-pair
studies, clinical trials, case series, prospective studies, and retro-
spective cohorts. Case reports, conference proceedings, editorial
commentaries, interesting images, and letters to the editor were
excluded. We selected only studies published from 2012 to June
2022, limited to humans and in the English language, with a cohort
of at least 20 enrolled patients (Supplemental Fig. 1; supplemental
materials are available at http://jnm.snmjournals.org).

NOTEWORTHY

! Brain 18F-FDG PET imaging shows a reduction of glucose
metabolism in CRCI.

! Chemotherapy may affect DAT receptor expression in the brain.

! Imaging of TSPO is a promising tool for the investigation of CRCI.

For search 2, we used a combination of the following terms:
“PET” OR “PET/CT” OR “single photon emission tomography”
OR “SPECT” OR “translocator protein” OR “dopamine transporter
imaging” AND “chemotherapy-related cognitive impairment.” Stud-
ies were selected in the same way as for search 1; nevertheless,
because of a shortage of published studies on this topic, we decided
not to apply any temporal filter and to include studies with at least
10 patients (Supplemental Fig. 2).
Two reviewers conducted the literature search and indepen-

dently appraised each study using a standard protocol and data
extraction. The reference lists of the selected studies were care-
fully checked to identify any additional relevant literature.
For search 1 (chemotherapeutic agents and CRCI), the extracted

data were type of study (e.g., prospective or retrospective), year
and location of study, sample size, tumor, type of chemotherapy,
and timing of CRCI assessment with regard to chemotherapy com-
pletion. For search 2 (PET and SPECT imaging), the extracted
data were type (e.g., prospective or retrospective), year and location
of the study, sample size, radiopharmaceuticals, device (SPECT or
PET only or hybrid devices), modality of image assessment (qualita-
tive or quantitative), type of chemotherapeutic agent, and the eventu-
ally performed neuropsychological tests.
Studies with incomplete technical or clinical data were con-

sidered ineligible. If studies were by the same group of research-
ers, only the study with the highest number of enrolled patients
was considered. We resolved any discrepancy by discussion.
As this was not a metaanalysis, no statistical analysis was
performed.

RESULTS

In total, 142 nonduplicate studies were retrieved from the data-
base for search 1 and 30 for search 2. After removal of duplicate
records and screening based on title and abstract, the remaining
studies underwent full-text eligibility assessment, which identified
22 relevant studies (search 1, n 5 14; search 2, n 5 8). The main
findings of the selected studies for searches 1 and 2 are summa-
rized in Supplemental Table 1 and Table 2, respectively.

Chemotherapeutic Agents and CRCI
Fourteen studies, encompassing 2,390 patients, on the effects of

various chemotherapeutic agents on cognitive function were selected
(18–31). Great heterogeneity in study design was registered, since
only 4 of the 14 studies (28.5%) were prospective and 1 (7.1%) was
a randomized trial, whereas the remaining 9 (71.4%) were retrospec-
tive observational studies. Great variability in timing and modality
of CRCI assessment was also noted. Additionally, the time point of
CRCI assessment meaningfully varied among selected studies, rang-
ing from interim assessment during chemotherapy cycles to 20y
after therapy completion.

The majority of the selected studies were on breast cancer
(53.3%), most probably because of the relevant advances in pre-
vention, diagnosis, and therapy in this field and the relatively good
prognosis of this type of cancer in comparison to other types, with
80% of women with primary breast cancer surviving for at least
10 y after mastectomy or breast-conserving surgery (32).

In 5 cases (35.7%), taxanes were used alone or in combination
with other chemotherapeutic agents, whereas in 4 cases (28.5%),
patients underwent platin-based therapies. Except for 1 study that
analyzed the potential impact of treatment with rituximab,
cyclophosphamide, hydroxydaunomycin, vincristine sulfate, and

TABLE 1
Cognitive Domains and Abilities More Commonly

Involved in CRCI

Domain
or ability Description

Memory

Working Transient storage and elaboration of
information

Episodic Mental reexperience of context-
dependent events

Remote Retrieval of events from past

Executive
function

Mental skills (e.g., flexible thinking and self-
control) to learn, work, and manage self

Processing
speed

Efficiency and speed in elaborating
information to finalize specific task

Attention Capacity to focus on certain topic by
leaving out coexisting data and stimuli

Reaction time Time needed to react to certain stimulus

Motor speed Precision and speed with which simple
motor task can be completed
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prednisone on cognitive function (21), none of the analyzed
studies was on recently implemented immunotherapeutic regi-
mens, either those in which monoclonal antibodies targeted tumor-
associated biomarkers or those aimed at removing negative
immune regulation (33).
All but 1 selected study reported a decline in cognitive function after

chemotherapy: in particular, 4 studies (28.5%) (20,23,26,27,29,31,34)
reported a more relevant impairment of executive functions, 3 stud-
ies (21.4%) (27) documented self-reported or self-perceived cogni-
tive impairment or mood changes (anxiety, trouble sleeping), and
1 study (7.1%) (24) reported reduced social attainment and poor
quality of life in cancer survivors (Supplemental Fig. 3).

PET and SPECT Imaging of CRCI
We selected 8 studies concerning the application of SPECT or

PET in CRCI and including 198 patients overall. Only 3 tumor types
were evaluated: lymphoma (4 studies, 50%), breast cancer (3 studies,
37.5%), and acute myeloid/lymphoid leukemia (1 study, 12.5%);
SPECT was used in 2 studies (24,35), whereas PET/CT was used in
the remaining 6 studies. As expected because of its availability and
its capacity to give accurate insight into brain metabolism, 18F-FDG
was the most commonly used radiopharmaceutical (6 studies, 75%).
A meaningful heterogeneity in PET evaluation was noted since
authors used, aside from qualitative evaluation, quantitative analysis
by volume of interest in 4 studies (36–39) and a statistical parametric
map in 2 studies (40,41). As regards SPECT studies, one used visual
image evaluation (42) and another used quantitative analysis of
dopamine transporter (DAT) density (35).
Finally, only a minority (3 studies, 37.5%) (35,39,42) reported a

correlation between imaging findings and neuropsychological
assessment. Selected studies focusing on PET or SPECT imaging
are discussed here.

SPECT Tracers for CRCI Imaging
Cerebral Blood Flow Measurement. Chemotherapy-induced

microvascular damage in the brain is thought to be a causative fac-
tor of CRCI (43). SPECT with 99mTc-hexamethyl-propylene-amine
oxime has been used to assess changes in cerebral blood flow (44),
despite its well-known limitations in terms of spatial resolution and
quantitation accuracy.
In a cohort of 12 pediatric patients, treated with high-dose cytar-

abine for acute myeloid leukemia (n 5 11) or acute lymphoid leu-
kemia (n 5 1), V#era et al. investigated changes in cerebral blood
flow through 99mTc-hexamethyl-propylene-amine oxime SPECT
after the induction phase, immediately after the first intensification,
and during follow-up (42). SPECT results were correlated with
neuropsychological assessment and serial brain MRI. At the induc-
tion phase, brain SPECT was performed in 8 patients, with slightly
heterogeneous findings in 4 and normal findings in the remaining
4, whereas in all 8 examined patients brain MRI findings were
normal. At the high-dose consolidation phase, 5 patients had
chemotherapy-related neurotoxicity: in such cases, MRI findings
were normal in 4 of 5 patients, whereas SPECT findings were dif-
fusely heterogeneous in 4 of 5 patients and slightly heterogeneous in
1 patient. Follow-up was available for 4 patients with neurotoxicity
(n 5 5); all regressed over time. One patient had particularly pro-
longed (60mo) neurologic symptoms associated with persistent
abnormalities on SPECT and brain MRI.
DAT Imaging. Molecular imaging of DATs through SPECT

has been extensively applied in clinical practice to diagnose and
monitor Parkinson disease and other extrapyramidal syndromes

(45,46). SPECT with 99mTc-TRODAT-1 (2-[2-[[(1R,2R,3S,5S)-
3-(4-chlorophenyl)-8-methyl-8-azabicyclo[3.2.1]octan-2-yl]methyl-
(2-sulfidoethyl)amino]ethylazanidyl]ethanethiolate;oxygen(2-);
technetium(51)) was performed by Vitor et al. to investigate DAT
integrity in 28 women reporting cognitive impairment related to
chemotherapy for breast cancer and in 22 healthy female controls
matched for age and level of instruction (35). Calculation of tracer
concentration in the striatum by dedicated software (DaTQUANT;
GE Healthcare) showed significantly less striatal uptake (both at
the analysis of the overall striatum and at the separate analysis of
the caudate and putamen) in breast cancer patients experiencing
CRCI than in healthy controls, indicating that toxic damage to the
basal ganglia may be involved in the complex mechanisms leading
to CRCI. Patients developing parkinsonism after chemotherapy are
generally characterized by strong responsiveness to levodopa and
tend to improve over time (Supplemental Fig. 4) (47).

18F-FDG PET Imaging in CRCI
When approaching PET imaging of the brain using 18F-

FDG, one should consider that under normal conditions brain
uses glucose as its sole source of energy (48), that hypometa-
bolism may not correspond to areas with the greatest changes
in routine neuropathology (49), that hypometabolism is not
directly affected by intracellular or extracellular inclusions
(50), and that glucose metabolism primarily reflects synaptic
activity (51).

Few studies have investigated the potential role of 18F-FDG in
patients with CRCI. One of the first was in 2015, on 49 patients
with Hodgkin disease (40), who were evaluated at diagnosis and
during treatment. Surprisingly, the authors reported a significantly
higher metabolic activity after the first cycles in the right angular
gyrus (Brodmann area 39) whereas a significant metabolic reduc-
tion was found in Brodmann areas 10, 11, and 32 bilaterally. All
these changes disappeared at the end of the therapy course (40).
The authors concluded that the results are consistent with a tran-
sient and limited impact of chemotherapy on brain metabolism in
Hodgkin lymphoma. In agreement with the previous report (40),
Shrot et al. found increased 18F-FDG uptake in the parietal and
cingulate cortices in 14 pediatric patients diagnosed with lym-
phoma; decreased 18F-FDG uptake was found in deep gray matter
nuclei and the brain stem (52). Tauty et al. and Goldfarb et al.
found reduced metabolism bilaterally in the anterior cingulate cor-
tex and left inferior frontal and insular cortex soon after 2 cycles
of chemotherapy and hypometabolic areas in the left anterior cin-
gulate cortex, in the left inferior frontal and insular cortex, and
finally in the left temporal lobe after 6 cycles (53,54). A reduction
of glucose metabolism was found in the frontal, cingulate, and
temporoinsular regions after 2 cycles of chemotherapy (53). The
differences from other studies cited previously may be partially
explained by differences in the chemotherapy agents used. In non-
Hodgkin lymphoma, a general reduction of around 20% in overall
cerebral cortical metabolism was found after chemotherapy (36).
These findings suggest a diffuse and severe impairment of brain
functionality after chemotherapy in these patients (36). In a popu-
lation of 10 patients with breast cancer, Ponto et al. found reduced
metabolism bilaterally in orbital frontal regions as compared with
healthy subjects (37). Interestingly, this finding is consistent with
cognition and executive function impairment found by neuropsy-
chological assessment (37).
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PET with Tracers Other Than 18F-FDG: Translocator Protein
(TSPO) Ligands for CRCI Imaging
In recent years, TSPO, an 18-kDa protein expressed mainly on

the outer mitochondrial membrane of several cells of the central
nervous system (microglia, astrocytes, and endothelial cells), has
emerged as a target for molecular imaging of neuroinflammation,
since its expression is minimal in the healthy brain but strong
when microglia are activated in response to injury (55). The devel-
opment of positron-emitting ligands selectively binding to TSPO
has allowed in vivo assessment of neuroinflammation through
PET/CT or PET/MRI technology (56,57). Notably, binding of
second-generation tracers to TSPO is strongly influenced by a single
polymorphism (rs6971) in exon 4 of the TSPO gene (58), according
to which patients can be stratified into 3 categories: high-, mixed-,
and low-affinity binders.
Schroyen et al. have recently investigated the potential of TSPO

PET for in vivo imaging of neuroinflammation in breast cancer
patients undergoing chemotherapy, also through correlation of
PET findings, neuropsychological tests, and inflammatory markers
(59). The authors prospectively enrolled patients distributed into 3
different cohorts: breast cancer patients undergoing chemotherapy,
breast cancer patients not scheduled for chemotherapy, and a con-
trol group of healthy women. The chemotherapy cohort exhibited
higher 18F-DPA714 (N,N-diethyl-2-[4-(2-fluoroethoxy)phenyl]-5,7-
dimethylpyrazolo[1,5-a]pyrimidine-3-acetamide) uptake in the occipi-
tal and parietal lobes than did chemotherapy-naïve and healthy
controls. Furthermore, patients undergoing chemotherapy showed
altered neuropsychological test scores and increased inflammatory
markers compared with the other 2 cohorts. Among inflammatory
biomarkers, neurofilament light-chain protein, an axonal damage
indicator, was particularly increased in chemotherapy patients and
strongly correlated with TSPO PET findings. Despite 18F-DPA714
incorporation, patients undergoing chemotherapy did not show
relevant alterations of micro- or macrostructure in white matter on
MRI, as determined through pixel-based analysis of diffusion-
weighted images.

CONCLUSIONS AND FUTURE OUTLOOK

Nuclear medicine techniques are not commonly considered in
the work-up of patients with CRCI-related manifestations, despite
their high potential to investigate different physiopathologic phe-
nomena (i.e., cortical metabolism, DAT integrity, and neuroin-
flammation) through specific imaging probes (60). From careful
analysis of the selected studies, some observations can be made on
the role of functional neuroimaging in CRCI.
First, few studies have explored the usefulness of 18F-FDG

PET/CT for imaging of CRCI, and even fewer studies have used
statistical parametric mapping to assess changes in cortical metab-
olism before and after chemotherapy. We therefore suggest to
implement statistical parametric mapping in future clinical trials
on the use of 18F-FDG for CRCI imaging. This parametric analy-
sis entails voxel-level statistical parametric mapping at the whole-
brain level, comparing each patient with a reference group using a
2-sample t test, thus generating a contrast t-map for areas of rela-
tive hypometabolism in the study group compared with the con-
trols (61). In this respect, technologic innovations may be of great
value to further improve the imaging approach to CRCI: hybrid
PET/MRI, as an example, is a still-underexplored tool for correlat-
ing eventual changes in T1- or T2-weighted images with metabolic
abnormalities detected by 18F-FDG. In addition, the emergence of

artificial intelligence and radiomics may find interesting applica-
tions to extract potentially useful data, undetectable by visual eval-
uation, from 18F-FDG PET image texture analysis (62). PET
tracers other than 18F-FDG, such as TSPO ligands, can provide
an interesting opportunity to investigate in vivo, at a molecular
level, the inflammatory landscape associated with CRCI, but
their widespread use is still hampered by high cost, a lack of
authorized compounds, and the dependence of image quality on
genetic polymorphism.
Another issue is when and how to assess CRCI after therapy

completion. An objective determination of chemotherapy effects
on cognitive abilities is hampered by the multifaceted nature of
CRCI, since underlying depression or anxiety disorders can also
be responsible for some symptoms and are often classified as
CRCI. The concept of cancer-related posttraumatic stress disorder,
a complex set of symptoms affecting patients’ psychosocial and
physical well-being during cancer treatment and into survivorship
(63), has been gaining ground and should be considered in future
clinical trials aimed at applying functional imaging to CRCI
investigation.
The impact of chemotherapy on brain has been assessed by a

few imaging studies. Moreover, the methodology used in the stud-
ies, the most relevant of which are cited in this review, is charac-
terized by a huge heterogeneity in imaging modalities, clinical
evaluations, chemotherapies, and types of tumor. Moreover, there
is a lack of longitudinal studies to investigate the possible revers-
ible effect of neuronal impairment induced by chemotherapy.
Nuclear medicine offers several instruments for the detailed

evaluation of physiopathologic processes underlying CRCI. The
research performed for this review indicates that the major con-
straint on discoveries will be due not to the available techniques of
functional imaging, which are constantly improving, but rather to
the precision of our hypotheses and the creativity of our methods
for testing them. In particular, longitudinal and standardized stud-
ies are needed to investigate the impact of each chemotherapy drug
on the brain (considering, in particular, the same dose) or combina-
tions of these drugs. Moreover, correlation with a standardized neu-
ropsychological assessment is mandatory to exclude the possible
contribution of stress and emotions, especially for functional studies.
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Systemic vasculitides comprise a group of autoimmune diseases
affecting blood vessels, including large vessel vasculitis (LVV) and
medium-sized vessel vasculitis such as giant cell arteritis (GCA) and
Takayasu arteritis (TAK). GCA frequently overlaps with polymyalgia
rheumatica (PMR), a rheumatic inflammatory condition affecting bur-
sae, tendons or tendon sheaths, and joints. 18F-FDG PET/CT plays an
important role in the diagnostic work-up of GCA, PMR, and TAK and
is increasingly used to monitor treatment response. This continuing
education article provides up-to-date guidance on the role of 18F-FDG
PET/CT in patients with LVV, medium-sized vessel vasculitis, and
PMR. It provides a general introduction on the clinical presentation
and challenges in the diagnostic work-up of LVV and medium-sized
vessel vasculitis, with a focus on the 2 major LVV subtypes: GCA,
including PMR, and TAK. Next, practice points to perform and inter-
pret the results of 18F-FDG PET/CT are described in line with the pub-
lished procedure recommendations. Furthermore, the diagnostic
performance and its role for treatment monitoring are discussed, tak-
ing into account recent international recommendations for the use of
imaging in LVV and medium-sized vessel vasculitis in clinical practice.
This is illustrated by several clinically representative PET/CT scan
examples. Lastly, knowledge of limitations and pitfalls is essential to
understand the role of 18F-FDG PET/CT in LVV, medium-sized vessel
vasculitis, and PMR. Challenges and opportunities, as well as future
research and conclusions, are highlighted. Learning objectives pro-
vide up-to-date guidance for the role of 18F-FDG PET/CT in patients
with suspected LVV, medium-sized vessel vasculitis, and PMR.

Key Words: large vessel vasculitis; cranial GCA; PMR; 18F-FDG PET/
CT; procedures
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The autoimmune vasculitides encompass a heterogeneous group
of diseases characterized by inflammation of blood vessels. Classifica-
tion is based on the size and the type of vessels that are preferentially
affected by the specific type of vasculitis (1). The main forms of
large vessel vasculitis (LVV) include giant cell arteritis (GCA) and
Takayasu arteritis (TAK). GCA is the most common form of vasculitis
in European populations, with the highest lifetime risk (i.e., 0.5%–1%)
among people of Northern European descent (Figs. 1 and 2) (2). In
contrast, TAK is more common in Asian populations (Fig. 3) (3).
GCA and TAK more often affect women. One important distinction
between GCA and TAK is the age of disease onset. TAK primarily
occurs before the age of 40, whereas GCA affects individuals after the
age of 50, with a mean age between 70–75 y (Fig. 4). Furthermore,
GCA frequently overlaps with polymyalgia rheumatica (PMR), a rheu-
matic inflammatory condition affecting bursae, tendons or tendon
sheaths, and joints (Fig. 5) (4–6). PMR may also occur in the absence
of GCA and is the most common rheumatic inflammatory condition in
the elderly, with an age distribution similar to that of GCA (2).
Historically, involvement of cranial arteries was thought to be a

hallmark of GCA. This is reflected in one of the earlier names of
the disease, temporal arteritis, and the American College of Rheu-
matology 1990 criteria for the classification of GCA, which
focused on cranial symptoms and signs and biopsy proof of tem-
poral artery inflammation. This cranial GCA (C-GCA) may give
rise to classic symptoms such as headache, jaw claudication, and
ischemic visual loss (7), the latter reflecting infarction of the optic
nerve related to inflammation of the posterior ciliary arteries (8).
With the emerging role of imaging, it has been recognized that
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many patients with GCA may also have inflammation of the aorta
and its major branches and that this large vessel involvement can
occur in the absence of cranial artery involvement (9). Consequently,
clinicians now classify C-GCA and large vessel GCA (LV-GCA)
according to symptoms or affected arteries on imaging (10).
In general, TAK can affect the same vasculature as LV-GCA,

although some differences exist. For instance, carotid, mesenteric,
and renal artery involvement is more common in TAK. In contrast,
temporal artery involvement is less common in TAK, and involve-
ment of the ocular arterial system is rare (11). Patients with
LV-GCA or TAK may present with fever of unknown origin, but
more specific symptoms such as arm claudication and carotidynia
can occur (7,11). Aortitis is an all-encompassing term ascribed to
inflammation solely of the aorta (Fig. 6). It includes “true” aortitis
limited to the vascular wall and periaortitis and involving the
adventitial layer and potentially surrounding fat and other soft tis-
sues. Periaortitis may also present as an inflammatory aneurysm or
retroperitoneal fibrosis.
In all vasculitides, laboratory testing usually shows raised inflam-

matory markers in the blood. C-GCA can be further demonstrated by
temporal artery biopsy, color Doppler ultrasonography (CDUS) of
the superficial vessels, and MR angiography (MRA), with recent
clinical guidelines suggesting a prominent role of CDUS as a first-
line test in suspected C-GCA (12). MRA, CT angiography (CTA),
and CDUS can be used for detection of vascular inflammation in
LV-GCA and TAK (12). Ultrasonography and MRI of the shoulder

and hip girdle may demonstrate inflammation of bursae, tendons or
tendon sheaths, and joints in patients with PMR (13–15). In addition,
18F-FDG PET/CT is considered an important tool to demonstrate
inflammation in GCA, PMR, and TAK.
Glucocorticoid (GC) treatment is the cornerstone in GCA,

PMR, and TAK. High initial GC doses are used in GCA and
TAK: typically 40–60mg of prednisone daily, with 500- to 1,000-
mg methylprednisolone pulse therapy on 3 consecutive days
reserved for patients with severe ischemic manifestations (e.g.,
visual loss) (16). In TAK, the clinical guidelines indicate that GC
treatment should be combined with other immunosuppressive
agents early in the disease. First-line treatment of TAK may con-
sist of conventional synthetic disease-modifying antirheumatic
drugs, such as methotrexate and azathioprine (16,17). Anti-TNF
and anti–IL-6 receptor therapy may serve as second-line immuno-
suppressive therapy in refractory and relapsing cases. Treatment
guidelines for GCA by the American College of Rheumatology
suggest early initiation of anti–IL-6 receptor therapy in all newly
diagnosed patients (18), whereas European League Against Rheu-
matism recommendations advocate the addition of anti–IL-6R

FIGURE 1. Digital 18F-FDG PET/CT of 64-y-old female with suspected
GCA. Patient presented with fatigue and claudication of arms. Measure-
ments of systolic blood pressure in brachial arteries varied significantly.
Measurements lower than 100 mm Hg and higher than 120 mm Hg were
sequentially registered. Duplex ultrasonography showed bilateral stenosis
of subclavian and axillary arteries. Patient also complained of morning
stiffness and pain in neck, shoulders, and hips. (Left) Maximum-intensity-
projection 18F-FDG PET image showing significantly increased uptake
(higher than liver) in aorta, carotid, subclavian, and axillary arteries.
Increased uptake (similar to liver) may also be seen in femoral and popliteal
arteries, as well as around hips and shoulders. (Right bottom) Axial fused
18F-FDGPET/CT images showing significantly increased uptake in suprare-
nal abdominal aorta. Diffuse and circular uptake is highly suggestive of LVV.

FIGURE 2. Digital 18F-FDG PET/CT of 80-y-old male with suspected
GCA. Patient’s main symptom consisted of both-sided temporal headache,
which was accompanied by fatigue. Laboratory investigation showed
C-reactive protein of 120 mg/L. (Left) Maximum-intensity-projection 18F-
FDG PET image showing strongly elevated uptake (significantly higher than
background) in cranial arteries, most notably in superficial temporal and
carotid arteries. Elevated uptake (similar to liver uptake) can be seen in sub-
clavian, axillary, femoral, and popliteal arteries. These findings are highly
suggestive of C-GCA and LV-GCA. In addition, moderate uptake can be
seen around shoulders and hips, suspected for PMR activity. (Right) Axial
18F-FDG PET/CT fusion images of head. (Right top) Elevated uptake in
frontal and parietal branches of superficial temporal artery, left posterior
auricular artery, and occipital arteries. (Right bottom) Significantly increased
uptake in internal carotid and vertebral arteries. Elevated uptake can also
be seen at junction of external carotid artery and common superficial tem-
poral artery, as well as maxillary arteries and right posterior deep temporal
artery.
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therapy in cases of relative
contraindications for GC treat-
ment or a relapsing disease
course (16). Methotrexate is
considered a reasonable alter-
native for anti–IL-6 receptor
therapy, according to Ameri-
can College of Rheumatology
guidelines and European Lea-
gue Against Rheumatism rec-
ommendations. Patients with
PMR are typically started on
medium GC doses (15mg of
prednisone) daily (19). GC-
sparing immunosuppressants
such as methotrexate are usu-
ally added when patients with
PMR suffer from GC side ef-
fects or disease relapse.

ROLE OF 18F-FDG PET/CT
ANGIOGRAPHY (PET/
CT[A]) IN DIAGNOSING LVV
AND PMR

Ultrasonography and MRA
are mainly used to detect C-
GCA, whereas CTA, MRA,
and 18F-FDG PET/CT are useful

for detecting LV-GCA in patients presenting with general symp-
toms (12). However, the new-generation PET/CT scanners, provid-
ing superior sensitivity and better spatial resolution, also allows
visualization of the cranial arteries by 18F-FDG PET/CT (20,21).
18F-FDG PET/CT can be used in patients with clinical symptoms
of C-GCA, LV-GCA, and TAK to visualize which vessels are
involved, disease extent and activity, and coexistence of PMR. 18F-
FDG PET/CT can also be used in patients without typical clinical
symptoms but with persisting fever or inflammation of unknown
origin. Vasculitis or PMR can be one of the diseases causing this
inflammation or fever.

Normally, low-dose CT is performed in PET imaging for atten-
uation correction and anatomic localization. However, performing
contrast-enhanced CT is also possible according to local practice
or guidelines, and newer PET/CT camera systems offer the possi-
bility to perform a CTA directly after the PET acquisition and
with the same quality as performed on a single CT camera system.
Therefore, PET/CTA combines the unique characteristics of the
PET part in visualizing the metabolic activity of the vessel walls
and the CTA characteristics of visualizing anatomic changes or
stenoses of the vessels in a single imaging modality.

In GCA, a prospective study of 18F-FDG PET imaging in
patients with GCA showed vascular 18F-FDG uptake in 83% of
patients, particularly at the subclavian arteries (74%) but also in
the thoracic and abdominal aorta (.50%) and the femoral arteries
(37%) (22). A metaanalysis of 6 studies evaluating 18F-FDG PET
for the diagnosis of GCA reported an overall sensitivity of 80%
and specificity of 89%. Moreover, the negative predictive value of

a 18F-FDG PET scan for GCA was excel-
lent (88%) (23).

18F-FDG PET/CT is also widely used for
the diagnosis of TAK (24). One metaanal-
ysis, including patients with TAK, reported
a sensitivity of 81% and specificity of
74% for 18F-FDG PET/CT (25). For diag-
nosing C-GCA, a binary visual 18F-FDG
uptake score has been proposed that yields
a sensitivity of 73%–83% and specificity of
75%–100% (20,21,26).

18F-FDG PET/CT is an accurate imaging
method for distinguishing between aortitis
and periaortitis, which is important for iden-
tifying the underlying cause (e.g., infectious
and noninfectious conditions) (27,28). Mild
and heterogeneous metabolic activity of
the aortic wall is frequently noticed in the
absence of vasculitis, especially in athero-
sclerotic aneurysms (29). Periaortitis is
characterized by a periaortic soft-tissue
mass surrounding the aorta and eccentric
to the calcifications of the media, visible
on radiographic imaging and ultrasound.
18F-FDG uptake is an important indicator
of active disease, potentially enabling
(treatment) follow-up (30).

18F-FDG PET/CT can also show inflam-
mation of periarticular and articular syno-
vial structures in overlapping PMR or in
isolated PMR. Van der Geest et al. (31) de-
monstrated in a systematic review that

FIGURE 4. 18F-FDG PET/CT imaging at time of diagnosis (before treatment) and after 1 y of treat-
ment in 67-y-old male GCA patient. At time of diagnosis, patient presented with complaints of PMR,
accompanied by C-reactive protein (CRP) of 121 mg/L and ESR of 106 mm/h. Patient had been
treated with prednisolone and subsequently with methotrexate. At 1 y, CRP remained elevated
despite methotrexate treatment. Patient did not experience GCA-related symptoms at that time but
had some symptoms of PMR. (Left) Axial 18F-FDG PET/CT fusion image of head and whole-body
maximum-intensity-projection (MIP) image at time of diagnosis. Moderately increased uptake (higher
than background) can be seen in maxillary arteries. Significantly increased uptake (higher than liver)
can also be found in aorta and carotid, subclavian, axillary, iliac, and femoral arteries (PETVAS 5

27). In addition, moderately increased uptake (similar to liver) can be observed surrounding shoulders
and hips. (Right) Whole-body MIP image and axial 18F-FDG PET/CT fusion of head after 1 y of treat-
ment. Slightly increased uptake (similar to liver) can be observed in aorta and carotid, subclavian, axil-
lary, iliac, and femoral arteries (PETVAS5 13). No uptake was found in maxillary arteries. Moderately
increased uptakewas found surrounding hip joints. ESR5 erythrocyte sedimentation rate.

FIGURE 3. 18F-FDG PET/CT of 16-
y-old female with suspected TAK.
Patient had been experiencing gen-
eralized malaise. Laboratory investi-
gations showed C-reactive protein of
98 mg/L and ESR of 119 mm/h.
Maximum-intensity-projection 18F-FDG
PET image shows elevated uptake in
thoracic aorta and part of abdominal
aorta. ESR 5 erythrocyte sedimenta-
tion rate.
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18F-FDG uptake at multiple anatomic sites in the shoulder and hip
girdle and spinal column is informative for a diagnosis of PMR.

ROLE OF 18F-FDG PET/CT(A) IN THERAPY MONITORING OF
LVV AND PMR

Therapeutic monitoring can be challenging in patients with
LVV and PMR, because signs and symptoms and laboratory tests
are not specific for these conditions. In addition, inflammatory
markers in the blood are often lower during relapse than at diagno-
sis (32). Imaging tools could thus be of interest for monitoring dis-
ease activity during treatment.
Currently, 18F-FDG PET/CT is not routinely recommended for

treatment monitoring in GCA and PMR in clinical routine (33).
Even though high-dose GC treatment has substantial effects on
18F-FDG uptake after 10 d of treatment (34), it seems that some
arterial wall 18F-FDG uptake may persist during treatment-
induced remission later in the disease course (35). Nevertheless,
most studies show that the extent and intensity of 18F-FDG uptake
decrease during treatment. Hence, a metaanalysis suggested that
18F-FDG PET/CT has a moderate sensitivity of 78% and specifi-
city of 71% for distinguishing active from quiescent LV-GCA
during treatment (24). A comparable diagnostic accuracy was

noted in a recent study with 100 consecutive LV-GCA patients
(36). The treatment effect on arterial wall uptake is not restricted
to GC treatment, but a similar decrease has been observed in
GCA patients treated with methotrexate and anti–IL-6 receptor
therapy (37).

Few studies have examined the potential role of 18F-FDG
PET/CT for treatment monitoring of PMR, because response to
treatment is usually based on a clinical evaluation (38,39). Compa-
rable to arterial wall 18F-FDG uptake in LVV, studies in PMR
patients have shown that 18F-FDG uptake at the shoulder and pel-
vic girdle and interspinous bursae decreases, but not necessarily
normalizes, during treatment-induced remission (31).

PET PROCEDURES

Patient Preparation and Scan Acquisition
Optimal patient preparation is crucial (Table 1). Patients must

be fasting for at least 6 h and avoid strenuous activity for 24h
before 18F-FDG injection. Blood glucose levels are preferably less
than 7mmol/L. 18F-FDG PET should be performed before GC treat-
ment (unless there is a risk of ischemic complications) or within
the first 3 d of treatment. For PET/CT acquisition, low-dose,
non–contrast-enhanced CT (for attenuation correction and anatomic
reference) is performed from the vertex to the feet (or at least includ-
ing the knees) 60min after 18F-FDG injection, with the patient in a
supine position with the arms next to the body. It is described that a
time interval of 2h may be even more optimal for PET activity detec-
tion in GCA (40). Injected activities, scan duration, or diagnostic
contrast-enhanced CT may be performed according to applicable local
protocols and guidelines (33).

Scan Interpretation and 18F-FDG PET/CT Scores
Several 18F-FDG PET interpretation criteria, both visual and semi-

quantitative, have been proposed, and there is insufficient evidence
that semiquantitative parameters may outperform a visual grading
scale to diagnose LVV in routine clinical practice (41). A standardized
4-point visual grading scale (arterial to liver uptake) is recommended
with grade 0, no uptake; grade 1, uptake lower than liver; grade 2,
uptake similar to liver; and grade 3, uptake higher than liver. Grade 3
is considered positive for LVV, whereas grade 2 may be indicative of
LVV (33). In addition, a quantitative composite score, based on the
visual grading scale of several individual arterial segments (typically
between 7 and 15 segments), could be applied that is known as the
total vascular score or PET vascular activity score (PETVAS)
(33,42,43). This composite score provides an overall assessment of
disease burden, has proven robust with little interobserver variability,
and may be preferred for evaluating treatment response. 18F-FDG
uptake in cranial arteries are scored as 3-point visual grading (0–2),
with grade 0 representing uptake not above the surrounding tissue,
grade 1 representing uptake just above the surrounding tissue, and
grade 2 representing uptake significantly above the surrounding tis-
sue (21).
In PMR, various 18F-FDG PET scores have been reported. The

Leuven score is the best validated one, providing a pooled sensitivity
of 89.6% and specificity of 93.3% (Supplemental Table 1) (supple-
mental materials are available at http://jnm.snmjournals.org) (44–46).
The Leuven score is the summed score of visual 18F-FDG uptake
at the cervical and lumbar interspinous bursae, sternoclavicular
joints, ischial tuberosities, greater trochanters, hips, and shoulders
(44). 18F-FDG uptake is graded according to a standardized
3-point visual 18F-FDG grading scale: grade 0, no uptake; grade 1,
uptake lower than liver; and grade 2, uptake similar to or higher

FIGURE 5. Digital 18F-FDG PET/CT in 59-y-old female patient suspected
of having PMR. Patient presented at rheumatology outpatient clinic with
pain in neck, shoulders, and hips. She also experienced morning stiffness
of 2 h, and her blood inflammatory markers were increased (C-reactive
protein, 63 mg/L; ESR, 72 mm/h). (Left) Axial 18F-FDG PET/CT fusion
images showing significantly increased uptake (higher than liver) in
shoulders, right sternoclavicular joint, lumbar interspinal bursa, hips, and
ischial tuberosities. (Right) Whole-body maximum-intensity-projection
image showing significantly increased 18F-FDG uptake in shoulders, ster-
noclavicular joints, lumbar interspinal bursa, hips, ischial tuberosities, and
knees. Slightly elevated 18F-FDG uptake may be seen in wrists. Increased
18F-FDG uptake due to brown fat activation can also be seen in neck and
paravertebral at thoracic spine (Leuven score 5 23, Groningen/Leuven
score5 14) (Supplemental Table 1). ESR5 erythrocyte sedimentation rate.
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than liver. A concise version, the Leuven/Groningen score, appears
to be at least equally informative for a diagnosis of PMR, only
requiring visual assessment of 18F-FDG uptake at the sternoclavi-
cular joints, hips, ischial tuberosities, and lumbar interspinous bursa
(45,46). The Leuven and Leuven/Groningen scores also provide
excellent interrater agreement (46).

Pitfalls
Blood glucose levels should be as low as possible (preferably

,7mmol/L). Even though hyperglycemia may not have a significant
impact on the false-negative rate of 18F-FDG PET for detecting
inflammatory lesions (in contrast to oncologic indications), a nega-
tive correlation has been observed between blood glucose levels and
18F-FDG arterial wall uptake (47,48).

Oral GC therapy for at least 10 d decreases
the sensitivity of 18F-FDG PET for diag-
nosing LVV, but its sensitivity is not affected
when performed within 3 d after oral GC
initiation (34). There are no prospective data
available on the 3- to 10-d window, and
adherence to the 3-d window is recommended
to date. In addition, GCs may increase liver
uptake, thereby affecting the visual scoring
of vascular 18F-FDG uptake (49).
Atherosclerotic vascular uptake, espe-

cially in the elderly and at the iliofemoral
arteries, may reduce the specificity of 18F-
FDG PET for diagnosing LVV (50). Despite
the possible overlap between entities, 18F-
FDG uptake patterns and the presence of
calcifications on CT are helpful to hint
toward one or the other: LVV appears as a
linear, diffuse, and circumferential uptake,
whereas atherosclerosis is characterized by
a typical patchy uptake pattern with gener-
ally low intensity.
Arterial graft–associated 18F-FDG uptake

might raise concerns regarding the diagno-
sis or disease activity assessment in patients
with LVV because the 18F-FDG uptake pat-
tern is similar. However, significant 18F-
FDG uptake confined to the arterial graft
does not equate to active vasculitis but

rather reflects a chronic, low-grade, nonspecific reaction to the graft
material (51).

CHALLENGES FOR THE FUTURE AND CONCLUSIONS

Although 18F-FDG PET/CT has become an important diagnostic
test in the evaluation of LVV and PMR, various questions regarding
its use in LVV and PMR warrant further research. Standardization
of 18F-FDG PET/CT scans is crucial, including the complete PET
procedure, patient preparation, scan acquisition, scan reconstruction,
and image analysis, and standards should be followed and adapted
when needed (33). Development of scoring methods for PMR activ-
ity on PET is ongoing, and these methods need to be validated in
large, prospective cohort studies. Developments in PET/CT camera

FIGURE 6. 18F-FDG PET/CT of 52-y-old man with history of idiopathic inflammatory abdominal
aortic aneurysm for which he underwent prosthetic vascular graft surgery. Patient presented 1 y after
surgery with increased C-reactive protein (231 mg/L) and decreased kidney function based on post-
renal obstruction. Patient was diagnosed with recurrence of inflammatory aneurysm and received
therapy with high-dose GCs and azathioprine. Ureteric obstruction was treated with temporary
nephrostomy catheters. Immunosuppressive therapy was tapered in following 2 y. No clinical or bio-
chemical signs of active (peri-)aortitis recurred. (Left) Sagittal and axial 18F-FDG PET/CT fusion
images and whole-body maximum-intensity-projection (MIP) image of patient at time of diagnosis
(before starting immunosuppressive treatment). Markedly increased, diffuse, and circular 18F-FDG
uptake is seen in dilated aortic wall. There is no evidence of inflammatory activity in other locations,
including prosthetic graft itself. Right: whole-body MIP image and sagittal and axial 18F-FDG
PET/CT fusion images of patient 2 y later after withdrawal of GC therapy. 18F-FDG uptake was sig-
nificantly decreased compared with time of diagnosis but had not completely normalized.

TABLE 1
Patient Preparation and 18F-FDG PET/CT Acquisition

Preparation Acquisition

Dietary preparation Fast for $6 h before 18F-FDG administration

Blood glucose level Preferably ,7 mmol/L; ,11 mmol/L for diabetic patients

GC interference Delay therapy until after PET (unless risk of ischemic complications)

Optional: PET within 3 d after start of GCs

PET acquisition Positioning: supine, arms next to body

Range: vertex down to feet (or at least including knees)

Incubation time: standard, 60 min; optional, 120 min

PET/CT: low-dose, non–contrast-enhanced CT for attenuation correction and anatomic reference

Optional: diagnostic contrast-enhanced CT(A) according to local protocols and guidelines

Optional: 5 min per bed position for skull only
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systems, such as digital or total-body systems, may enhance sensitiv-
ity and spatial resolution with a better signal-to-noise (i.e., vessel
wall vs. lumen) ratio, including the possibility to scan at later time
points while retaining adequate image quality. Furthermore, these
new-generation PET/CT scanners allow administration of lower
tracer activities to patients while achieving similar or even better
image quality than conventional scanners. These systems, including
the new-generation PET/MRI scanners, may also visualize patho-
logic uptake in the smaller cranial vessels (e.g., temporal and verte-
bral arteries) (20,52). PET/MRI will further reduce the radiation
dose, because CT lacks comparable accuracy in GCA diagnosis
(53), and it has the advantage of tissue characterization of GCA and
PMR, which is of particular value in younger individuals and in
(repetitive) monitoring of disease activity (54,55).
Combining total-body systems with more specific immuno-PET

tracers for vasculitis would allow more thorough insight into how
specific cell subpopulations are involved and behave in the patho-
genesis of specific types of vasculitis. Moreover, multiorgan
changes regarding kinetic uptake of specific PET tracers after
appropriate treatment of vasculitis could be assessed with total-
body systems, something that was not possible before the develop-
ment of this type of scanner (56).
Immuno-PET tracers, binding to specific immune cell subsets,

could potentially be more accurate than conventional 18F-FDG for
treatment monitoring of patients with LV-GCA (57,58). However,
further understanding regarding immune cell subsets in vasculitic
lesions is needed for better selection of tracers and targets for
tracer development.
Future studies are also needed to investigate the role of 18F-FDG

PET/CT in treatment monitoring and as a prognostic factor for LVV
and PMR. For instance, studies have suggested that aortic 18F-FDG
uptake at diagnosis is associated with an enhanced risk for develop-
ment of aortic aneurysms many years thereafter (59). Decision-
making is always needed in the clinical context. When more specific
immuno-PET tracers become available, the question may arise
whether therapy should or can be modified based solely on imaging
results and whether distinct immunosuppressive treatments have an
equal effect on vascular uptake in patients with LVV.
In conclusion, 18F-FDG PET/CT is an important diagnostic tool

for detecting inflammation of large- and medium-sized vessels in
patients with systemic vasculitides and in PMR. 18F-FDG PET/CT
can provide complementary information to other conventional
imaging techniques. Furthermore, 18F-FDG PET/CT may have a
role in therapeutic monitoring of patients with vasculitis and
PMR, but it remains challenging to differentiate remission from
smoldering disease activity. A new generation of total-body PET
scanners can limit radiation exposure while providing excellent
sensitivity. The introduction of immune-cell targeted radiotracers
will potentially allow direct visualization of inflammatory cell
infiltrates in the vasculature of patients with vasculitis.
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We would like to draw attention to the latest advances in the
field of peptide receptor radionuclide therapy (PRRT) of neuroen-
docrine tumors (NETs) of gastroenteropancreatic origin. The term
NET refers to well-differentiated tumors that can be grade 1 (Ki-67
index, ,3), 2 (Ki-67, 3–20), or 3 (Ki-67, .20); it excludes poorly
differentiated grade 3 neuroendocrine carcinomas.
The seminal NETTER-1 trial has positioned PRRT with 177Lu-

DOTATATE at the forefront of oncologic treatments in patients
with midgut NETs that have progressed on somatostatin analogs;
the treatment has shown a major improvement in progression-free
survival (PFS) and a positive impact on time to deterioration of qual-
ity of life. At long-term follow-up, improvement in overall survival
was nonsignificant. Late serious adverse events were rare; myelodys-
plasia occurred in 2 of 111 (2%) 177Lu-DOTATATE–treated patients,
with 1 death (1). The disease in most patients ultimately progresses.
Retreatment is not standardized, but some trials are ongoing
(NCT04954820).
NETTER-1, however, did not include pancreatic NETs; also, in

some countries PRRT is not reimbursed for this specific indication.
Therefore, the results of the OCLURANDOM trial, recently presented
at the European Society of Medical Oncology 2022 meeting, are
important (2). On the other hand, multiple options are being actively
investigated to increase the objective response rate over that obtained
in NETTER-1 (18%) and further improve outcomes with PRRT.

PANCREATIC NETS

In the prospective randomized noncomparative phase II study
OCLURANDOM (2), patients with somatostatin receptor (SSTR)
imaging–positive advanced pancreatic NETs with progressive disease
were randomized 1:1 to 177Lu-DOTATATE, 7.4 GBq every 8 wk for
4 cycles (177Lu-octreotate arm, n 5 41), or the antiangiogenic agent
sunitinib, 37.5 mg/d (sunitinib arm, n 5 43). Among the included
patients, 81% had grade 2 or 3, 37% had a Ki-67 of more than 10%,
42% had more than 25% liver involvement, 43% had received 2 or
more prior systemic lines, and 57% had received prior chemother-
apy. The primary endpoint was met, with a 12-mo PFS rate of
80% in the 177Lu-octreotate arm and 42% in the sunitinib arm.

Median PFS was 20.7 mo in the 177Lu-octreotate arm and 11 mo in
the sunitinib arm. Grade 3 or higher adverse events occurred less fre-
quently in the 177Lu-octreotate arm (44%) than in the sunitinib arm
(60%). Other important results are expected with final trial analysis.
Some ongoing phase III trials enrolled both pancreatic NET

patients and gastroenteric NET patients. COMPETE (NCT03049189)
is comparing 177Lu-DOTATOC with the mammalian-target-of-
rapamycin inhibitor everolimus in grade 1 or 2 gastroenteropancre-
atic NETs, with 309 enrolled patients. Substudies within this trial are
investigating the role of dosimetry. NETTER-2 (NCT03972488) and
COMPOSE (NCT04919226) are exploring the role of PRRT in
gastroenteropancreatic NET patients with high grade 2 or 3 tumors
(Ki-67 range, 10%–55%).

SSTR ANTAGONISTS

Somatostatin antagonist analogs are not internalized but display
higher occupancy and more prolonged binding to SSTR than do ago-
nists. In a phase I study of 177Lu-satoreotide tetraxetan (also called
177Lu-IPN01072, 177Lu-OPS201, and 177Lu-DOTA-JR11) in 20 NET
patients, the maximum activity was 7.4 GBq/cycle (3). Although
response rates were encouraging, 4 of 7 patients (57%) experienced
grade 4 hematologic toxicity after cycle 2, hence leading to a modi-
fication in the protocol. A phase I/II trial (NCT02592707) with
177Lu-satoreotide has now completed its recruitment. Part A enrolled
15 patients who received 3 cycles of 177Lu-satoreotide tetraxetan
with 4.5 GBq (peptide mass, 300 mg)/cycle. Part B enrolled
25 patients who completed 1–5 cycles at different administered
activities (4.5 or 6.0 GBq/cycle) and peptide masses (300, 700, or
1,300 mg/cycle). Preliminary reporting at the European Society of
Medical Oncology 2020 meeting described safety and early effi-
cacy data (4). The major toxicities were hematologic, the objective
response rate was 21%, and for the 20 patients with adequate
follow-up, the disease control rate at 12 mo was 90%.

177Lu-DOTA-LM3 is another SSTR antagonist, recently evaluated
in 51 metastatic NET patients (5). 68Ga-NODAGA-LM3 PET/CT
was used for patient selection. Therapy cycles ranged between 1 (half
the patients) and 4, with a median of 6.1 GBq/cycle. Partial response
was obtained in 36.2%. Grade 3 thrombocytopenia occurred in 5.9%
of patients.

a-THERAPY AND OTHER PROMISING RADIONUCLIDES

Initial results with a-emitting radioligands are also promising.
A phase 1 dose-escalation trial evaluated 212Pb-DOTAMTATE in
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PRRT-naïve NET patients (6). In the absence of dose-limiting tox-
icity, the recommended phase 2 dose was established at the highest
activity tested, defined as a 2.50 MBq/kg dose of 212Pb-DOTAM-
TATE administered 4 times at 8-wk intervals. For the first 10 sub-
jects treated at this recommended activity, the objective response rate
was 80%. There were 2 cases of transient renal toxicity and 1 case
of renal toxicity that did not recover, but that patient had several
confounding factors. A phase II study of 212Pb-DOTAMTATE
(NCT05153772) is ongoing.
In a single-center study, 91 patients received 225Ac-DOTATATE

(100–120 kBq/kg of body weight) at 8-wk intervals (median, 4
cycles; range, 1–10). All patients received concomitant capecitabine
therapy (7). Fifty-seven had received prior 177Lu-DOTATATE ther-
apy, with 33 being considered to have progressive disease or disease
refractory to 177Lu-PRRT. Treatment-related toxicities were deemed
minimal. Among 79 patients with assessable disease, the objec-
tive response rate was 51%. The 24-mo PFS was 67.5%. Prior
177Lu-PRRT–refractory disease was associated with poorer PFS. A
prospective phase 1b/3 trial (NCT05477576) of 225Ac-DOTATATE
in gastroenteropancreatic NET patients who experienced progression
after 177Lu-somatostatin analog therapy is ongoing.
From preclinical studies, the combined b- and Auger-emitter

161Tb also appears promising, especially when coupled to an SSTR
antagonist, probably leading to substantial damage to tumor cell
membranes (8).

67Cu-SARTATE PRRT can be paired with 64Cu-SARTATE with
the potential for dosimetry planning (9). The chelator MeCOSar (5-
(8-methyl-3,6,10,13,16,19-hexaaza-bicyclo[6.6.6]icosan-1-ylamino)-
5-oxopentanoic acid) offers improved retention of copper compared
with previous chelators. 67Cu-SARTATE has entered clinical trials,
albeit in neuroblastoma (NCT04023331).

LIVER-DOMINANT DISEASE

A subtle way to increase the uptake of radioligands in liver
metastases could be the use of intraarterial PRRT after selective
catheterization of the hepatic artery. A non–head-to-head comparison
of intraarterial PRRT (15 patients) versus the standard intravenous
route (14 other patients) found that intraarterial PRRT was associ-
ated with a higher concentration and absorbed dose in liver metasta-
ses (10). Whether a higher response rate was achieved was not
reported. Prospective studies are needed since earlier reports were
not uniformly positive. Trials with intraarterial 177Lu-DOTATATE
are ongoing (NCT03590119, NCT04837885).

COMBINATION THERAPY

Many studies have investigated PRRT combined with chemo-
therapy, notably in higher-grade tumors or 18F-FDG–avid metastatic
disease. as it is associated with a poorer prognosis (11). A phase II
study evaluated 177Lu-DOTATATE (5 cycles of 5.5 GBq each) plus
oral capecitabine in the intercycle in patients with 18F-FDG–positive
advanced gastroenteropancreatic NETs (12). Of 37 enrolled patients,
68% had G2 or G3 NETs and 68% had pancreatic NETs. Grade 3
or 4 adverse events included hematologic toxicity (16.2%), diarrhea
(5.4%), and asthenia (5.4%). Five patients (13%) discontinued the
protocol. No renal toxicity was observed. A partial response 3 mo
after the end of the 5 cycles was obtained in 10 of 33 evaluable
patients (30%). The median PFS was 31.4 mo but still was diffi-
cult to interpret in the absence of randomization. The phase II
CONTROL NET trial presented at 2022 meeting of the American

Society of Clinical Oncology evaluated the combination of
PRRT (177Lu-DOTATATE) and capecitabine plus temozolomide
(CAPTEM) in 75 patients with advanced progressive NETs (45
midgut NETs and 27 pancreatic NETs) (13). Patients with midgut
NETs were randomized 2 to 1 to PRRT 1 CAPTEM (n 5 33) or
PRRT alone (n 5 14), and those with pancreatic NETs were ran-
domized 2 to 1 to PRRT 1 CAPTEM (n 5 19) or CAPTEM alone
(n 5 9). A nonsignificant trend for better PFS (hazard ratio,
0.41; P 5 0.08) with PRRT 1 CAPTEM was observed for pan-
creatic NET patients, suggesting continuing investigations in this
subgroup of NET patients only (13). The risk of long-term hemato-
logic toxicity should be considered (14).
There is also a lot of exciting preclinical work and ongoing trials

in NET patients on the combination of PRRT with immune check-
point inhibitors, such as pembrolizumab (NCT03457948) or nivolu-
mab (NCT04525638), or with DNA-damage response-modifying
agents, such as the poly(adenosine diphosphate-ribose) polymerase
inhibitors olaparib (NCT04086485, NCT04375267) and talazoparib
(NCT05053854), the DNA-dependent protein kinase inhibitor
peposertib (NCT04750954), or the ribonucleotide reductase inhibitor
3-aminopyridine-2-carboxaldehyde thiosemicarbazone (Tri-
apine; Nanoshift, LLC) (NCT04234568).
The mentioned clinical trials, and others investigating the role of

dosimetry and predictive imaging and blood biomarkers to improve
patient selection and precision medicine approaches to personalized
treatment, will no doubt further reinforce the role of PRRT in gas-
troenteropancreatic NET patients in the years to come.
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Summary: Appropriate Use Criteria for Lymphoscintigraphy
in Sentinel Node Mapping and Lymphedema/Lipedema
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Expert representatives from 11 professional societies, as part of an
autonomous work group, researched and developed appropriate use
criteria (AUC) for lymphoscintigraphy in sentinel lymph node mapping
and lymphedema. The complete findings and discussions of the work
group, including example clinical scenarios, were published onOctober
8, 2022, and are available at https://www.snmmi.org/ClinicalPractice/
content.aspx?ItemNumber=42021. The complete AUC document in-
cludes clinical scenarios for scintigraphy in patients with breast, cutane-
ous, and other cancers, as well as for mapping lymphatic flow in
lymphedema. Pediatric considerations are addressed. These AUC
are intended to assist health care practitioners considering lymphos-
cintigraphy. Presented here is a brief overview of the AUC, including
the rationale and methodology behind development of the document.
For detailed findings of the work group, the reader should refer to the
complete AUCdocument online.

Key Words: lymphoscintigraphy; lymphedema/lipidema; appropriate
use; sentinel nodemapping
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Since the introduction of the “sentinel lymph node” (SLN) con-
cept more than 40 y ago the use of lymphoscintigraphy for map-
ping the lymphatic system and localizing sentinel nodes has
evolved with improvements in imaging technology and in the
expanding clinical use of lymphatic mapping. To better define cur-
rent recommendations for the use of lymphoscintigraphy, expert
representatives from 11 professional societies, as part of an auton-
omous work group, researched and developed appropriate use
criteria (AUC) to describe the use of lymphoscintigraphy in SLN
mapping and lymphedema. This process was performed in accor-
dance with the Protecting Access to Medicare Act of 2014, which
requires that all referring physicians consult AUC by using a

clinical decision support mechanism before ordering advanced
diagnostic imaging services. The result of the literature review and
workgroup discussions was published on the Society of Nuclear
Medicine and Molecular Imaging (SNMMI) website on October 8,
2022, and is available at https://www.snmmi.org/ClinicalPractice/
content.aspx?ItemNumber=42021. Here we present a brief report on
and summary of these AUC.
The full AUC include several possible clinical scenarios for

which lymphoscintigraphy may be considered. Once these clinical
scenarios were collected, the expert panel considered and graded
them for appropriateness based on available literature as well as
expert opinion. The most common current clinical use of lympho-
scintigraphy is for SLN detection of breast and cutaneous malig-
nancies; therefore, these indications are covered in more detail.
However, the value of lymphoscintigraphy is recognized for SLN
detection in other malignancies, as well as for mapping lymphatic
flow in lymphedema. The work group prepared the AUC to assist
health care practitioners who may be considering lymphoscintigra-
phy for their patients. Because each patient is unique, the appropri-
ateness recommendations should not replace clinical judgment.
Mapping of sentinel node location should be performed for each

patient undergoing SLN sampling. SLN mapping can be done
with optical agents, such as isosulfan or methylene blue, as well as
with radiotracers and fluorescent tracers or a combination of tech-
niques. SLN localization with these techniques in individual patients
has allowed a more accurate localization of nodes draining a primary
tumor site. Histopathologic evaluation of the sentinel node allows
patients to avoid the risk of the morbidity and mortality associated
with complete node bed dissection if there is no evidence of meta-
static disease in the sentinel node. The full AUC document discusses
the challenges with the variety of lymphoscintigraphy tracers in use
around the world. In the United States, only 2 tracers are generally
available for clinical use: 99mTc-sulfur colloid and 99mTc-tilmanocept.
Those tracers were the primary radiopharmaceuticals considered in
the writing of the AUC document.

METHODOLOGY

Expert Work Group
Experts in this AUC work group were convened by SNMMI to

represent a multidisciplinary panel of health care providers with
substantive knowledge about the use of nuclear medicine in
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lymphoscintigraphy. In addition to SNMMI members, representa-
tives from the Society for Vascular Medicine, Australia and New
Zealand Society of Nuclear Medicine, American College of Radi-
ology, Society of Surgical Radiology, European Association of
Nuclear Medicine, American Head and Neck Society, American
Society of Clinical Oncology, American Society of Breast Sur-
geons, American College of Nuclear Medicine, and American Col-
lege of Surgeons were included in the work group. Thirteen
physician members were ultimately selected to participate and
contribute to the AUC. A complete list of work group participants
and external reviewers can be found in Appendix A in the online
version of the AUC, where additional appendices provide term
definitions and acronyms, author disclosures, and the process used
to engage public commentary. Also included are qualifying state-
ments and evidence limitations.

AUC Development
The process for AUC development was modeled after the

RAND/UCLA Appropriateness Method and included identification
of relevant clinical scenarios in which lymphoscintigraphy may be
used, a systematic review of evidence related to these clinical sce-
narios, and a systematic synthesis of available evidence, followed
by grading of each of the clinical scenarios using a modified Delphi
process. In addition, the work group followed Institute of Medicine
standards for developing trustworthy clinical guidance. The final
document was drafted based on group ratings and discussions.
A total of 32 relevant clinical scenarios were identified, with result-
ing AUC based on evidence and expert opinion regarding diagnos-
tic accuracy and effects on clinical outcomes and clinical decision
making. Other factors affecting the AUC recommendations were
potential harm (including long-term harm, which may be difficult to

capture), costs, availability, and patient preferences. An extensive
systematic review of the relevant literature was conducted by the
Pacific Northwest Evidence-Based Practice Center at the Oregon
Health and Science University under the direction of Roger Chou,
MD, guided by key questions from the work group about lympho-
scintigraphy in nodal staging and lymphatic dysfunction. Inclusion
criteria, search parameters, and databases searched are included
in the full AUC document, as well as data extraction, evidence
weighting, rating, and scoring procedures. The work group met
several times online via audiovisual conference to analyze results
and contribute clinical expertise to derive final consensus scores for
each clinical indication/scenario. Final appropriate use ratings were
summarized in a format similar to the RAND/UCLA Appropriate-
ness Method. Each clinical scenario was scored on a scale from 1
to 9: a score of 7–9 indicates that the procedure is appropriate for
the specific clinical indication and is generally considered accept-
able; a score of 4–6 indicates that the procedure may be appropriate
for the specific indication and may imply that more evidence is
needed to definitively classify the indication; and a score of 1–3 indi-
cates that the procedure is rarely appropriate for the specific indica-
tion. Division of scores into 3 general levels of appropriateness is
partially arbitrary, and numeric designations should be viewed as a
continuum. When work group members could not agree on a com-
mon score, those indications were given “may be appropriate” rat-
ings to indicate a lack of definitive literature and lack of work group
consensus, indicating the need for additional research.

SUMMARY RECOMMENDATIONS FROM THE WORK GROUP

Breast Cancer (Table 1)
The use of radiopharmaceuticals for SLN mapping in breast

cancer is appropriate for patients ,70 y old after initial diagnosis

TABLE 1
Appropriateness Ratings for Clinical Scenarios for Lymphoscintigraphy in Breast Cancer

Scenario no. Description Appropriateness Score

1 Invasive breast cancer of any histologic type without evidence of
axillary or distant metastases and without evidence of skin or
chest wall invasion

Appropriate 9

2 Invasive breast cancer of any histologic type with pathologic
evidence of axillary metastases and no evidence of skin or local
chest wall invasion or distant metastases

May be appropriate 5

3 Invasive breast cancer of any histologic type with evidence of
distant metastases

May be appropriate 5

4 Ductal carcinoma in situ (DCIS) without suspicious features and
DCIS or pleomorphic lobular carcinoma in situ (LCIS) without
planned mastectomy or other surgery affecting lymphatic
drainage

Rarely appropriate 2

5 DCIS with suspicious features and DCIS or pleomorphic LCIS with
planned mastectomy or other surgery affecting lymphatic
drainage

Appropriate 8

6 Planned reduction mammoplasty or risk-reducing mastectomy in
patients without a known breast cancer diagnosis

Rarely appropriate 1

7 In-breast recurrence or de novo ipsilateral breast cancer without
evidence of axillary or distant metastases and without evidence
of skin or chest wall invasion

Appropriate 9

8 Inflammatory breast cancer or breast cancer with evidence of skin
or local chest wall invasion

Rarely appropriate 1

9 Phyllodes tumor Rarely appropriate 1

10 Paget disease of the breast, cancer not identified before surgery May be appropriate 6
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of invasive breast cancer of any histologic type if there is no clini-
cal or imaging-based evidence of axillary or distant metastasis,
either in the de novo setting or in the setting of an in-breast recur-
rence. In patients with evidence of local or distant metastatic dis-
ease, however, the benefit of SLN mapping is less apparent.
SLN biopsy (SLNB) may be appropriate in patients $ 70-y-old

if the results will impact adjuvant treatment. SLN mapping may
also be considered appropriate in patients with ductal carcinoma in
situ or pleomorphic lobular carcinoma in situ for whom a mastec-
tomy is planned or in the setting of breast-conserving surgery
where the procedure may affect the option for future lymphatic
mapping or where suspicion for invasive disease is present.
SLN mapping is rarely appropriate in patients diagnosed with

an inflammatory breast cancer or breast cancer with evidence of
skin or local chest wall invasion, with Paget disease of the breast
without evidence of an underlying invasive cancer identified
before surgery, with Phyllodes tumors, or in the setting of a pro-
phylactic mastectomy or reduction mammoplasty in women with-
out a history of breast cancer.

Skin Cancer (Table 2)
SLNB has been shown to be helpful in the management of

patients with melanoma and Merkel cell carcinoma. Preliminary evi-
dence of SLNB with other cutaneous lesions suggests there may be
some utility; however, more controlled studies are needed. At pre-
sent, SLNB in rare tumors may be performed when the nodal status
will affect management, when the possibility of nodal metastasis is
believed to be significant, or when there is no other evidence of
metastatic disease. As therapy for some cutaneous malignancies
improves, the need for SLNB will change, particularly when sentinel
node status no longer changes management or prognosis.

Cancers at Other Sites (Table 3)
The success of sentinel node localization in melanoma and breast

cancer has led to the application of sentinel node scintigraphy to
several other diseases, including gynecologic, gastrointestinal, uro-
logic, bladder and renal, and thyroid cancers. Other than for cervi-
cal cancer and oral cavity cancers, the effectiveness of SLNB using
radiotracers in these other malignancies is still under investigation.

TABLE 2
Appropriateness Ratings for Clinical Scenarios for Lymphoscintigraphy in Skin Cancer

Scenario no. Description Appropriateness Score

11 Primary cutaneous melanoma of appropriate stage without
clinical evidence of metastasis

Appropriate 9

12 Cutaneous melanoma after a local-regional recurrence May be appropriate 6

13 Pigmented lesions of uncertain metastatic potential May be appropriate 6

14 Primary melanoma of the anus or vagina without clinical
evidence of metastasis

Appropriate 7

15 Cutaneous and mucosal (penile, vulvar) squamous cell
carcinoma (SCC) or basal cell carcinoma without clinical
evidence of metastasis

Appropriate 8

16 Merkel cell carcinoma without clinical evidence of metastasis Appropriate 9

17 Malignant adnexal cutaneous tumors (eccrine, sweat gland,
SCC with eccrine dedifferentiation) without clinical
evidence of metastasis

May be appropriate 6

18 Selected sarcoma subtypes (synovial, epithelioid,
rhabdomyosarcoma, angiosarcoma, clear cell sarcoma)
without evidence of metastasis

May be appropriate 6

TABLE 3
Appropriateness Ratings for Clinical Scenarios for Lymphoscintigraphy in Cancers at Other Sites

Scenario no. Description Appropriateness Score

19 Prostate cancer (initial stage) Appropriate 7

20 Cervical cancer (initial stage) Appropriate 7

21 Endometrial cancer, low-risk patient May be appropriate 5

22 Endometrial cancer, high-risk patient May be appropriate 6

23 Ovarian cancer Rarely appropriate 3

24 Vaginal squamous cell cancer May be appropriate 6

25 Primary malignancy of the gastrointestinal tract without
clinical evidence of metastasis

May be appropriate 5

26 Oral cavity cancer Appropriate 9

27 Oropharyngeal cancer May be appropriate 6
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Lymphedema (Table 4)
Lymphoscintigraphy is an appropriate test for evaluation of pri-

mary lymphedema or limb edema of unclear etiology. Lymphoscin-
tigraphy can also be appropriate for patients with suspicion for
secondary lymphedema, particularly if the clinical history or exam
is not definitive for the diagnosis of lymphedema. Lymphoscintigra-
phy can be helpful to confirm lymphatic dysfunction before lym-
phatic surgery. Lymphoscintigraphy may be appropriate in select
patients with lipedema or breast lymphedema, although the value of
lymphoscintigraphy in these populations is not widely published.

Pediatric Considerations
The pediatric indications for lymphoscintigraphy and SLNB are

similar to those in adults, although the differing incidences and
causes of lymphatic diseases in children should be considered.

It is uncommon for studies of the clinical utility of lymphoscintig-
raphy to focus solely on children, yet many published reports
include children in their study populations. Lymphoscintigraphy
has been reported to have a role in guiding the management and
treatment of some pediatric cancers and in evaluation of lymph-
edema in children. The complete AUC document includes state-
ments on lymphoscintigraphy in pediatric breast and skin cancers,
as well as pediatric sarcoma and lymphedema.

SUMMARY

This report is a summary of the complete Appropriate Use
Criteria for Lymphoscintigraphy in Sentinel Node Mapping and
Lymphedema/Lipedema, available at https://www.snmmi.org/Clinical
Practice/content.aspx?ItemNumber=42021.

TABLE 4
Appropriateness Ratings for Clinical Scenarios for Lymphoscintigraphy in Lymphedema and Lipedema

Scenario no. Description Appropriateness Score

28 Clinical suspicion for primary lymphedema of the extremities Appropriate 8

29 Clinical suspicion for secondary lymphedema of the extremities Appropriate 7

30 Clinical suspicion for breast lymphedema May be appropriate 4

31 Lipedema of the extremities May be appropriate 6

32 Limb edema of unclear etiology Appropriate 8
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Limited treatment options in patients with intrahepatic cholangiocarci-
noma (iCCA) demand the introduction of new, catheter-based treatment
options. Especially, 90Y radioembolizationmay expand therapeutic abili-
ties beyond surgery or chemotherapy. Therefore, the purpose of this
study was to identify factors associated with an improved median over-
all survival (mOS) in iCCA patients receiving radioembolization in a retro-
spective study at 5 major tertiary-care centers. Methods: In total, 138
radioembolizations in 128 patients with iCCA (female, 47.7%; male,
52.3%; mean age 6 SD, 61.1 6 13.4 y) were analyzed. Clinical data,
imaging characteristics, and radioembolization reports, as well as data
from RECIST, version 1.1, analysis performed 3, 6, and 12 mo after
radioembolization, were collected. mOSwas compared among different
subgroups using Kaplan–Meier curves and the log-rank test. Results:
Radioembolization was performed as first-line treatment in 25.4%, as
second-line treatment in 38.4%, and as salvage treatment in 36.2%.
In patients receiving first-line, second-line, and salvage radioemboli-
zation, the disease control rate was 68.6%, 52.8%, and 54.0% after
3 mo; 31.4%, 15.1%, and 12.0% after 6 mo; and 17.1%, 5.7%, and
6.0% after 1 y, respectively. In patients receiving radioembolization
as first-line, second-line, and salvage treatment, mOS was 12.0 mo
(95% CI, 7.6–23.4 mo), 11.8 mo (95% CI, 9.1–16.6 mo), and 8.4 mo
(95% CI, 6.3–12.7 mo), respectively. No significant differences
among the 3 groups were observed (P5 0.15). Hepatic tumor burden
did not significantly influence mOS (P 5 0.12). Conclusion: Espe-
cially in advanced iCCA, second-line and salvage radioembolization
may be important treatment options. In addition to ongoing studies
investigating the role of radioembolization as first-line treatment, the
role of radioembolization in the later treatment stages of the disease
demands further attention.
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Cholangiocarcinoma is a rare, aggressive malignancy that
accounts for approximately 3% of all gastrointestinal tumors and is
associated with low median overall survival (mOS) rates (1,2). Sur-
gery remains the most promising approach, although recurrence rates
are high (2–6). In patients who have recurrent or metastatic disease
or are ineligible for resection, therapeutic options are limited. In such
cases, cytotoxic chemotherapy with modest response rates is the stan-
dard of care (4,6). Because other treatment options such as radiother-
apy or thermal ablation are confined to small, localized tumors,
various catheter-based treatment options have been proposed to
overcome this troubling situation, most notably for intrahepatic
cholangiocarcinoma (iCCA) (4,5,7). For this use, hepatic artery infu-
sion, transarterial chemoembolization (TACE), and radioembolization
have gained particular considerate attention.
In hepatic artery infusion, a high hepatic dose of a chemothera-

peutic agent is achieved by local administration of a chemothera-
peutic agent in the hepatic artery. Vascular access can be achieved
either by surgical placement of a hepatic arterial infusion pump or
by interventional catheter placement via the femoral artery. mOS
of up to 25.0 mo has been reported (8,9).
TACE, on the other hand, relies on the combined effect of vessel

occlusion at a capillary level and local administration of a chemother-
apeutic agent. Promising results have been reported in recent meta-
analyses, indicating an mOS of up to 15.9 mo in a selected patient
cohort (10–12). In addition to conventional TACE, other embolic
agents such as degradable starch microspheres or drug-eluting beads
have been proposed. Because of small patient cohorts, however, a
generalized recommendation on these new embolic agents cannot be
derived from the available data (13–15).
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Radioembolization uses the increased vasculature of intrahepatic
tumors in comparison to hepatic tissue (16,17). Radioactive micro-
spheres that have been previously injected into the hepatic artery
accumulate predominantly in the capillary bed of tumors. The short
range of b2-radiation emitted by 90Y ensures highly effective con-
trol of the local tumor, whereas the surrounding tissue is spared.
Before radioembolization, pretherapeutic angiography followed by
local injection of 99mTc-labeled macroaggregated albumin is manda-
tory to exclude extrahepatic shunting. With an mOS of up to 14.3 mo,
the results are comparable to those for TACE (10–12,18,19).
Because of the lack of prospective, comparative studies, the over-

all evidence for each of these treatment regimens is low. Current
recommendations are derived mostly from metaanalyses that are
based on a variety of prospective and retrospective datasets with low
patient numbers (10,11). In the advent of prospective studies focus-
ing on early radioembolization, it is crucial to identify other potential
applications for radioembolization in larger cohorts (20). Therefore,
the aim of this multicenter retrospective study was to analyze the
impact of clinical and tumor-associated factors on mOS. Such
research will facilitate patient selection for radioembolization in the
future and further the applications for this promising technique in
iCCA patients beyond early radioembolization.

MATERIALS AND METHODS

Retrospectively, we collected data on patients with cholangiocarci-
noma who underwent radioembolization at any of 5 major tertiary-care
centers in Germany during the 14 y fromMay 2007 to May 2021. To be
included, the patients had to have histopathologically proven iCCA and
had to have undergone radioembolization. Exclusion criteria were extra-
hepatic cholangiocarcinomas such as Klatskin tumors or gallbladder
carcinomas.

At each center, a standardized questionnaire was used to obtain all
necessary data (supplemental data, section 1; supplemental materials are
available at http://jnm.snmjournals.org). Tumor response was assessed
according to RECIST, version 1.1, at the corresponding centers to obtain
the disease control rate (DCR) after radioembolization (21). Then, data
from each center were anonymized and merged into a single database
for further statistical analysis. The institutional ethic committee of the

University Duisburg–Essen approved the study (application 20-9747-
BO) on June 7, 2021. Because the analysis was retrospective, the need
for informed consent was waived.

Statistical Analysis
OS was the primary endpoint of this study. Kaplan–Meier curves,

including log-rank tests, were used to investigate the impact of tumor
type, hepatic tumor burden, and tumor vascularization pattern; the pres-
ence of extrahepatic metastases and tumor-accompanying ailments such
as ascites and cirrhosis; the administered microsphere type; and the line
of therapy (first-line, second-line, or salvage therapy). Additionally,

FIGURE 1. Flowchart of analyzed patients. CCA 5 cholangiocarcinoma;
HCC5 hepatocellular carcinoma.

TABLE 1
Baseline Characteristics of All Radioembolizations

Characteristic % n

Initial UICC tumor stage

I 1.4 2

II 21 29

IIIa 14.5 20

IIIb 38.5 53

IV 20.3 28

Unknown 4.3 6

Tumor type

Mass-forming 58.7 81

Diffuse intrahepatic 39.9 55

Unknown 1.4 2

Tumor vascularization

Hypervascularized 34.8 48

Hypovascularized 36.2 50

Mixed appearance 22.5 31

Unknown 6.5 9

Hepatic tumor burden

,25% 52.2 72

25%–50% 25.4 35

.50% 15.2 21

Unknown 7.2 10

Distant metastases at time of radioembolization

Yes 43.5 60

Lymph nodes 10.1 14

Peritoneum 7.2 10

Pancreas 0.7 1

Lung 10.9 15

Bone 5.1 7

Brain 2.2 3

No 56.5 78

Liver cirrhosis at time of radioembolization

Yes 15.9 22

No 83.4 115

Unknown 0.7 1

Ascites at time of radioembolization

Yes 23.9 33

No 76.1 105
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a multivariable Cox regression analysis was performed (supplemental
data, section 2).

A P value of less than 0.05 indicated statistical significance. Because
the study was explorative, no a-error correction was performed. SPSS
Statistics (version 27; IBM) and R (version 4.2.0; R Core Team, 2022)
were used for statistical analysis.

RESULTS

Baseline Characteristics
Data on 184 radioembolizations in 142 patients were collected

from all 5 centers. Seventeen cases did not match the inclusion cri-
teria and were excluded from further analysis (Fig. 1). In 29 cases,
the liver was treated in 2 separate sessions, which were considered
as 1 treatment. Therefore, 138 radioembolizations in 128 patients
were eligible for further analysis (female, 47.7% [61/128]; male,
52.3% [67/128]; mean height [6SD], 172.1 6 9.5 cm; mean
weight, 75.3 6 17.1 kg; mean age, 61.1 6 13.4 y). In 10 cases,
radioembolization was repeated because of relapse (Table 1; sup-
plemental data, section 3).
Before radioembolization, other treatments had been conducted

on 84.6% (103/138). In total, 25.4% (35/138) received first-line radio-
embolization without any prior therapy, 38.4% (53/138) received
second-line radioembolization, and 36.2% (50/138) received salvage
radioembolization after multiple prior therapies (Table 2). Section 4
of the supplemental data provides further information on baseline
characteristics, preinterventional imaging, and radioembolization.

Follow-up Examinations
For the entire cohort, follow-up examinations were performed

after 3 mo (mean, 86 6 49 d), 6 mo (mean, 166 6 78 d), and 1 y
(mean, 346 6 81 d). DCR for the entire cohort was 57.2% (79/138)
after 3 mo, 18.1% (25/138) after 6 mo, and 6.5% (9/138) after 1 y.
In patients receiving first-line radioembolization, DCR was 68.6%
(24/35) after 3 mo, 31.4% (11/35) after 6 mo, and 17.1% (6/35) after

1 y. In patients receiving second-line radioembolization, DCR was
52.8% (28/53) after 3 mo, 15.1% (8/53) after 6 mo, and 5.7% (3/53)
after 1 y. In patients receiving radioembolization as a salvage treat-
ment, however, DCR was 54.0% (27/50) after 3 mo, 12.0% (6/53)
after 6 mo, and 6.0% (3/50) after 1 y.

Survival Analysis
mOS in the entire cohort was 10.7 mo (95% CI, 8.4–12.7 mo).

One-year OS was 45.3% (95% CI, 37.2–55.2 mo), and 2-y OS was
16.7% (95% CI, 10.8–25.9 mo). At the time of the analysis, 75.4%
(104/138) were deceased, 10.9% (15/138) were alive, and 13.7%
(19/138) were lost to follow-up.
To identify potential differences among different subgroups, a fur-

ther analysis was performed with a focus on the following tumor

TABLE 2
Treatments Before Radioembolization

Treatment % n

Prior therapy

Yes 84.6 103

Hepatic surgery 31.9 44

Extrahepatic surgery 3.6 5

Radiation 2.9 4

Radioembolization 7.2 10

TACE/TAE/HAI 5.1 7

Local ablation (MWA/RFA) 5.8 8

Chemotherapy 62.3 86

Tyrosine kinase inhibitor therapy 2.2 3

No 25.4 35

First-line radioembolization 25.4 35

Second-line radioembolization 38.4 53

Salvage radioembolization 36.2 50

HAI5 hepatic artery infusion; MWA5 microwave ablation; RFA5

radiofrequency ablation.

FIGURE 2. A 64-y-old man with stage 4 iCCA with lymph node metasta-
ses. (A and B) Initial MRI shows hypovascularized tumor in right liver lobe
(A, arrow), with faint contrast agent uptake in preinterventional angiogra-
phy with subsequent 99mTc-macroaggregated albumin injection (B, arrow).
Radioembolization of right hepatic artery with 4.64 GBq was performed
27 d after 99mTc-macroaggregated albumin injection. (C) Postinterventional
MRI 126 d after radioembolization showed partial tumor response (arrow).
Patient died after 176 d.
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characteristics: tumor type (diffuse vs. mass-forming), hepatic tumor
burden, and tumor vascularization pattern. Mass-forming tumors had
a significantly longer survival than tumors with a diffuse growth pat-
tern (mass-forming, 12.0 mo [95% CI, 9.5–15.9 mo]; diffuse growth
pattern, 7.6 mo [95% CI, 5.8–12.7 mo], x21 [n 5 136] 5 4.3, P 5
0.038, Fig. 2A). A lower hepatic tumor burden tended to be associated
with an increased mOS (,25%, 11.8 mo [95% CI, 9.1–15.6 mo];
25%–50%, 8.0 mo [95% CI, 5.8–16.6 mo]; .50%, 6.4 mo [95% CI,
4.2–16.3 mo]). However, no statistical differences among the sub-
groups were detected by the log-rank test (x22 [n 5 128] 5 4.2, P 5
0.12, Fig. 2B). mOS was 12.7 mo (95% CI, 9.8–17.0 mo) for
hypervascularized tumors, 8.0 mo (95% CI, 5.4–12.0 mo) for hypo-
vascularized tumors, and 9.1 mo (95% CI, 8.1–16.9) for tumors
with a mixed appearance. According to the log-rank test, a slight sig-
nificant difference in OS existed among the 3 subgroups (x21 [n 5
129]5 6.6, P5 0.037; Fig. 3).
Patients with extrahepatic metastases had a significantly shorter

mOS than patients without distant metastases (extrahepatic metastases,

8.1 mo [95% CI, 6.4–12.2 mo]; no extrahepatic metastases, 12.7 mo
[95% CI, 9.2–18.2 mo], x21 [n 5 138] 5 8.3, P 5 0.004). However,
mOS was significantly influenced neither by the presence of liver
cirrhosis (present, 11.7 mo [95% CI, 6.8–23.5 mo]; absent, 11.0 mo
[95% CI, 8.4–13.7 mo]; x21 [n 5 137] 5 0.9, P 5 0.34) nor by the
presence of ascites (present, 8.0 mo [95% CI, 6.3–19.4 mo]; absent,
11.0 mo [95% CI, 9.0–13.7 mo]; x21 [n 5 138] 5 0.2, P 5 0.66)
(Fig. 4).
In the analyzed cohort, radioembolization was characterized as

first-line (no prior therapy), second-line (only one kind of prior
therapy), or salvage treatment (at least 2 prior therapies). In patients
receiving radioembolization as first- and second-line treatment,
mOS was 12.0 mo (95% CI, 7.6–23.4 mo) and 11.8 mo (95% CI,
9.1–16.6 mo), respectively. In patients receiving radioembolization
as salvage therapy, mOS was 8.4 mo (95% CI, 6.3–12.7 mo). No
significant differences among the 3 groups were detected by the
log-rank test (x22 [n 5 138] 5 3.7, P 5 0.15; Fig. 5; supplemental
data, section 4).

FIGURE 3. Kaplan–Meier survival curves for different tumor characteristics in analyzed cohort: tumor type (A), hepatic tumor burden (B), and tumor
vascularization pattern (C).

FIGURE 4. Kaplan–Meier survival curves for different baseline characteristics in analyzed cohort: extrahepatic metastases (A), liver cirrhosis (B), and
ascites (C).
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Cox Regression
The assumption of proportional hazards of the Cox model was

met globally (P 5 0.55) and by all variables (P . 0.05). The anal-
ysis revealed that the presence of extrahepatic metastases (hazard
ratio [HR], 1.99 [95% CI, 1.25–3.2]; P 5 0.004) and vasculariza-
tion patterns other than hypervascularization (hypovascularization:
HR, 2.27 [95% CI, 1.35–3.8]; P 5 0.002)
(mixed: HR 2.21 [95% CI, 1.15–4.2]; P 5

0.017) were statistically significant predictors
of a worse mOS (Fig. 6). Although higher
HRs were observed for a higher hepatic
tumor burden, no significant differences
could be observed (25%–50%: HR, 1.46
[95% CI, 0.82–2.6]; P 5 0.197) (.50%:
HR, 1.60 [95% CI, 0.77–3.3]; P 5 0.209).

DISCUSSION

To aid in making clinical decisions on
iCCA patients, it is key to have a large retro-
spective study that identifies factors favoring
radioembolization. Four main factors were
identified in our multicenter study, compris-
ing, to our knowledge, the largest cohort of
iCCA patients treated with radioemboliza-
tion to date. First, second-line or salvage
radioembolization of iCCA patients is a via-
ble option, with promising DCRs, and might
have a favorable effect on mOS. Second,
mOS is significantly longer in iCCA patients
with hypervascularized tumors than in
iCCA patients with other tumor types.
Third, even a high tumor burden does not
lead to significant changes in mOS. Fourth,

extrahepatic metastases have a significant impact on mOS in iCCA
patients.
Despite relevant advances in oncology, treatment of iCCA

remains challenging. At the moment, surgical treatment has to be
considered the most favorable option. If complete tumor removal
can be achieved, an mOS of up to 45.1 mo can be achieved in
iCCA patients in general (6). In patients with resected iCCA, 5-y
survival rates of up to 63% have been published (22,23). Despite
the introduction of adjuvant radio- or chemotherapy, R0 resection
remains a prerequisite for such a favorable outcome. However,
because of the necessary extent of tumor removal, R0 resection
can be achieved in approximately only 36% of cases. Chemothera-
peutic regimens for iCCA are scarce (4,5). Hence, the lack of further
therapeutic options leads to a relevant decrease in mOS if chemo-
therapy fails or patients are ineligible for medical therapy: although
active palliative treatment still has an mOS of 10.6 mo, an mOS of
only 4.0 mo for best supportive care was reported in the recent anal-
ysis of the European Network for the Study of Cholangiocarcinoma
(ENSCCA) registry by Izquierdo-Sanchez et al. (6).
Therefore, expanding therapeutic options is of the utmost

importance. Especially in liver-dominant disease, minimally inva-
sive, catheter-based therapies such as hepatic artery infusion, TACE,
or radioembolization might be important adjuncts to the contempo-
rary arsenal (8–12). Although a comparative study between TACE
and radioembolization has been started by Kloeckner et al., the
results have not been published yet (24). As a result, no compara-
tive studies between these options are available to date and no
relevant differences between them have been reported in the
available metaanalyses (11,12). However, distinct advantages of
radioembolization are a favorable safety profile and excellent
patient comfort (25). In comparison to TACE, postinterventional
infections after radioembolization are exceptionally rare, and the
short-term toxicity caused by postembolization syndrome can be

FIGURE 5. Kaplan–Meier survival curves for different treatment lines in
analyzed cohort.

FIGURE 6. Forest plot for multivariable Cox regression analysis. dof5 degrees of freedom.
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drastically reduced (26,27). Our data confirm the potential of radio-
embolization as second-line treatment and in a salvage setting.
Even in heavily pretreated patients, mOS after radioembolization
was 8.4 mo, which is considerably higher than the mOS of patients
receiving best supportive care in the ENSCCA registry (6). Fur-
thermore, mOS in patients receiving salvage radioembolization did
not differ significantly from that in patients receiving second-line
radioembolization in our cohort and showed no relevant aberrations
from previously published data on second-line radioembolization
(25,28).
In this cohort, a significantly higher mOS was seen in patients

with mass-forming and hypervascularized tumors. This observation
is most likely associated with an increased accumulation of micro-
spheres in the vasculature of the tumor—an accumulation that is
far more distinct than in hypovascular masses or tumors with a dif-
fuse growth pattern. These findings are interesting additions to
those of Willowson et al., who found that a high total lesion glycol-
ysis at baseline and a low tumor heterogeneity in 18F-FDG uptake
were considered as predictors of treatment response (29). In recent
studies, Bourien et al. and Manceau et al. found that tumor doses
higher than 158 and 260 Gy, respectively, were predictive of tumor
response in patients treated with and without concomitant chemo-
therapy and radioembolization (30,31). Henceforth, these findings
may provide the basis for further inquiries into the role of personal-
ized dosimetry in patients with iCCA. However, we did not find
high hepatic tumor burden to have a negative impact on mOS as
previously described by Paprottka et al. (25), thus confirming the
preliminary results of K€ohler et al. (20). Additionally, as previously
reported, neither the presence of ascites nor liver cirrhosis seems to
influence mOS after radioembolization (20,25).
In contrast to the study by K€ohler et al., the presence of extra-

hepatic metastases had a significant impact on mOS in our cohort.
Thus, our results are in accordance with a study by Jia et al., who
observed, in a univariable Cox regression model, that the presence
of lymph node metastases was significantly associated with sur-
vival (28). The most probable explanation for this finding is the
notably larger patient cohort in the present study (20). Although
this finding might be interpreted as an exclusion criterion for
radioembolization, even in patients with liver-dominant disease,
the lack of other treatment options could still lead to considerate
gains in OS in comparison to best supportive care in this scenario.
At first sight, the results of first-line radioembolization have to

be considered sobering. The observed mOS of 12.0 mo after first-
line radioembolization is considerable lower than found in previ-
ously published surgical studies or the ENSCCA registry (6,22,23).
Additionally, other retrospective studies on first-line radioemboli-
zation, such as a recent study by Buettner et al., reported an mOS
of 16 mo (26). However, it is highly probable that radioemboliza-
tion was reserved for patients ineligible for surgery or chemother-
apy in our cohort, resulting in a potential selection bias. Still, as a
minimally invasive procedure with limited side effects, first-line
radioembolization may be a valuable option in patients who can
neither undergo surgery nor receive chemotherapy. Because the lit-
erature on early radioembolization is limited (32), the final verdict
on early radioembolization will depend on the overdue results of
prospective studies such as the SIRRCA trial (NCT02807181).
The limitations of the study are caused mainly by its retrospective

nature. In particular, retrospective data on iCCA patients treated with
first-line radioembolization in the current clinical setting have to be

interpreted with extreme caution. As first-line radioembolization is
not incorporated in the current guidelines, it is possible that mainly
patients with comorbidities underwent this procedure in our cohort,
which might result in a considerable selection bias. Further com-
parative studies are necessary before the value of first-line radio-
embolization can be judged appropriately. Additionally, differences
in patient selection cannot be circumvented in the setting of the cur-
rent study, stressing the need for further prospective investigations.
Low enrollment rates per year might have led to worse out-

comes due to lack of user experience. However, all centers per-
formed radioembolizations regularly for other tumors, such as
hepatocellular carcinoma, leading to a high level of expertise at
each participating center.
CT was the main imaging modality used in our cohort, albeit MRI

is considered far more sensitive in evaluating local tumor spread in
iCCA (4). Hence, an underestimation of tumor extent before radio-
embolization may be possible in the present cohort and may impact
mOS analysis. As this analysis focused solely on radioembolization,
and other treatment modalities were not investigated, a distinct rec-
ommendation between hepatic artery infusion, TACE, and radio-
embolization cannot be derived from the present dataset. However,
the findings of this analysis may provide an important basis for the
design of forthcoming studies. Furthermore, the retrospective nature
of this study thwarted the analysis of personalized dosimetry. On the
basis of the SPECT/CT scan after 99mTc-macroaggregated albumin
injection, the injected 90Y activity can be adapted to ensure a prefer-
ably high radiation dose without damaging adjacent, nontumorous
liver tissue. This concept may be of considerable value in tumors
such as iCCA that are notoriously difficult to treat.

CONCLUSION

Second-line and salvage radioembolization may be an important
option in advanced iCCA, independent of the hepatic tumor burden
or the presence of tumor-accompanying ailments such as ascites or
liver cirrhosis. In the onset of studies investigating the role of first-
line radioembolization, the potential benefits of radioembolization in
the later treatment stages of the disease should not be underesti-
mated. Here, further investigation in prospective studies is necessary.
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KEY POINTS

QUESTION: What are beneficial scenarios for radioembolization in
cholangiocarcinoma patients?

PERTINENT FINDINGS: In this multicenter retrospective study,
we showed that second-line or salvage radioembolization were
viable options, with promising DCRs and a possibly favorable
effect on mOS. In particular, hypervascularized tumors showed a
statistically significant longer mOS than other tumor types.

IMPLICATIONS FOR PATIENT CARE: Second-line and salvage
radioembolization may be important treatment options in
advanced cholangiocarcinoma, independent of hepatic tumor
burden, ascites, or liver cirrhosis. In addition to studies investigating
the role of first-line radioembolization, the potential benefits of
radioembolization in later treatment stages should be investigated
in prospective studies.
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Early identification of patients with diffuse large B-cell lymphoma
(DLBCL) who are likely to experience disease recurrence or refractory
disease after rituximab plus cyclophosphamide, doxorubicin, vincris-
tine, and prednisone (R-CHOP) would be useful for improving risk-
adapted treatment strategies. We aimed to assess the prognostic
value of 18F-FDG PET/CT parameters at baseline, interim, and end of
treatment (EOT). Methods: We analyzed the prognostic impact of
18F-FDG PET/CT in 166 patients with DLBCL treated with a risk-
adapted immunochemotherapy regimen. Scans were obtained at
baseline, after 4 cycles of R-CHOP or 3 cycles of RR-CHOP (double
dose of R) and 1 cycle of CHOP alone (interim) and 6 wk after com-
pleting therapy (EOT). Progression-free survival (PFS) and overall sur-
vival (OS) were estimated using Kaplan–Meier and the impact of
clinical/PET factors assessed with Cox models. We also assessed the
predictive ability of the recently proposed International Metabolic
Prognostic Index (IMPI). Results: The median follow-up was 7.9 y.
International Prognostic Index (IPI), baseline metabolic tumor volume
(MTV), and change in maximum SUV (DSUVmax) at interim scans
were statistically significant predictors for OS. Baseline MTV, interim
DSUVmax, and EOT Deauville score were statistically significant pre-
dictors of PFS. Combining interim PET parameters demonstrated that
patients with Deauville 4–5 and positive DSUVmax # 70% at restaging
($10% of the cohort) had extremely poor prognosis. The IMPI had
limited discrimination and slightly overestimated the event rate in our
cohort. Conclusion: Baseline MTV and interim DSUVmax predicted
both PFS and OS with this sequential immunochemotherapy
program. Combining interim Deauville score with interim DSUVmax

may identify an extremely high-risk DLBCL population.

Key Words: 18F-FDG PET/CT; diffuse large B-cell lymphoma; meta-
bolic tumor volume; d-SUVmax; Deauville score
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Diffuse large B-cell lymphoma (DLBCL) is a common and
aggressive lymphoma subtype. The treatment regimen of rituxi-
mab plus cyclophosphamide, doxorubicin, vincristine, and predni-
sone (R-CHOP) is considered the standard first-line DLBCL

treatment, with a long-term remission rate of 60%–70% (1). How-
ever, patients who do not respond to R-CHOP have a poor progno-
sis, and pretreatment prognostic models such as the International
Prognostic Index (IPI) that are used to predict survival (2) fail to
identify these high-risk patients. Several studies have evaluated
more aggressive first-line treatments using risk-adapted strategies
for patients with good versus poor prognosis (3,4). Hence, early
identification of patients who are likely to experience disease
recurrence or refractory disease after R-CHOP is important for
improving stratification to modified and innovative regimens.

18F-FDG PET/CT scans at baseline have proven to be highly
sensitive in determining sites of disease for DLBCL (5,6). Further-
more, PET/CT scans at the end of treatment (EOT) have demon-
strated high prognostic value for assessing long-term remission (6).
However, there is still no consensus on the predictive value of
interim PET/CT scans in the management of patients with DLBCL.
Evidence that changing treatment strategy based on interim PET/
CT scans improves outcome remains to be confirmed (4,6,7).
Imaging biomarkers have often been evaluated separately. Para-

meters calculated from PET/CT, such as metabolic tumor volume
(MTV) at baseline and change in maximum SUV between baseline
and interim scans (DSUVmax), were demonstrated to be prognostic in
DLBCL (1,3,7–12) and may prove useful for risk stratification.
Recently, a simple prognostic model, the International Metabolic
Prognostic Index (IMPI), which combines baseline MTV, age, and
stage, was shown to predict outcomes in DLBCL with higher accu-
racy than the IPI (13). Against this background, we aimed to assess
the prognostic value of baseline, interim, and EOT 18F-FDG PET/CT
scans and validate IMPI in patients with DLBCL who were uniformly
treated with a risk-adapted immunochemotherapy regimen.

MATERIALS AND METHODS

Study Population
Two risk-adapted studies treating patients with advanced-stage large cell

lymphomas were approved by Memorial Sloan Kettering Cancer Center
(MSK)’s institutional review board. From March 2002 to November 2006,
98 patients were enrolled onto protocol 01-142 (NCT00039195) and
from July 2008 to May 2013, 99 patients were enrolled onto 08-026
(NCT00712582). All patients provided written informed consent. From
November 2006 through September 2010, 26 patients were treated at MSK
with a non–cross-reactive chemotherapeutic program consistent with that
of 01-142 but performed off-protocol since 01-142 was closed at the time.

Patients were treated with R-CHOP 34 or RR-CHOP (double dose
of R) 33 1 CHOP 31 induction, and either 3 cycles of ifosfamide,
carboplatin, and etoposide (ICE), ICE 32 1 rituximab-ICE (R-ICE) 31,
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or augmented R-ICE 32 consolidation chemotherapy. Those with both
an interim 18F-FDG PET–positive result and confirmatory positive
biopsy of the 18F-FDG–positive site went on to receive high-dose ther-
apy and autologous stem cell rescue.

The 223 patients had similar pretreatment characteristics and similar
outcome after a median follow-up of 7.7 y (95% CI, 7.0–8.7), which
justified combining the 3 cohorts. From the total cohort of 223
patients, 166 patients with baseline, interim, or EOT PET/CT scans
available in MSK’s PACS were included in this analysis. A consort
diagram of evaluable patients is shown in Supplemental Figure 1 (sup-
plemental materials are available at http://jnm.snmjournals.org). No
clinical (Supplemental Table 1) or follow-up (Supplemental Figure 2)
differences were observed between the 166 patients in the PET/CT
cohort analyzed in this paper and the 57 patients who were excluded.
Only a sex difference was observed (Supplemental Table 1).

18F-FDG PET/CT Imaging and Analysis
18F-FDG PET/CT scans were obtained at baseline, after 4 cycles of

R-CHOP (interim), and 6 wk after completing immunochemotherapy
(EOT). Patients fasted for 6 h before injection of 444 6 44 MBq of
18F-FDG. PET/CT scans from midskull to upper thighs were obtained
on Discovery scanners (GE Healthcare) after a standardized uptake
time of approximately 60 min.

Baseline, interim, and EOT PET/CT scans were interpreted by an
experienced nuclear medicine physician masked to patient outcome.
Mediastinal blood pool and normal liver were used as reference regions
for background activity. Sites of abnormal 18F-FDG uptake, defined as
intensity greater than surrounding local background, were recorded. The
intensity of 18F-FDG uptake was measured using the SUVmax, defined
as the highest SUV recorded among all lesions for each scan. Focal
bone uptake corresponded to bone metastasis. Diffuse marrow uptake
was defined visually and may represent lymphoma involvement or reac-
tive hyperplasia. The SUVmax of diffuse uptake was not recorded.

All measurable lesions were identified at baseline. Volumetric regions
of interest were placed over all sites of abnormal uptake in lymph nodes,
soft-tissue organs, or focal bone lesions. Metabolic tumor volume (MTV)
was measured using the semiautomatic software Beth Israel plugin for
Fiji and applying a 41% SUVmax threshold (14). Total MTV was
obtained by summing the metabolic volumes of all measurable lesions.
Furthermore, focal bone involvement and diffuse marrow uptake were
recorded. The IMPI score, which represents the probability of being
progression free at 36 mo, was calculated for each patient on the basis
of age, stage, and baseline MTV as described by Mikhaeel et al. (13).

The visual Deauville/Lugano 5-point scale was applied to the interim
and EOT scans, with scores of 1–3 (indicating uptake # that of the liver)
considered negative and scores 4–5 (indicating uptake . the liver) consid-
ered positive. To measure metabolic change after induction therapy,
DSUVmax was assessed using the most intense tumor in any region or
organ at the interim scan—even if the location differed from the original
tumor at baseline—calculated as follows: DSUVmax 5 (baseline SUVmax –

interim SUVmax)/baseline SUVmax (15). Patients with DSUVmax # 70%
were considered positive and patients with DSUVmax . 70% were consid-
ered negative. The 70% threshold was chosen for this series based on the
previously identified optimal cutoff to predict progression or death for
DSUVmax after 4 cycles in the LNH2007-3B trial (16). As outlined by
Meignan et al. based on the PETAL trial (NCT00554164), LNH2007-3B
(NCT00498043), and International validation studies (17), patients with
low baseline SUVmax (,10) or high interim SUVmax (.5) were deemed
unsuitable for DSUVmax calculations. Visual assessment was used for these
patients.

Statistical Analysis
Progression-free survival (PFS) and overall survival (OS) were used

to evaluate the prognostic value of clinical and PET/CT parameters.

PFS was defined as the time from the start of treatment to the date of
disease progression/relapse or death from any cause. Patients without
progression/relapse or death were censored at their last follow-up. OS
was defined as the time from the start of treatment to the date of death
from any cause. Surviving patients were censored at their last follow-
up. To assess the prognostic value of parameters measured at interim or
EOT, landmark analyses were used where PFS and OS were defined

TABLE 1
Patient Characteristics (n 5 166)

Clinical characteristic n

Median age (y) 50 (range, 20–71)

Ann Arbor stage

II 34 (20%)

III–IV 132 (80%)

Median LDH 332 (range, 130–1,925)

KPS

#70 49 (30%)

.70 117 (70%)

Standard IPI score

0 33 (20%)

1 39 (23%)

2 53 (32%)

3 41 (25%)

Baseline PET 166

Focal bone uptake 55 (33%)

Diffuse marrow uptake 20 (12%)

Median liver SUVmax 2.42 (range, 0.81–7.20)

Unknown 2

Median SUVmax 24.35 (range, 6.30–60.36)

Median TMTV 297.82 (range, 6–5,145.85)

#510 mL 117 (70%)

.510 mL 49 (30%)

Interim PET 157

DSUVmax

Median 0.90 (range, 20.33–0.98)

Negative 140 (89%)

Positive 17 (11%)

Deauville score

1–3 118 (75%)

4 36 (23%)

5 3 (2%)

EOT PET 151

Deauville score

1–3 124 (82%)

4 19 (13%)

5 8 (5%)

LDH 5 lactate dehydrogenase; KPS 5 Karnofsky performance
scale; TMTV 5 total metabolic tumor volume; DSUVmax 5 change
in SUVmax; EOT 5 end of treatment.
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from the interim or EOT, respectively. Patients with the events of inter-
est before the landmark time or without the corresponding PET/CT
scans were excluded.

IPI, baseline PET/CT parameters (SUVmax, MTV, focal bone uptake,
diffuse marrow uptake), interim PET/CT parameters (DSUVmax [posi-
tive vs. negative or continuous], Deauville scores [1–3 vs. 4–5]), and
EOT PET/CT parameters (Deauville scores [1–3 vs. 4–5]) were evalu-
ated as prognostic factors. We used 510 mL as the optimal cutoff for
MTV as proposed by Meignan et al. (18), which we validated for PFS
and OS in our cohort (Supplemental Fig. 3). PFS and OS rates were
estimated using a Kaplan–Meier estimator. The impact of candidate
factors on survival were assessed using univariable and multivariable
Cox proportional hazards models. The median follow-up was estimated
using the reverse Kaplan–Meier method. The comparison between the
patients included and excluded from the cohorts was done using the
Wilcoxon rank-sum test for continuous variables and the Fisher exact
test for categoric variables. A 2-sided P value , 0.05 was considered
statistically significant.

To assess the predictive ability of IMPI (probability of being progres-
sion free at 36 mo), its complement, cIMPI (probability of a progression
event by 36 mo), was analyzed using 3 methods: measures of discrimina-
tion (Harrell’s c-index), prediction error (Brier score), and calibration

(calibration plot). Analyses were performed using R (version 4.1.0;
R Foundation).

RESULTS

The median follow-up for the 166 patients included in this analy-
sis was 7.9 y (95% CI, 6.7–8.8). Clinical characteristics and quanti-
tative PET parameters are summarized in Table 1. Of the total, 48
patients experienced a progression event and 31 died (2 of these
deaths were unrelated to cancer). The 5-y PFS and OS rates were
76% and 85%, respectively. The 10-y rates were 69% and 80%,
respectively.
All 166 patients underwent baseline PET/CT scans. The median

SUVmax was 24.35 (range, 6.30–60.36). Median MTV was 297.82 mL
(range, 6.45–5,145.85 mL) and average MTV was 522.32 mL. Fifty-
five patients had 18F-FDG–positive focal bone lesions, and 20 patients
had diffuse marrow uptake; among these, 5 patients had mixed focal
bone lesions and diffuse uptake. Of the total, 157 patients underwent
interim PET/CT after R-CHOP. For the remaining 9 patients, interim
PET/CT was either not performed or not available (Supplemental
Fig. 5). One patient progressed before interim scanning and was

TABLE 2
Univariable Cox Regression Analyses

Clinical characteristic

OS PFS

HR 95% CI P HR 95% CI P

Standard IPI score 0.015 0.13

0 — — — —

1 0.91 0.23, 3.65 0.71 0.26, 1.97

2 1.12 0.33, 3.82 1.00 0.42, 2.39

3 3.35 1.12, 10.0 1.81 0.79, 4.14

Baseline PET

Focal bone uptake 0.88 0.42, 1.88 0.75 0.73 0.39, 1.36 0.31

Diffuse marrow uptake 1.52 0.58, 3.98 0.41 1.12 0.47, 2.64 0.81

SUVmax (per 5 units) 1.07 0.88, 1.30 0.53 0.92 0.79, 1.09 0.34

TMTV (dichotomized) 0.011 0.004

#510 mL — — — —

.510 mL 2.54 1.25, 5.13 2.33 1.32, 4.12

Interim PET (landmark)

DSUVmax (continuous) 0.03 0.01, 0.14 ,0.001 0.08 0.02, 0.32 0.007

DSUVmax (dichotomized) 0.007 0.015

Negative — — — —

Positive 3.75 1.60, 8.80 2.91 1.35, 6.29

Deauville score 0.15 0.21

1–3 — — — —

4–5 1.79 0.83, 3.84 1.54 0.80, 2.95

EOT PET (landmark)

Deauville score 0.092 0.010

1–3 — — — —

4–5 2.24 0.93, 5.41 2.72 1.34, 5.51

HR 5 hazard ratio; TMTV 5 total metabolic tumor volume; DSUVmax 5 change in SUVmax; EOT 5 end of treatment.
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excluded in PFS landmark analysis. By visual Deauville/Lugano classi-
fication, there were 39 interim PET/CT-positive patients (25%) and
118 interim PET/CT-negative patients (75%). The median DSUVmax

was 0.90% (20.33%–0.98%). When DSUVmax criteria was used, 17

patients were classified as positive (11%) and
140 patients were classified as negative
(89%) at interim. Among them, 23 had initial
SUVmax, 10 (6 patients) or interim SUVmax

. 5 (17 patients); Deauville scores were
used to classify them as positive or negative.
All but 15 patients, for whom imaging was
not performed or not available, were ana-
lyzed for EOT PET/CT (Supplemental Fig.
5). Three patients progressed before or on the
day of EOT scan and were excluded in PFS
landmark analysis. Visual Deauville/Lugano
assessment was positive for 27 patients (17 of
27 also had a positive interim PET/CT result
per Deauville/Lugano response criteria) and
124 were considered negative at EOT.
IPI, baseline MTV, and interim DSUVmax

were statistically significant predictors of OS
(Table 2; Fig. 1). IPI (P 5 0.059) and base-
line MTV (P 5 0.066) were independent
prognostic factors of OS in a multivariable
model with borderline significance. Baseline
MTV, interim DSUVmax, and EOT Deauville
score were statistically significant predictors
of PFS (Table 2; Fig. 2). Casasnovas et al.
showed that combining visual (International
Harmonization Project criteria) and quantita-

tive (DSUVmax) PET assessments after 4 cycles of induction treat-
ment identified patients at extremely high risk of induction failure or
early relapse (16). We performed a similar analysis looking at the
prognostic relevance of interim PET parameters (Deauville score and

DSUVmax) to outcome by combining these 2
interim response criteria. This Kaplan–Meier
analysis demonstrated that patients with
Deauville of 4–5 and positive DSUVmax at
restaging ($10% of the cohort) had ex-
tremely poor prognosis (Fig. 3). Among
these, 9 patients also had high initial MTV.
The IMPI was calculated for all patients as

a probability of being progression free at
36 mo. The predicted event rate was com-
pared with the actual event rate (Supple-
mental Fig. 4), and we found that the IMPI
overestimated the event rate.

DISCUSSION

Early prediction of poor prognosis dur-
ing the course of DLBCL therapy would
be helpful for improving long-term out-
come. Although assessing early response
to treatment using PET/CT scans has iden-
tified potential prognostic factors, there is
currently no consensus on how to adapt
treatment strategies based on molecular
imaging parameters. For example, studies
with large DLBCL cohorts have identified
baseline MTV as a significant predictor
for PFS and OS (9,12,19). Other studies
showed DSUVmax on interim PET to be
associated with both PFS and OS (3,10,20).

FIGURE 1. OS stratified by baseline total metabolic tumor volume (TMTV) (A), interim Deauville
score (B), interim DSUVmax (C), and end-of-treatment (EOT) Deauville score (D).

FIGURE 2. PFS stratified by baseline total metabolic tumor volume (TMTV) (A), interim Deauville
score (B), interim DSUVmax (C), and end-of-treatment (EOT) Deauville score (D). One patient pro-
gressed before interim scan and was excluded from landmark analysis (B and C), 3 patients pro-
gressed before or on the day of EOT scan and were excluded from landmark analysis (D).
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Data reported by Casasnovas et al. also suggest that interim
DSUVmax is more discriminant of outcome after 4 cycles of treat-
ment than after 2 cycles (3). However, another large prospective
trial reported interim PET/CT having limited prognostic relevance.
Mamot et al. demonstrated that when interim PET/CT after 2 cycles
was already positive, PET scans after 4 cycles of chemotherapy pro-
vided no additional predictive value compared with 2 cycles, and that
only scans at EOT identified a significant difference in outcome (7).
To explore the prognostic value of PET/CT in DLBCL, we

looked at the prognostic value of several PET/CT parameters in a
group of 166 patients uniformly treated with a risk-adapted immu-
nochemotherapy regimen. Our results showed that baseline MTV
and interim DSUVmax were significant predictors of PFS and OS.
We also found that EOT Deauville score was prognostic for PFS.
To note, EOT PET demonstrated less prognostic value in our
study than what was reported by Mamot et al. (7). This difference
may be because of the risk-adapted treatment regimen as well as
the longer follow-up in our series.
The recently proposed IMPI (13), which combines baseline

MTV and age as continuous variables to predict patient outcome in
DLBCL, is potentially useful for identifying patients with worse
prognosis who might benefit from more aggressive or investiga-
tional treatment. We sought to validate this model in our cohort. In
our series, the IMPI predictions overestimated the event rate. There
are several potential explanations for the lower predictive accuracy
in our population. Our patients were treated with R-CHOP fol-
lowed by ICE/RICE, whereas Mikhaeel et al. used clinical data
from patients treated with R-CHOP alone. Second, baseline MTV
was calculated using different software. Finally, MTV was mea-
sured by including tumor with different SUV cutoffs (current anal-
ysis used the 41% SUVmax threshold method, whereas Mikhaeel
et al. used SUVmax $ 4.0). Nevertheless, the median MTV in the
current study was similar to theirs (298 vs. 308 mL).
In our series, combining interim PET parameters Deauville score

and DSUVmax demonstrated that patients with Deauville scores of
4–5 and positive DSUVmax (10% of the cohort) had extremely poor
prognosis. These results combining visual and quantitative assess-
ments are similar to those previously reported in an independent
cohort after 4 cycles of induction treatment (16). Thus, it appears
that adding DSUVmax to visual analysis may be a robust and repro-
ducible tool for identifying high-risk patients with DLBCL. Com-
bining the 2 interim PET parameters identifies patients who have a
poor outcome with standard chemoimmunotherapy and may help
define a cohort of patients for evaluation of alternative therapeutic

approaches, such as CAR T-cell therapy.
ZUMA-12 attempted to identify patients
with a poor prognosis for early intervention
with axicabtagene ciloleucel (21); however,
that trial has been criticized for the means
of selecting the poor risk cohort. The interim
PET evaluation described herein could poten-
tially identify a more uniform group of
patients with a poor outcome. A prospec-
tive trial could randomize these high-risk
patients to CAR T-cell versus second-line
therapy followed by high-dose therapy and
autologous stem cell rescue, similar to the
ZUMA-7 (22) and TRANSFORM (23) clin-
ical trials. Other studies evaluating the role
of PET/CT metrics for treatment guidance

in DLBCL have reported other parameter combinations to be rele-
vant. Cottereau et al. demonstrated that baseline MTV and standard-
ized Dmax (the largest distance between 2 lesions) complement each
other in characterizing tumor burden and disease spread (11),
whereas Vercellino et al. combined baseline MTV with the Eastern
Cooperative Oncology Group performance status to identify a very-
high-risk DLBCL subgroup (12). Recently, Eertink et al., on behalf
of PETRA investigators, demonstrated in 217 patients that MTV,
Dmaxbulk, SUVpeak, World Health Organization performance score,
and age identify patients at risk of relapse at baseline (24).
To determine the optimal combination of PET/CT parameters

and prognostic indices to improve the prediction of outcome in
clinical practice, standardized methods of measurement are needed
across all PET/CT centers internationally. Some examples include
whether interim PET/CT scans should be acquired after 2 versus
4 cycles, standardized definitions of DSUVmax, and methods for
determination of MTV (25). Once a robust set of parameters or
score is determined, multiple large studies would need to validate
the results for a consensus to be reached. Standardization is poten-
tially complicated by different initial regimens. For the results to
be applicable across studies, the parameters would ideally be inde-
pendent of treatment. To move from being a prognostic tool to a
predictive tool, well-designed clinical trials need to evaluate new
treatment strategies for the high-risk DLBCL patient and show
improved outcome.

CONCLUSION

Our study confirmed the prognostic value of baseline MTV and
interim DSUVmax in DLBCL. Combining interim Deauville score
with interim DSUVmax could improve risk stratification for pa-
tients with extremely poor prognosis. These results warrant large
multicenter studies to develop standardized practices and refine
existing prognostic indices in DLBCL.
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FIGURE 3. OS (A) and PFS (B) stratified by combination of interim Deauville score and interim
DSUVmax. 1 patient progressed before interim scan and was excluded from landmark analysis (B).
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KEY POINTS

QUESTION: Do baseline MTV, alone or in combination with
DSUV, and the recently proposed IMPI score predict outcome in
patients with DLBCL treated with the RCHOP-ICE drug regimen?

PERTINENT FINDINGS: Baseline MTV and DSUVmax at interim
predict OS. Patients with Deauville scores of 4–5 and positive
DSUVmax # 70% at interim ($10% of the cohort) had extremely
poor prognosis. The new IMPI score had limited discrimination
and slightly overestimated the event rate in our cohort.

IMPLICATIONS FOR PATIENT CARE: Combining interim
Deauville scores with interim DSUVmax could improve risk
stratification for DLBCL patients with extremely poor prognosis.
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Cure of Disseminated Human Lymphoma with
[177Lu]Lu-Ofatumumab in a Preclinical Model
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Although immunotherapies that target CD20 on most non-Hodgkin
lymphoma (NHL) cells have improved patient outcomes, current thera-
pies are inadequate because many cases are, or become, refractory or
undergo relapse. Here, we labelled the third-generation human anti-
CD20 antibody ofatumumab with 177Lu, determined the in vitro charac-
teristics of [177Lu]Lu-ofatumumab, estimated human dosimetry, and
assayed tumor targeting and therapeutic efficacy in a murine model of
disseminated NHL. Methods: CHX-A99-diethylenetriaminepentaacetic
acid-[177Lu]Lu-ofatumumab was prepared. We evaluated radiochemi-
cal yield, purity, in vitro immunoreactivity, stability, (n 5 7), affinity, and
killing of CD20-expressing Raji cells (n5 3). Human dosimetry was esti-
mated from biodistribution studies as percentage injected activity per
gram using C57BL/6N mice. Tissue and organ biodistribution was
determined in R2G2 immunodeficient mice with subcutaneous Raji-cell
tumors. Therapy studies used R2G2 mice with disseminated human
Raji-luc tumor cells (n 5 10 mice/group). Four days after cell injection,
the mice were left untreated or were treated with ofatumumab, 8.51
MBq of [177Lu]Lu-IgG, or 0.74 or 8.51 MBq of [177Lu]Lu-ofatumumab.
Survival, weight, and bioluminescence were tracked. Results: Radio-
chemical yield was 93% 6 2%, radiochemical purity was 99% 6 1%,
and specific activity was 401 6 17 MBq/mg. Immunoreactivity was
substantially preserved, and more than 75% of 177Lu remained che-
lated after 7 d in serum. [177Lu]Lu-ofatumumab specifically killed Raji-
luc cells in vitro (P , 0.05). Dosimetry estimated that an effective dose
for human administration is 0.36 mSv/MBq and that marrow may be
the dose-limiting organ. Biodistribution in subcutaneous tumors 1, 3,
and 7 d after [177Lu]Lu-ofatumumab injection was 11, 15, and 14 per-
centage injected activity per gram, respectively. In the therapy study,
median survival of untreated mice was 19 d, not statistically different
from mice treated with 8.51 MBq of [177Lu]Lu-IgG (25 d). Unlabeled
ofatumumab increased survival to 46 d, similar to 0.74 MBq of
[177Lu]Lu-ofatumumab (59 d), with both being superior to no treatment
(P, 0.0003). Weight loss and increased tumor burden preceded death
or killing of the animal for cause. In contrast, treatment with 8.51 MBq
of [177Lu]Lu-ofatumumab dramatically increased median survival
(.221 d), permitted weight gain, eliminated detectable tumors, and
was curative in 9 of 10 mice. Conclusion: [177Lu]Lu-ofatumumab
shows favorable in vitro characteristics, localizes to tumor, and

demonstrates curative therapeutic efficacy in a disseminated lym-
phomamodel, showing potential for clinical translation to treat NHL.

Key Words: CD20; lymphoma; targeted b-particle therapy; radio-
immunotherapy; lutetium
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Non-Hodgkin lymphoma (NHL) is a common hematologic
malignancy, with over 80,000 new cases and 20,000 deaths esti-
mated for the United States in 2022 (1). The standard of care for
many cases of NHL involves chemotherapy and immunotherapy
targeting the CD20 protein, which is highly expressed on most
NHL cells, with murine/human chimeric rituximab used most com-
monly. Although this chemotherapy-with-immunotherapy combina-
tion is usually initially effective, many cases are refractory or
undergo relapse, indicating the need for improved therapies.
Radioimmunotherapy joined clinical practice 2 decades ago with

Food and Drug Administration approval of 2 anti-CD20 radioimmu-
notherapies for lymphoma: Zevalin ([90Y]Y-ibritumomab tiuxetan;
Acrotech Biopharma, Inc.) and Bexxar (tositumomab and 131I-
tositumomab; GlaxoSmithKline), which use murine-derived anti-
bodies radiolabeled with b-particle–emitting radioisotopes. Because
of potential immune reactions, these antibodies were approved for
only a single therapeutic dose. 90Y (half-life [t1=2], 2.7 d) emits high-
energy b-particles (average, 934 keV), whereas 131I emits lower-
energy b-particles (average, 187 keV), with average ranges in tissue
of 3,800 mm and 360 mm, respectively (2), enabling killing over
many cell diameters. Thus, in addition to working against individual
tumor cells, b-particles may work against larger tumors, tumor-cell
aggregates with imperfect antibody access, and heterogeneous
tumors, although with potential off-target damage. Despite long-
term safety and clinical effectiveness, Bexxar has been discontinued
in the United States and Zevalin is applied infrequently (3), in part
because of economic and logistic concerns that were present when
they were introduced and because of competing nonradioactive
therapies (4).
Some concerns that limited the use of Bexxar and Zevalin have

been overcome with greater integration of radiopharmaceutical
therapy into medicine (5), as exemplified by the Food and Drug
Administration approval of 177Lu-labeled agents for prostate can-
cer treatment (Pluvicto; Advanced Accelerator Applications (6))
and neuroendocrine tumors (Lutathera; Advanced Accelerator
Applications (7)). 177Lu (t1=2, 6.6 d) emits b-particles of 149 keV
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on average, with an average tissue range of 220 mm. Emission of
low-abundance g-particles by 177Lu permits imaging by SPECT.
Recently, ofatumumab, a third-generation anti-CD20 fully human

antibody, was developed. Ofatumumab is a type I antibody that is
internalized after CD20 binding (8). We showed by biodistribution
and PET imaging studies that [89Zr]Zr-DFO-ofatumumab targets
CD20-positive subcutaneous xenograft tumors as well as [89Zr]Zr-
DFO-rituximab (9).
Here, we describe the synthesis and evaluation of [177Lu]Lu-

ofatumumab. We present in vitro characteristics, dosimetry estima-
tion, and subcutaneous tumor targeting. We also show that [177Lu]
Lu-ofatumumab therapy results in long-term survival and elimination
of tumor cells in a murine model of disseminated human lymphoma.

MATERIALS AND METHODS

Reagents and Cell Culture
Ofatumumab (IgG1 k; Novartis) was purchased from the Washington

University clinical pharmacy, and human IgG1 k was purchased from
BioXcel. Raji cells and Raji-luc cells stably expressing luciferase
(10) were cultured as previously described (9). SCN-CHX-A99-
DTPA ({[(R)-2-amino-3-(4 isothiocyanatophenyl)propyl]-trans(S,S)-
cyclohexane-1,2-diamine-pentaacetic acid}) was from Macrocyclics,
size-exclusion chromatography columns from Fisher Scientific, and
D-luciferin from GoldBio. Sigma provided human serum, sodium ace-
tate, diethylenetriamine pentaacetate, tetramethylammonium acetate, and
L-sodium ascorbate. 177Lu from the University of Missouri was dissolved
in 0.2 M HCl. Silica gel thin-layer chromatography paper was from
Agilent, and the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS) salt assay was from Promega.

Antibody Conjugation, Radiolabeling, Thin-Layer
Chromatography, Mass Spectrometry, and Fast-Performance
Liquid Chromatography

Antibody was incubated with SCN-CHX-A99-DTPA in 0.1 M sodium
carbonate, pH 9.0, at a chelator-to-antibody molar ratio of 8:1 for 1 h
at 37"C and purified by size-exclusion chromatography into 0.5 M
NH4OAc, pH 7.0. A 477-MBq quantity of 177Lu was added to 400 mg
of CHX-A99-DTPA-antibody with 20 mM NH4OAc, pH 7.0. After 2 h
at 37"C, DTPA was added to 5 mM final concentration, followed by
size-exclusion chromatography purification into saline and the addition
of a 10 mg/mL concentration of L-sodium ascorbate. Thin-layer chroma-
tography and fast-performance liquid chromatography were done as previ-
ously described (9). Radiochemical yield was assayed with a CRC55-tW
dose calibrator. Chelate number was determined using a Fisher Scientific
Exactive Plus EMR mass spectrometer operating at a mass (m)-to-charge
(z) range from 800 to 12,000 and a resolving power of 8,750 or 17,500 at
300 m/z. Data were analyzed using Protein Metric Intact software.

Serum Stability, Immunoreactivity, In Vitro Stability, Affinity,
and Cell Killing Assays

To assay stability, 14.8 MBq of [177Lu]Lu-ofatumumab or 177Lu
were added to 10% human serum in 20 mM NaOAc 150 mM NaCl
pH 7.0 with 10 mg/mL L-SA and incubated at 37"C. Another aliquot
of [177Lu]-ofatumumab was incubated at 4"C in buffer without serum
and with 10 mg/mL L-SA. Aliquots were analyzed by thin-layer chro-
matography at 0, 1, 5, and 7 d. Immunoreactivity was assayed as pre-
viously described (9). To assay affinity, 2.5 3 106 Raji cells without
or with 10 mg of ofatumumab were incubated with [177Lu]Lu-ofatu-
mumab, washed after 4 h at 23"C, and g-counted. To assay cell
killing, 2 3 106 Raji-luc cells in 1 mL of RPMI medium with 10%
heat-treated fetal bovine serum were exposed to no treatment, ofatu-
mumab, [177Lu]Lu-IgG, or [177Lu]Lu-ofatumumab, with cognate unla-
beled antibody added to 20 mg total. After 14 h at 37"C, the cells were

washed and 20% were resuspended in fresh medium for an additional
168 h followed by MTS assay.

Biodistribution of [177Lu]Lu-Ofatumumab in Mice with
Subcutaneous Raji Tumors

The Washington University in St. Louis Animal Care and Use Com-
mittee approved the animal studies. Biodistribution with tumor-bearing
mice used female 6- to 8-wk-old immunodeficient Rag2-IL2rg (R2G2,
B6;129-Rag2tm1FwaII2rgtm1Rsky/DwlHsd) mice (Envigo) injected subcu-
taneously with 5 3 106 Raji-luc cells. Mice with palpable tumors were
injected intravenously with 10–20 mg of [177Lu]Lu-ofatumumab and
killed 1, 3, or 7 d later. Distribution was calculated as decay-corrected
percentage injected activity per gram (%IA/g) using a Beckman 8000
g-counter and a 1- to 500-keV window.

Dosimetry Estimation
Naïve 5- to 6-wk-old C57Bl6/N mice injected intravenously with

370 kBq (10 mg) of [177Lu]Lu-ofatumumab were killed 4 h, 1 d, 2 d, 5 d,
or 11 d later, and tissue and organs were g-counted. Bone was counted
after marrow separation. Urine and feces were collected at 4 h, 1 d, and
2 d. Organ residence times were calculated by analytic integration of sin-
gle or multiexponential fits of the time–activity curve and scaled to human

TABLE 1
Human Radiation Dose Estimates for [177Lu]Lu-

Ofatumumab Extrapolated to Adult Female Model

Organ mSv/MBq rad/mCi

Adrenals 0.39 1.44

Brain 0.05 0.19

Breasts 0.25 0.91

Esophagus 0.26 0.96

Eyes 0.25 0.91

Gallbladder wall 0.28 1.02

Left colon 0.36 1.34

Small intestine 0.41 1.50

Stomach wall 0.29 1.09

Right colon 0.29 1.08

Rectum 0.26 0.97

Heart wall 1.02 3.77

Kidneys 0.43 1.60

Liver 0.36 1.32

Lungs 0.53 1.96

Ovaries 0.39 1.44

Pancreas 0.21 0.77

Salivary glands 0.25 0.92

Red marrow 0.54 2.01

Osteogenic cells 0.82 3.02

Spleen 0.48 1.76

Thymus 0.26 0.96

Thyroid 0.80 2.97

Urinary bladder wall 0.34 1.27

Uterus 0.54 2.00

Total body 0.31 1.14

Effective dose (mGy/MBq; rem/mCi) 0.36 1.34
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organ weight by relative organ mass scaling (11), which was not applied
to the gastrointestinal tract organs. To estimate human radiation dose, resi-
dence times were entered into OLINDA, version 2.2, using the MIRD
adult-female model and organ weights from International Commission on
Radiological Protection publication 106 (12). The calculated radiation
dose includes contributions from b- and g-rays from 177Lu within the
organ, neighboring organs, and remainder of the body.

Therapeutic Studies, Mouse Weight, and
Bioluminescent Imaging

R2G2 mice (10 per group) injected intravenously with 1 3 106

Raji-luc cells and either left untreated or injected 4 d later with ofatu-
mumab, [177Lu]Lu-IgG, or [177Lu]Lu-ofatumumab. When used, 20 mg
of antibody were injected per mouse. Bioluminescent images were
acquired as previously described (13). Mice were killed if they experi-
enced hind-limb paralysis, lost more than 20% of their body weight,
or had other signs of morbidity.

Statistics
Statistical analyses used Prism software (version 9.0; GraphPad).

RESULTS

Synthesis of [177Lu]Lu-Ofatumumab and Radiochemical Yield,
Purity, and Immunoreactivity
SCN-CHX-A99-DTPA was conjugated to ofatumumab and puri-

fied. Mass spectrometry indicated an average of 3.2 chelators per
antibody. After 177Lu radiolabeling, [177Lu]Lu-ofatumumab was
purified (n 5 7). Radiochemical purity was more than 99% 6 1%,
radiochemical yield was 93% 6 2%, and specific activity was
401 6 17 MBq/mg. Immunoreactivity was 49% 6 3% and 2% 6
1% after blocking with unlabeled ofatumumab.

Serum Stability, In Vitro Cell Killing, and Affinity of
[177Lu]Lu-Ofatumumab
After 7 d, over 90% of 177Lu remained chelated in buffer at 4"C, and

over 75% remained chelated in human serum at 37"C (Supplemental
Fig. 1A; supplemental materials are available
at http://jnm.snmjournals.org). Targeting and
killing of CD20-expressing cells were assayed
(Supplemental Fig. 1B) by adding either
no antibody or [177Lu]Lu-ofatumumab or
[177Lu]Lu-IgG (0.74–11.10 MBq/mL) to
Raji-luc cells; incubating for 14 h; changing
the medium; and, 168 h later, determining cell
viability. Compared with no antibody,
[177Lu]Lu-IgG showed no cell killing at any
dose. [177Lu]Lu-ofatumumab at 3.7 MBq/mL
or higher showed dose-dependent killing com-
pared with no antibody and [177Lu]Lu-IgG
(P , 0.05, n 5 3). [177Lu]Lu-ofatumumab
showed a 4.3 nM dissociation constant for
CD20 (Supplemental Fig. 1C), consistent with
that noted previously (as described for 2F2 by
Teeling et al. (14)).

Biodistribution of [177Lu]Lu-Ofatumumab
in C57Bl6/N Mice and Estimation of
Human Dosimetry
[177Lu]Lu-ofatumumab biodistribution was

determined in C57Bl6/N mice 4 h, 1 d, 2 d,
7 d, and 11 d after injection (Supplemental
Table 1) as %IA/g. Blood %IA/g was 38% at
4 h and 19% after 11 d. Bone distribution

was less than 4%, indicating stable chelation because free 177Lu is a
bone-seeking radionuclide (15). Liver was 9 %IA at 4 h and 5 %IA/g
at 11 d, and marrow was 14 %IA at 4 h and 9 %IA/g at 11 d. Spleen
was 8–9 %IA/g. Approximately 13% of the injected activity was
excreted.
To estimate human dosimetry, integrated time–activity curves for

[177Lu]Lu-ofatumumab were calculated (Supplemental Table 2). The
longest (59.7 h) was in the blood, with extended time–activity curves
seen in the blood-rich heart cavity, lung, and liver. Because of its
large mass, muscle had the second longest time–activity curve, at
39 h. The adult human female model (Table 1) showed estimated
dosimetry of 0.2–0.5 mSv/MBq in most organs, with the largest dose
being to the heart wall (1.02 mSv/MBq) and lesser doses found for
liver, spleen, and kidney (0.36, 0.48, and 0.43 mSv/MBq, respec-
tively). Estimated doses to the osteogenic cells (bone surfaces) and
red marrow were 0.82 and 0.54 mSv/MBq, respectively. The esti-
mated effective dose was 0.36 mSv/MBq.

Biodistribution of [177Lu]Lu-Ofatumumab in Mice with
Subcutaneous Raji-Cell Tumors
Biodistribution was investigated in R2G2 mice with subcutane-

ous Raji-cell tumors (Fig. 1). These mice are proficient in double-
strand DNA-break repair and are less likely to show artifactual
radiation toxicity than are repair-deficient PrkdcSCID mice (16).
[177Lu]Lu-ofatumumab was injected at a low activity (370–444
kBq) to limit therapeutic effect, and biodistribution was deter-
mined 1, 3, and 7 d later (3–16 mice per time point). Blood
decreased from about 13 to 6 %IA/g, with a similar splenic distri-
bution. Liver levels were about 5%, and marrow was 10 %IA at
1 d and 5 %IA/g at 7 d. Bone distribution was 2–3 %IA/g. Tumor
targeting was 11, 15, and 14 %IA/g at 1, 3, and 7 d, respectively.

Murine Therapy Study
To evaluate [177Lu]Lu-ofatumumab therapeutic efficacy, R2G2

mice were injected intravenously with Raji-luc cells, and tumor
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cells were quantified by bioluminescent imaging (13). After injec-
tion, these cells disseminate to many organs (10,13,17,18), with
hind-limb paralysis being a typical cause for killing of the animal
due to growth in and around the spine.
Four days after cell injection, the mice

either were left untreated or were treated with
native ofatumumab, 8.51 MBq of [177Lu]Lu-
human IgG1 (345 6 27 MBq/kg), 0.74 MBq
(30 6 2.2 MBq/kg) of [177Lu]Lu-ofatumu-
mab, or 8.51 MBq (345 6 25.1 MBq/kg) of
[177Lu]Lu-ofatumumab (10 mice per group).
Survival (Fig. 2), weight (Supplemental Fig. 2),
and bioluminescence (Fig. 3A) were tracked
for 221 d. Representative bioluminescent
images at selected time points are shown in
Figure 3B, and images of all mice just
before they died or were killed for cause or
study termination are shown in Figure 4.
The median survival of untreated mice

was 19 d, with none surviving beyond 22 d.
Unlabeled ofatumumab yielded a median
survival of 46 d, superior to untreated mice
(Mantel–Cox, P , 0.0001), with 1 mouse
surviving without weight loss or increased
bioluminescence. An 8.51-MBq dose of
[177Lu]Lu-IgG yielded 0 of 10 surviving
mice and a median survival of 25 d, which
was not different from that of untreated
mice. For all 3 groups, increased biolumines-
cence and weight loss occurred before death
or killing for cause.
A 0.74-MB dose of [177Lu]Lu-ofatumu-

mab yielded median survival of 59 d (9/10
mice not surviving), with increased biolu-
minescence and weight loss before death
or killing for cause. This survival was
superior to that of untreated mice (Man-
tel–Cox, P , 0.0001) but not to that of
mice receiving treatment with unlabeled
ofatumumab. Hind-limb paralysis was fre-
quently associated with death or killing for
cause (Supplemental Table 3).
Notable therapeutic efficacy resulted from

treatment with 8.51 MBq of [177Lu]Lu-ofa-
tumumab, with 9 of 10 mice surviving with

continuous low bioluminescence (Figs. 3 and 4). This survival was
greater than that of untreated mice and of mice treated with unla-
beled ofatumumab, 8.51 MBq of [177Lu]Lu-IgG, or 0.74 MBq of
[177Lu]Lu-ofatumumab (Mantel–Cox, P , 0.0003 for all compari-
sons). One mouse succumbed at 117 d, but this death appeared
unrelated to tumor burden or therapy as no weight loss or in-
creased bioluminescence occurred. Surviving mice displayed weight
loss from 10 to 35 d after cell injection but recovered and gained
weight.
To determine how quickly therapy affected tumor cells, biolu-

minescence slopes from 1 to 18 d after initiation of therapy were
compared (Fig. 5; Supplemental Fig. 3). Compared with no treat-
ment, ofatumumab, 8.51 MBq of [177Lu]Lu-IgG, and 0.74 MBq
of [177Lu]Lu-ofatumumab slowed, but did not eliminate, tumor-cell
proliferation. Incontrast, 8.51 MBq of [177Lu]Lu-ofatumumab quickly
eliminated tumor cells, a finding that was significant compared with
no treatment, treatment with unlabeled ofatumumab, treatment
with 8.51 MBq of [177Lu]Lu-IgG, or treatment with 0.75 MBq
of [177Lu]Lu-ofatumumab (P , 0.05).
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DISCUSSION

Our preclinical studies add to prior work demonstrating the
potential of radiolabeled anti-CD20 antibodies to treat NHL. We
show that [177Lu]Lu-ofatumumab can be produced with high radio-
chemical yield and purity, excellent affinity, good stability and
immunoreactivity, and potent cell killing. Additional advances
include using a fully human anti-CD20 and 177Lu, which have
broad applicability in radiotherapy of cancer. In a model of rapidly
progressing disease, we evaluated [177Lu]Lu-ofatumumab therapy
using dose-response studies and bioluminescence monitoring of
tumor-cell burden. A single 8.51-MBq dose of [177Lu]Lu-ofatumu-
mab displayed curative efficacy.
Human dosimetry estimates predict that the highest dose from

[177Lu]Lu-ofatumumab (1.02 mSv/MBq) will be to the heart wall.
The relatively radiation-resistant liver and spleen showed 0.36 and

0.48 mSv/MBq, respectively. The predicted dose to red marrow is
0.54 mSv/MBq, and hematologic toxicity likely will be dose limiting
in clinical use, as was found with Bexxar, Zevalin, [177Lu]Lu-J591
(19), [177Lu]Lu-G250 anti-CAIX (20), and [177Lu]Lu-rituximab (21).
As 2 Sv is a typical maximal dose for acceptable hematologic toxicity
without stem cell support, delivering this radiation to the marrow
would be tolerable. As there may be patient-to-patient variability with
[177Lu]Lu-ofatumumab due to cross reactivity with normal CD20-
positive cells, our dosimetry data provide guidance for activity admin-
istration to humans. Dosimetric estimation could also potentially be
obtained using a PET imaging surrogate, such as [89Zr]Zr-ofatumu-
mab (9,22).
The stable in vivo chelation of 177Lu by CHX-A99-DTPA-

ofatumumab agrees with the results of others using this chelator–
radionuclide combination (23,24). Although it has been suggested
that, for stable 177Lu chelation, macrocyclic DOTA requires high
temperatures incompatible with maintaining antibody function
(24,25), experiments show that this is not the case (26,27). Thus,
CHX-A99-DTPA and DOTA both appear practical for chelation of
177Lu to antibodies and antibody fragments.
Others have used [177Lu]Lu-anti-CD20 intact antibodies or 177Lu-

labeled antibody–based radiopharmaceuticals for preclinical and clin-
ical therapy. Ertveld et al. (23), using a single-domain anti-CD20
antibody in immunocompetent mice with CD20-expressing subcuta-
neous tumors, found a modest therapeutic effect at 140 MBq/mouse;
50 MBq/mouse induced expression of proinflammatory genes,
whereas 140 MBq/mouse increased the percentage in the tumor of
PD-L1–positive myeloid cells and alternatively activated macro-
phages. Krasniqi et al. (28) compared a single-domain anti-CD20
antibody with unlabeled rituximab and [177Lu]Lu-CHX-A99-DTPA-
rituximab in mice with CD20-expressing subcutaneous tumors. All
treatments increased survival over no treatment, but [177Lu]Lu-CHX-
A99-DTPA-rituximab was only slightly better than rituximab. In a
phase I/II study of [177Lu]Lu-DOTA-rituximab in 31 patients with
relapsed or refractory CD20-positive lymphoma, mainly hematologic
toxicity was observed, with frequent tumor responses and 8 of 11
patients with follicular lymphoma alive after an 84-mo median
follow-up (29).

A major finding of the current study is the high therapeutic effi-
cacy of [177Lu]Lu-ofatumumab in a murine model of disseminated
lymphoma. Therapy was initiated 4 d after intravenous cell injection,
when tumor cells are present individually or as small groups, compa-
rable to micrometastatic or minimal residual disease in humans. An
8.51-MBq dose of [177Lu]Lu-ofatumumab reduced tumor burden
within about 2 d and eliminated bioluminescence-detectable tumors,
with 9 of 10 mice still alive 221 d later. This response was dose-
dependent and specific, as 0.74 MBq of [177Lu]-Lu ofatumumab and
8.51 MBq of [177Lu]-IgG did not extend survival or prevent tumor-
cell proliferation. Although attenuation from tissue, skin, and fur
means that bioluminescent imaging may not detect a low tumor-cell
burden (13), the durability of the response suggests complete elimi-
nation of tumor cells by 8.51 MBq of [177Lu]Lu-ofatumumab. After
initial weight loss, these mice gained weight, suggesting no or low
whole-body toxicity. The internalization of ofatumumab after CD20
binding (30) and the residualization of 177Lu within the cell may con-
tribute to its therapeutic efficacy. Moreover, the lack of murine
sequences in [177Lu]Lu-ofatumumab suggests a potential for fraction-
ated therapy or repeated treatments. In an interesting approach, with
relatively small subcutaneous tumors of rituximab-resistant Raji cells,
Malenge et al. (26) combined [177Lu]Lu-lilotomab (anti-CD37) and
unlabeled rituximab, with good therapeutic results.
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a-particle therapy is another potential approach to treating lym-
phoma. Using a murine Raji-cell disseminated lymphoma model,
[213Bi]Bi-rituximab (t1=2, 45.6 min) was typically curative when
tumor burden was low (4 d after cell injection) but not when it
was higher (18), perhaps because of lack of time to target larger
tumor masses before decay. Similarly, [149Tb]Tb-rituximab (t1=2,
4.2 h) therapy initiated 2 d after Daudi-cell intravenous injection
increased survival (31). A 1F5 anti-CD20 antibody with chelated
211At (t1=2, 7.2 h) was 80% curative when injected 6 d after intrave-
nous cell injection with supporting stem-cell transplantation but
only slowly reduced the growth of subcutaneous tumors (32).
On the basis of these results and on the multiday tumor-targeting
pharmacokinetics of intact antibodies, radioimmunotherapy of
larger tumor masses with intact antibodies will likely be most suc-
cessful using radioisotopes that permit tumor localization before
decay, including 177Lu or a-particle–emitting 225Ac with its 10-d
half-life.
Our studies add to the literature demonstrating the effectiveness

of 177Lu-radiopharmaceuticals in cancer therapy. We found re-
markable effectiveness in micrometastatic disease, and the 6.6-d
half-life and multiple–cell-diameter killing range of 177Lu sug-
gests that [177Lu]Lu-ofatumumab may be effective against larger
tumors.
Although initial anti-CD20 radioimmunotherapies showed lim-

ited commercial success for several reasons, we suggest that a re-
evaluation of next-generation b- and a-particle therapies is in
order. [177Lu]Lu-ofatumumab CD20-targeted radioimmunotherapy
may be an effective approach for therapy of NHL or other CD20-
expressing diseases.

CONCLUSION

Chx-A99-DTPA-ofatumumab stably chelates 177Lu in vitro and
in vivo, and [177Lu]Lu-Chx-A99-ofatumumab effectively targets
CD20-expressing tumor xenografts. In a mouse model of dissem-
inated human lymphoma, therapy with [177Lu]Lu-ofatumumab
showed curative therapeutic efficacy.
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KEY POINTS

QUESTION: Can [177Lu]Lu-anti-CD20 ofatumumab be produced
and effectively treat disseminated human NHL in a murine model?

PERTINENT FINDINGS: [177Lu]Lu-ofatumumab specifically killed
lymphoma cells in vitro, was cytotoxic in vivo as assessed by
bioluminescence imaging, and was curative of disseminated
human lymphoma in the murine model. Dosimetry estimates
support the feasibility of human translation.

IMPLICATIONS FOR PATIENT CARE: [177Lu]Lu-ofatumumab
has exceptional potential for CD20-targeted radioimmunotherapy
of patients with NHL.
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Neuroendocrine tumors (NETs) express somatostatin receptors (SSTRs)
2 and 5. Modified variants of somatostatin, the cognate ligand for
SSTR2 and SSTR5, are used in treatment for metastatic and locore-
gional disease. Peptide receptor radionuclide therapy with 177Lu-
DOTATATE (DOTA-octreotate), a b-particle–emitting somatostatin
derivative, has demonstrated survival benefit in patients with SSTR-
positive NETs. Despite excellent results, a subset of patients has
tumors that are resistant to treatment, and alternative agents are
needed. Targeted a-particle therapy has been shown to kill tumors
that are resistant to targeted b-particle therapy, suggesting that tar-
geted a-particle therapy may offer a promising treatment option for
patients with 177Lu-DOTATATE–resistant disease. Although DOTA-
TATE can chelate the clinically relevant a-particle–emitting radionu-
clide 225Ac, the labeling reaction requires high temperatures, and the
resulting radioconjugate has suboptimal stability. Methods: We
designed and synthesized MACROPATATE (MACROPA-octreotate),
a novel radioconjugate capable of chelating 225Ac at room tempera-
ture, and assessed its in vitro and in vivo performance. Results:
MACROPATATE demonstrated comparable affinity to DOTATATE
(dissociation constant, 21 nM) in U2-OS-SSTR2, a SSTR2-positive
transfected cell line. 225Ac-MACROPATATE demonstrated superior
serum stability at 37"C over time compared with 225Ac-DOTATATE.
Biodistribution studies demonstrated higher tumor uptake of 225Ac-
MACROPATATE than of 225Ac-DOTATATE in mice engrafted with
subcutaneous H69 NETs. Therapy studies showed that 225Ac-
MACROPATATE exhibits significant antitumor and survival benefit
compared with saline control in mice engrafted with SSTR-positive
tumors. However, the increased accumulation of 225Ac-MACROPA-
TATE in liver and kidneys and subsequent toxicity to these organs
decreased its therapeutic index compared with 225Ac-DOTATATE.
Conclusion: 225Ac-MACROPATATE and 225Ac-DOTATATE exhibit
favorable therapeutic efficacy in animal models. Because of elevated
liver and kidney accumulation and lower administered activity for
dose-limiting toxicity of 225Ac-MACROPATATE, 225Ac-DOTATATE

was deemed the superior agent for targeted a-particle peptide recep-
tor radionuclide therapy.

Key Words: oncology; actinium; targeted a-therapy; neuroendocrine
tumors; octreotate; somatostatin

J Nucl Med 2023; 64:549–554
DOI: 10.2967/jnumed.122.264707

Neuroendocrine tumors (NETs) are a heterogeneous family of
neoplasms originating in cells within the endocrine and nervous sys-
tems that reside in the gastrointestinal tract, lungs, pancreas, thyroid,
and gonads (1,2). Many NETs overexpress somatostatin receptors
(SSTRs) (3). This high receptor expression offers a targetable vul-
nerability in NETs, which has long been exploited for therapy.
Somatostatin-like derivatives have been used as drugs themselves

or as scaffolds to deliver radioisotopes for peptide receptor radionu-
clide therapy (PRRT). One of the most successful of these is the
pairing of Tyr3-octreotate with the chelator DOTA, yielding DOTA-
TATE (4,5). Radiolabeled DOTATATE has been successfully used
for both PET imaging (6) (68Ga, 64Cu) and therapeutic (177Lu) pur-
poses. The phase 3 randomized controlled clinical trial NETTER-1
showed that patients with treatment-refractory NETs who received
177Lu-DOTATATE had significantly better progression-free sur-
vival than patients receiving somatostatin analogs (7). The results of
this trial led to FDA approval of 177Lu-DOTATATE (Lutathera;
Advanced Accelerator Applications) in January 2018 for the treat-
ment of SSTR-positive gastroenteropancreatic NETs (8).
Although these results made PRRT a first-in-class treatment

option for patients with NETs, many are ab initio resistant to, or
develop resistance after treatment with, b-particle–emitting 177Lu-
DOTATATE. a-particle–emitting radionuclides are an attractive
alternative tob-particle–emitting radionuclides because of their short
range, which can mitigate off-target effects, and the high energy
deposited by these particles over that short range (also known as high
linear energy transfer, or LET) (9,10). The a-particle–emitting
nuclide 225Ac has been coupled to prostate-specific membrane anti-
gen (PSMA)–targeting ligands to successfully treat prostate cancers
refractory to treatments with androgen deprivation, taxanes, and
177Lu-PSMA-617 (Pluvicto; Advanced Accelerator Applications),
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which is approved for treatment of patients with PSMA-positive
metastatic castration-resistant prostate cancer in the United States
(11–14). Recently, a phase I clinical trial of patients with gastroenter-
opancreatic NETs previously treated with 177Lu-DOTATATE and
receiving 225Ac-DOTATATE therapy showed stable disease or a
partial response in 82% of patients (15). Similarly, another study
with 225Ac-DOTATATE found it to have efficacy in patients with
SSTR-positive paraganglioma (16). a-emitting PRRT with 213Bi
(half-life, 45 min) and 212Pb (half-life, 10.6 h) have shown promising
clinical results as well (17,18).
DOTA and its derivatives are used to chelate 225Ac and many

of the previously mentioned radionuclides. However, to chelate
225Ac with DOTA to yield high-specific-activity radioconjugates,
temperatures above 70"C are typically required. Even if these tem-
peratures are used, the resulting complex’s thermodynamic stabil-
ity (19) and labeling kinetics are suboptimal (20). Thiele et al.
showed that MACROPA, an 18-membered macrocycle, is capable
of chelating 225Ac at room temperature more quickly and at lower
concentrations than DOTA (21). The 225Ac-MACROPA complex
showed comparable stability (8 d) to 225Ac-DOTA in human
serum and in C57BL6 mice. Further preclinical studies have dem-
onstrated the suitability of 225Ac-labeled MACROPA-containing
radioconjugates for targeted a-therapy with both small-molecule
and antibody conjugates (22,23).
In this work, we synthesized and characterized MACROPA-

TATE, consisting of MACROPA coupled to Tyr3-octreotate, and
compared its performance with that of DOTATATE with respect to
225Ac labeling efficiency, serum stability, target engagement, and
therapeutic efficacy. We found that MACROPATATE exhibits
improved stability over DOTATATE when complexed to 225Ac,
maintains high SSTR binding affinity, demonstrates favorable
in vivo target localization, and has significant antitumor activity.

MATERIALS AND METHODS

Synthesis and Radiolabeling of MACROPATATE
and DOTATATE

MACROPATATE and DOTATATE were prepared by conjugating
isothiocyanate-activated MACROPA and DO3A-tri-tert-butyl ester,
respectively, to immobilized octreotate (21,24,25). After synthesis and
deprotection, the products were characterized for purity and identity
by high-performance liquid chromatography and liquid chromatography–
mass spectrometry, respectively. Full synthetic details for both conju-
gates are reported in Supplemental Figure 1 (supplemental materials
are available at http://jnm.snmjournals.org). Radiolabeling of MACRO-
PATATE and DOTATATE with 225Ac was performed at room temper-
ature or 70"C, respectively, in NH4OAc (pH 5.5), and the products
were characterized using instant thin-layer chromatography (ITLC).
Full radiolabeling and characterization details are provided in the sup-
plemental information.

Cell Culture and In Vitro Assays
A panel of SSTR2- and SSTR5-expressing

cell lines were cultured, and their SSTR2 and
SSTR5 expression levels were evaluated using
flow cytometry. The highly positive U2OS-
SSTR2 cell line was used to confirm the binding
affinity of radiolabeled 225Ac-MACROPATATE
in a saturation binding assay. Full cell culture
details and experimental procedures for flow
cytometry and saturation assays are reported in
the supplemental information.

Serum Stability Studies
225Ac-MACROPATATE and 225Ac-DOTATATE were evaluated

for stability in human serum (EMD Millipore) at 37"C and pH 7.4.
Radiochelate was diluted to 370 kBq in 1 mL of human serum and
placed on an Eppendorf ThermoMixer set to 37"C. At fixed intervals,
aliquots were removed from the reactions and analyzed by ITLC as
described in the supplemental information.

Murine Subcutaneous Xenograft Models
All procedures and animal studies followed a protocol approved by

the National Institutes of Health Institutional Animal Care and Use
Committee (protocol ROB104). Female athymic homozygous nude
mice (NCI Athymic NCr-nu/nu strain 553; Charles River Laborato-
ries), 8–10 wk old, were subcutaneously engrafted with 83 106 H69
cells in 200 mL of ice-cold phosphate-buffered saline. Treatment of
tumors with radiotracers for biodistribution or therapy studies was per-
formed once palpable tumors developed, approximately 1 mo after
inoculation. The biodistributions of both 225Ac-MACROPATATE and
225Ac-DOTATATE were evaluated in H69 subcutaneous tumor mod-
els, both with and without D-lysine pretreatment (26). Full experimen-
tal details for the biodistribution experiments are reported in the
supplemental information.

Dose-Finding Study for 225Ac-MACROPATATE
To evaluate the therapeutic potential of 225Ac-MACROPATATE, we

performed a dose-finding study on mice. Mice (n $ 3) bearing H69
tumor xenografts were first injected with D-lysine hydrochloride
(35mg/mouse) and then treated with 148, 93.3, 46.3, or 23.1 kBq of
225Ac-MACROPATATE; their body weights and tumor growth were
monitored over several weeks. The highest tested dose of 225Ac-
MACROPATATE was based on a recent report of therapy using 225Ac-
DOTATATE, which found that 148 kBq was well tolerated in mice (27).

Head-to-Head Therapy Study with 225Ac-MACROPATATE or
225Ac-DOTATATE

For our therapy study, we wished to identify the highest administered
activities that exhibited acceptable toxicity as measured by mouse weight
loss and survival, and we found 46.3 kBq of 225Ac-MACROPATATE
and 148 kBq of 225Ac-DOTATATE to be suitable. Animals engrafted
with H69 cells were treated with either of the 2 radioconjugates or saline
(n5 8–10, each). Local control and survival were the primary outcomes.
All groups were tracked for humane endpoints including, but not limited
to, tumors larger than 2,000 mm3 and weight loss greater than 20%.

Statistical Analysis
Statistical analysis was performed using Prism (version 9.0; Graph-

Pad Software). Statistical analysis of survival curves was performed
using the log-rank test. Comparisons of organ uptake, tumor volume,
and stability were performed using the Student t test.

FIGURE 1. Structures of DOTATATE and MACROPATATE.
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RESULTS

MACROPATATE Forms Stable Complex with 225Ac
at Room Temperature
We successfully synthesized DOTATATE and MACROPA-

TATE with good yields and high purity, characterizing the identity
and purity of both molecules via high-performance liquid chroma-
tography and mass spectrometry (Fig. 1; Supplemental Fig. 1).
After synthesis, we labeled both DOTATATE and MACROPA-
TATE with 225Ac. Radiolabeling was conducted in mildly acidic
(pH 5.5) NH4OAc buffer (0.1 M). We found that MACROPA-
TATE could be radiolabeled quantitatively after 1 h of incubation
at room temperature (18–20"C), whereas DOTATATE required
heating at 70"C for 1 h to achieve comparable purity and yield.
Typical specific activities for both radioconjugates were approxi-
mately 185 GBq/mmol. A representative instant thin-layer chro-
matogram of 225Ac-MACROPATATE is shown in Figure 2A and
Supplemental Figure 2, and an instant thin-layer chromatogram of
225Ac-DOTATATE is shown in Supple-
mental Figure 3.
We evaluated the stability of both mole-

cules in human serum at 37"C using ITLC
(Figs. 2B and 2C; Supplemental Figs. 4–7).
225Ac-MACROPATATE and 225Ac-DOTA-
TATE were stable to 10 d. Stability experi-
ments conducted in human serum indicated
that 225Ac-MACROPATATE has signifi-
cantly greater stability than 225Ac-DOTA-
TATE (98% vs. 95%, P5 0.0097), and our
results compared well with a recent stabil-
ity investigation of 225Ac-DOTATATE re-
ported by others, which found 90% intact
225Ac-DOTATATE after 10 d (27). Thus,
225Ac-MACROPATATE exhibited a modest
yet significant stability advantage over 225Ac-
DOTATATE.

225Ac-MACROPATATE Retains Affinity for SSTR
After evaluating the purity and stability of the 225Ac-MACRO-

PATATE conjugate, we sought to confirm its binding affinity using
SSTR2-expressing cells in vitro (28–30). Saturation binding assays
showed a binding affinity of 21 nM (Fig. 2D), comparable to that
reported for Eu-DOTATATE (22 nM), which has been used as a
surrogate for 225Ac-labeled DOTATATE (27). This value is also
in a similar range to other studies examining radiopeptide somatostatin
derivatives (31,32). These results confirmed that MACROPA conju-
gation to octreotate does not adversely affect SSTR binding.

Cell Lines Were Selected for In Vivo Studies
To find a suitable model for our murine subcutaneous xenograft

models, we assessed SSTR2 and SSTR5 expression by flow
cytometry in several cell lines (U2-OS, U2-OS-SSTR2, AR42J,
H69, Bon-1, and U937) (Fig. 3). US-OS exhibited low to negligi-
ble levels of both SSTR2 and SSTR5. All other cell lines were
SSTR2-positive, with expression decreasing in the order U2OS-
SSTR2 . H69 . AR42J . U937 . Bon-1. The cell lines H69,
AR42J, and U937 also displayed moderate expression of SSTR5.
The H69 cell line was chosen for in vivo experiments because of
its high expression of SSTR2 and SSTR5 and its established his-
tory as a model system for investigating SSTR-targeting radiocon-
jugates (33,34).

225Ac-MACROPATATE Demonstrates Target
Engagement In Vivo
After confirming the stability and SSTR binding of 225Ac-

MACROPATATE in vitro, we evaluated its biodistribution and
compared it with that of 225Ac-DOTATATE in mice bearing
SSTR-positive H69 tumor xenografts. Both tracers showed favor-
able tumor uptake, with percentage injected activity per gram of
tissue of 9% and 5% at 2 h and 4% and 2% at 24 h for 225Ac-
MACROPATATE and 225Ac-DOTATATE, respectively (Figs.
4A and 4B; Supplemental Figs. 8–11). Although both tracers dis-
played excellent tumor-to-muscle ratios of more than 50:1 at 4 h
(Fig. 4C), they also had high renal uptake, as is typical of SSTR-
targeting peptides (35,36). 225Ac-MACROPATATE displayed
significantly higher tumor accumulation at 2 and 24 h than did
225Ac-DOTATATE (P , 0.05). However, the liver and kidney
uptake of 225Ac-MACROPATATE were also higher, possibly
because the higher hydrophobicity of the conjugate could slow
clearance, leading to increased liver uptake. The liver accumulation

FIGURE 2. MACROPATATE stably chelates 225Ac and binds to SSTR.
(A) Representative ITLC chromatogram of 225Ac-MACROPATATE. (B)
Intact conjugate remaining over time of 225Ac-MACROPATATE and 225Ac-
DOTATATE in human serum incubated at 37"C, as measured by ITLC. (C)
Percentage of initial intact conjugate remaining over time, normalized to
starting amount, after incubation in human serum at 37"C. (D) Assessment
of SSTR2 binding affinity of 225Ac-MACROPATATE in U2-OS SSTR2 cells
using saturation binding assay.

FIGURE 3. Flow cytometry assessment of SSTR2 (A) and SSTR5 (B) in panel of SSTR-expressing
cell lines.
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of 225Ac-MACROPATATE was 2–3 times higher than that of
225Ac-DOTATATE at all time points investigated.
The high kidney accumulation of peptide radioconjugates is rou-

tinely lowered by preadministration of D-lysine (26). Accordingly,
we observed a lower kidney percentage injected activity per gram of
tissue for both 225Ac-MACROPATATE and 225Ac-DOTATATE
after D-lysine administration than in kidneys of animals not receiving
D-lysine. This lowered kidney accumulation of the radiotracers was
most pronounced at 4 h after injection, with the kidney signal for
225Ac-MACROPATATE changing from 11.5% to 5.2% (P 5
0.0057) and 225Ac-DOTATATE decreasing
from 6.0% to 3.1% (P 5 0.0039).

225Ac-MACROPATATE and 225Ac-
DOTATATE Delay Tumor Growth and
Improve Survival of Mice Bearing
NET Xenografts
The promising biodistribution profile of

225Ac-MACROPATATE led us to investi-
gate its therapeutic efficacy. As a prelimi-
nary investigation, we evaluated a series of
treatment activities of 225Ac-MACROPA-
TATE ranging from 23.1 to 148 kBq in mice
bearing H69 tumor xenografts. All mice in
the 148-kBq treatment group (10/10) and 1 of
3 mice in the 92.3-kBq group were eutha-
nized within 10 d of treatment because of sub-
stantial weight loss (.20%). All other mice
displayed minimal weight loss, and a clear
dose-dependent reduction in tumor volume
was evident (Supplemental Figs. 12–14). On
the basis of these results, 46.3 kBq of 225Ac-
MACROPATATE was selected as the appro-
priate dose for further investigation.
Animals treated with 225Ac-MACROPA-

TATE and 225Ac-DOTATATE demonstrated
a significant tumor growth delay and im-
provements in survival compared with
saline-treated controls (Figs. 5A–5C; Sup-
plemental Figs. 15–17). Mice treated with
225Ac-MACROPATATE exhibited an initial
reduction in tumor volume lasting approx-
imately 3 wk after treatment. However,

the tumors subsequently relapsed in most mice (7 of 8). Conversely,
225Ac-DOTATATE treatment resulted in complete, durable tumor
remission for all mice. However, 2 mice in the 225Ac-DOTATATE
treatment group were euthanized because of weight loss. Although
mice in the MACROPATATE treatment group also displayed some
weight loss immediately after treatment, their weights stabilized
within 2 wk (Fig. 5D). 225Ac-MACROPATATE significantly
improved median survival relative to the vehicle control (55 d vs. 26
d; log rank, P 5 0.0006), whereas 8 of 10 mice (80%) treated with
225Ac-DOTATATE survived the full 100-d duration of the study.

FIGURE 4. 225Ac-labeled MACROPATATE and DOTATATE bind to SSTR-positive tumors. (A and B) Selected-organ biodistribution (n 5 3) of 225Ac-
MACROPATATE and 225Ac-DOTATATE (37 kBq) without (A) or with (B) preadministration of D-lysine (35 mg/mouse). (C) Corresponding tumor-to-tissue
ratios for selected organs with lysine pretreatment. Full 12-organ biodistribution data are reported in Supplemental Figures 8–11. Error bars represent
SD. ***P, 0.005. *P, 0.01. %IA/g5 percentage injected activity per gram of tissue.

FIGURE 5. Therapeutic response of mice bearing H69 lung NET xenografts treated with 225Ac-
MACROPATATE (46 kBq), 225Ac-DOTATATE (148 kBq), or vehicle control shows that targeted
a-therapy with 225Ac-MACROPATATE and 225Ac-DOTATATE is effective. (A) Tumor volume measure-
ments over time. Solid lines represent average volume, and dashed lines represent 95% CI. Plots for
eachdataset are discontinued after firstmousedeath due to excessive tumor volume. Full tumor volume
measurements for study duration for eachmouse are reported in Supplemental Figures 15–17. (B)Maxi-
mal response to treatment (tumor volume growth percentage) of individual mice. Nonresponding mice
are represented as full tumor growth (2,000% increase). (C) Mouse survival over time. Endpoint was
defined as tumor volume. 2,000 mm3 or weight loss over 20% of starting weight. (D) Average mouse
bodyweights over time for each treatment group. Error bars represent SD. ***P, 0.005. *P, 0.05.
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Overall, 225Ac-MACROPATATE exhibited favorable local control
and a survival benefit over saline-treated animals. However,
mice treated with 225Ac-DOTATATE showed significantly bet-
ter local control and overall survival (P , 0.02).

DISCUSSION

PRRT with 177Lu-DOTATATE represents a significant advance
for patients with SSTR-expressing NETs. Nevertheless, treatment
options for tumors refractory to 177Lu-based PRRT are needed. By
exploiting the unique properties of a-particles, namely high energy
deposition over a short path, we may be able to overcome resistance
to 177Lu-based PRRT (16,27,37,38). However, the DOTA chelator
used in these and other studies is suboptimal for chelation of the
large Ac31 ion (19). With the goal of achieving a more stable
SSTR-targeting radioconjugate for 225Ac targeted a-particle therapy,
we designed, synthesized, and characterized the conjugate MACRO-
PATATE, wherein we replace the DOTA of DOTATATE with the
expanded macrocyclic chelator MACROPA, which has been shown
to more stably chelate 225Ac31 than DOTA can (21).
We confirmed that 225Ac-MACROPATATE displayed a high

tumor accumulation, tumor growth delay, and survival benefit in
xenograft models of NETs. However, our radioconjugate also
exhibited a narrow therapeutic index as evinced by toxicity at lower
injected activities than is the case with 225Ac-DOTATATE. As
such, the head-to-head therapy study was performed with a 3-fold
higher injected activity in animals receiving 225Ac-DOTATATE
than in those receiving 225Ac-MACROPATATE. Biodistribution
studies indicated a relatively high liver accumulation for 225Ac-
MACROPATATE. Notably, unlike most other organs, this liver
signal did not appear to diminish over time. This persistent accumu-
lation of 225Ac may arise from metabolism of the radioconjugate
and may be responsible for the observed higher toxicity of 225Ac-
MACROPATATE. Previous investigations of 177Lu-DOTATATE
have indicated significant degradation of the targeting octreotate por-
tion of the tracer, likely because of metabolism (39). Such metabolism
may significantly impact the biodistribution of the 225Ac radioconju-
gates explored in this work. Thus, the disparate off-target uptake of
225Ac-MACROPATATE and 225Ac-DOTATATE despite their simi-
lar tumor accumulation may also reflect accumulation of fragmented
species in nontarget organs. Although 225Ac-MACROPATATE
demonstrates significant antitumor activity in SSTR-expressing mod-
els of NET, 225Ac-MACROPATATE remains inferior to 225Ac-
DOTATATE in vivo. Therefore, 225Ac-MACROPATATE requires
significant optimization to decrease off-target accumulation and asso-
ciated toxicity. For instance, variation of the specific activity or molar
amount of 225Ac-MACROPATATE injected may provide decreased
background accumulation while preserving tumor uptake, for such
optimization has been shown to greatly improve the pharmacokinetic
profile of 177Lu-DOTATATE (40).
Targeted a-particle therapy agents directed at NETs, such as 225Ac-

DOTATATE, have demonstrated promising results in small clinical
studies and warrant further investigation. Other a-particle–emitting
radionuclides being investigated include 213Bi and 212Pb. Recently,
a phase I study with the a-particle–emitting PRRT agent 212Pb-
DOTAMTATE, which has a lead-optimized chelator, has shown
good tolerability and overall response rates of 80% in patients
naïve to PRRT (18). The phase II study (NCT05153772) is open
and recruiting. These studies indicate that the intrinsic properties of
a-emitters can elicit responses in tumors otherwise refractory to
b-emitting PRRT (41,42).

More broadly, several strategies aiming to improve the efficacy
of 177Lu-PRRT in NETs are being investigated and may apply to
targeted a-particle therapy PRRT as well. For instance, deploying
epigenetic modulators has been shown to increase the membrane
expression of SSTR and subsequent accumulation of PRRT agent
(43–46). Combinatorial approaches exploiting inhibitors of DNA dam-
age repair are also being explored (NCT04086485, NCT04375267,
and NCT03958045).

CONCLUSION

We have successfully synthesized MACROPATATE, a novel
SSTR2- and SSTR5-targeting PRRT agent tailored to deliver 225Ac to
NETs. Importantly, we showed that MACROPATATE is able to che-
late 225Ac at room temperature and that this complex has 4-fold lower
susceptibility to degradation than 225Ac-DOTATATE in human
serum. Both 225Ac-MACROPATATE and 225Ac-DOTATATE dem-
onstrated excellent in vivo target engagement in NET xenografts and
exhibited local control and survival superior to saline. However,
although 225Ac-MACROPATATE had in vitro stability superior to
225Ac-DOTATATE, it underperformed compared with 225Ac-
DOTATATE in vivo. Optimization is therefore needed before fur-
ther translation.
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KEY POINTS

QUESTION: Can chemical conjugation of the MACROPA chelator to
SSTR-targeting octreotate result in an SSTR-targeting radioconjugate
for targeted a-therapy superior to DOTATATE?

PERTINENT FINDINGS: 225Ac-MACROPATATE demonstrated
in vitro SSTR2 affinity comparable to that of the standard
225Ac-DOTATATE, as well as higher in vivo uptake in SSTR-
positive xenografts. However, its efficacy is limited by a poor
therapeutic index, highlighting a need for further optimization
before translation.

IMPLICATIONS FORPATIENTCARE:We confirm that targeted
a-therapies for NETs demonstrate high efficacy in preclinical studies.
Such agents warrant further clinical investigation to offer a therapeutic
option for patients with disease refractory to b-particle PRRT.
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Bexmarilimab is a newhumanizedmonoclonal antibody against common
lymphatic endothelial and vascular endothelial receptor-1 (CLEVER-1)
and is in clinical trials for macrophage-guided cancer immunotherapy. In
addition being associated with cancer, CLEVER-1 is also associated with
fibrosis. To facilitate prospective human PET studies, we preclinically
evaluated 89Zr-labeled bexmarilimab in rabbits. Methods: Bexmarilimab
was conjugated with desferrioxamine (DFO) and radiolabeled with 89Zr.
Retained immunoreactivity was confirmed by flow cytometry. The distri-
bution kinetics of intravenously administered 89Zr-DFO-bexmarilimab
(0.1 mg/kg) were determined for up to 7 d in a rabbit model of renal fi-
brosis mediated by unilateral ureteric obstruction. The in vivo stability
of 89Zr-DFO-bexmarilimab was evaluated by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis in combination with autoradiography.
Additionally, we estimated the human radiation dose from data obtained
in healthy rabbits. Results: 89Zr-DFO-bexmarilimab cleared rapidly from
the blood circulation and distributed to the liver and spleen. At 24 h after
injection, PET/CT, ex vivo g-counting, and autoradiography demon-
strated that there was significantly higher 89Zr-DFO-bexmarilimab uptake
in unilateral ureteric obstruction–operated fibrotic renal cortex, character-
ized by abundant CLEVER-1–positive cells, than in contralateral or
healthy kidneys. The estimated effective dose for a 70-kg human was
0.70 mSv/MBq. Conclusion: The characteristics of 89Zr-DFO-bexmarili-
mab support future human PET studies to, for example, stratify patients
for bexmarilimab treatment, evaluate the efficacy of treatment, or monitor
disease progression.

Key Words: bexmarilimab; CLEVER-1; PET/CT; renal fibrosis; whole-
body distribution; 89Zr
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Common lymphatic endothelial and vascular endothelial
receptor-1 (CLEVER-1, also known as stabilin-1 and FEEL-1[fas-
ciclin, EGF-like, laminin type EGF-like, and link domain contain-
ing scavenger receptor 1]) is a multifunctional scavenger receptor
expressed on antiinflammatory, alternatively activated M2 macro-
phages (1,2). In addition, the molecule is present, as the name sug-
gests, in the lymphatic and vascular endothelium. In human tissues,
CLEVER-1 is specifically expressed in the noncontinuous endothe-
lial cells of the spleen, liver, adrenal cortex, and lymph nodes (3–5).
The humanized anti–CLEVER-1 antibody bexmarilimab (dissocia-

tion constant, 0.753 109Mto humanCLEVER-1) has been developed
for immunotherapy and has recently shown promising results in clinical
trials (6). Although the main research focus of studies investigating
CLEVER-1 has been its effects on tumor-associated macrophages and
cancer (7), CLEVER-1mediates tissue homeostasis and prevents fibro-
sis in liver injury. In this context, CLEVER-1 protects against excessive
fibrosis in response to oxidative stress by clearing modified low-
density lipoproteins. The uptake of modified low-density lipoproteins
reduces profibrogenic chemokine (C-C motif) ligand 3 secretion,
resulting in reduced fibrosis and promotion of healing (8).
Therefore, we propose that CLEVER-1 may also be a relevant

marker of tissue repair and the healing response in inflammatory dis-
eases, and we present the preclinical evaluation of 89Zr-labeled des-
ferrioxamine (DFO)-conjugated bexmarilimab in a rabbit model of
renal fibrosis. Notably, the parental antihuman CLEVER-1 antibody
3-372 can also recognize rabbit CLEVER-1 (9). To obtain a detailed
assessment of the whole-body distribution kinetics of intravenously
administered bexmarilimab and its CLEVER-1–targeting ability, we
radiolabeled bexmarilimab and preclinically evaluated the effects of
89Zr-DFO-bexmarilimab in healthy rabbits and rabbits with renal
fibrosis induced by unilateral ureteric obstruction (UUO).

MATERIALS AND METHODS

Supplemental materials and methods are available at http://jnm.
snmjournals.org (10).
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Study Design
The study protocol is presented in Figure 1. The UUOmodel of renal

fibrosis in rabbits was used as the animal model. The left ureter was
ligated in 7 female New Zealand White rabbits 7 d before 89Zr-DFO-
bexmarilimab injection. Six healthy rabbits were studied as controls.

The whole-body distribution kinetics of intravenously administered
89Zr-DFO-bexmarilimab were studied in rabbits (n 5 13; weight,
2.1260.19 kg) using in vivo PET/CT imaging for up to 7 d, as well as
ex vivo g-counting of excised tissues and digital autoradiography of kid-
ney cryosections. Histologic and immunohistochemistry results supported
the ex vivo autoradiographic results. Renal perfusion was determined by
15O-radiowater PET/CT before 89Zr-DFO-bexmarilimab injection, and the
kidney volume was determined by CT. Human radiation dose estimates
for 89Zr-DFO-bexmarilimab were extrapolated from healthy rabbit data.

All animal experiments were approved by the national project
authorization board in Finland (license numbers ESAVI/856/04.10.07/
2017 and ESAVI/5882/2020) and were performed in compliance with
European Union directive 2010/EU/63 on the protection of animals
used for scientific purposes.

Preparation of 89Zr-DFO-Bexmarilimab
Bexmarilimab (IgG4, $150 kDa, in a 25 mg/mL stock solution con-

taining 10 mM L-histidine/HCl [pH 6.0], 20 mM L-methionine, 280mM
trehalose, and 0.02% polysorbate 20) was obtained from Faron Pharma-
ceuticals (11). The DFO conjugation and radiolabeling of bexmarilimab
with 89Zr were performed using a previously published protocol with
slight modifications (12). To attach the hexadentate chelator DFO, bex-
marilimab stock was reconstituted to a concentration of 3mg/mL in
sodium bicarbonate buffer (1.0 M, 1 mL, pH 9.0) by ultrafiltration (Ami-
con Ultra 60 kDa; Millipore). Subsequently, to 1 mL of the rebuffered
antibody, isothiocyanatobenzyl-DFO (p-DFO-Bz-NCS, 10 mL, 3.5 mM
in dimethyl sulfoxide, 2 equivalents) was added and the solution was
incubated at 37"C for 30 min while being mixed. Then, the reaction mix-
ture was transferred onto a PD-10 size-exclusion column (Cytiva) and
DFO-bexmarilimab was eluted in 1.5 mL of formulation buffer contain-
ing 10 mM L-histidine, 20 mMmethionine, 280mM sucrose, and 0.02%
polysorbate 20 in water at pH 6.0 (adjusted with HCl).

The radiolabeling was performed by mixing 40245 MBq of
89Zr (100 mL, 1.0 M oxalic acid; Cyclotron VU), Na2CO3 (45 mL,
2.0 M), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer
(500 mL, 0.5 M, pH 7.2), and DFO-bexmarilimab (355 mL, 1.3 mg/mL).
The mixture was incubated at room temperature for 60 min while being

mixed. The crude product mixture was transferred onto a PD-10 size-
exclusion column, and 89Zr-DFO-bexmarilimab was eluted in 1.5 mL of
formulation buffer.

The radiochemical quality of 89Zr-DFO-bexmarilimab was analyzed
with 2 methods: ultrafiltration and sodium dodecyl sulfate–polyacryl-
amide gel electrophoresis (SDS-PAGE). For the ultrafiltration method,
5mL of the product were added to a Microcon spin filter (60-kDa cutoff;
Millipore) containing 95 mL of 5% dimethyl sulfoxide in phosphate-
buffered saline. The product was centrifuged at 14,000g for 6 min
followed by 2 washes with 100 mL of 5% dimethyl sulfoxide in
phosphate-buffered saline. The radioactivity remaining in the filter and
filtrate was then separately measured with a g-counter (Wizard 1480;
PerkinElmer). The radiochemical purity of 89Zr-DFO-bexmarilimab was
determined as the amount of radioactivity on the filter divided by the
total amount of radioactivity multiplied by 100%. The measurements
were performed in triplicate. SDS-PAGE was performed to detect possi-
ble aggregates and larger fragments of antibodies. The assay was run on
a Miniprotean electrophoresis system using precast 4%220% nondena-
turing Tris-glycine polyacrylamide gels (Bio-Rad). Subsequently, the
gel was rinsed in water, placed on a phosphor imaging plate (Fujifilm),
and after exposure scanned on a BAS-5000 scanner (Fujifilm). The
resulting images were analyzed with an AIDA image analyzer (Raytest)
to determine the percentage of intact 89Zr-DFO-bexmarilimab.

The immunoreactivity and CLEVER-1 binding of DFO-bexmarilimab
and 89Zr-DFO-bexmarilimab after radioactive decay were confirmed by
flow cytometry using unmodified bexmarilimab (clone CP-12; Abzena) as a
reference molecule. Briefly, peripheral blood mononuclear cells (Finnish
Red Cross) enriched with CD14-microbeads (Miltenyi) or the CLEVER-
1high acute myelogenous leukemia cell line KG-1 (CCL-246; ATCC) was
used.KG-1 cellswere cultured in IscovemodifiedDulbeccomedium supple-
mented with 20% fetal bovine serum and penicillin/streptomycin. The cells
(0.53 106/well) were plated in a round-bottom 96-well plate (Sarstedt) and
stained with varying concentrations (mg/mL) of bexmarilimab, DFO-
bexmarilimab, and 89Zr-DFO-bexmarilimab. An irrelevant isotype IgG4
control antibody, (S241/L248E)-Alexa Fluor 647 (Abzena), was used to
normalize the signal. The cells were stained with mouse anti-human IgG4-
Alexa Fluor 488 (catalog no. 9200-30; Southern Biotech). Fixed samples
were subjected to flow cytometry on an LSRFortessa cell analyzer (Becton
Dickinson) and analyzedwith FlowJo10 (TreeStar Ashland) software.

Radiosynthesis of 15O-Radiowater
15O-radiowater was synthesized as previously described (13).

PET/CT Imaging
A Discovery-690 PET/CT (GE Healthcare)

device was used for imaging studies.
Rabbits were sedated and anesthetized with

a subcutaneous injection of a mixture of mede-
tomidine (Cepetor Vet, 1 mg/mL, 0.1 mg/kg;
CP-Pharma), ketamine (Ketaminol, 50 mg/kg,
2mg/kg; Intervet Oy), and midazolam (5 mg/mL,
0.1 mg/kg; Hameln Pharma). For scanning on
day 1, 2 cannulas were inserted, one in the left
ear vein for injecting tracers and the other in
the right ear vein or artery for blood sampling.
For scans on day 2 onward, only one ear vein
was cannulated for blood sampling.

For measurement of renal perfusion, 206
0 MBq of 15O-radiowater were injected intrave-
nouslyandtherabbitswereimagedfor6min(time
frames:1534s,4310s,4320s,and3360s).

89Zr-DFO-bexmarilimab (7.26 2.5 MBq
[mean6SD]; range, 4.4–10.2 MBq; 3.56
1.3 MBq/kg; 0.1 mg/kg) was injected on the

FIGURE 1. Study design for 6 healthy and 7 UUO New Zealand White rabbits. UUO surgery was
performed 7 d before start of study, which began on day 1. Rabbits first were examined for renal
perfusion using 15O-radiowater PET/CT. They then were intravenously injected with 89Zr-DFO-bex-
marilimab for sequential PET/CT imaging for up to 7 d after injection and were killed for postmortem
studies either 24 h or 7 d after injection.
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first scanning day, and dynamic whole-body PET/CT scanning was
performed for 30 min immediately after the injection. Static whole-
body scans were then obtained at 24 h, 2 d, 3 d, and 7 d after injec-
tion. Dynamic emission scans of 12 time frames (4 3 30 s, 4 3 60 s,
2 3 120 s, and 2 3 600 s) were acquired by serial imaging of the
body in 2 contiguous segments. Three bed positions were required
for static whole-body PET, with a 6-min acquisition time for each
position.

PET/CT images were analyzed using Carimas software (www.
turkupetcentre.fi/carimas/). Regions of interest were defined for the
whole kidney (parenchyma), kidney cortex, kidney medulla, left ventri-
cle cavity (representing blood), liver, lungs, muscle, myocardium, and
spleen on the PET/CT images; the CT scan was used to provide an ana-
tomic reference. The suprarenal abdominal aorta was used as the region
of interest representing blood in 15O-radiowater analyses. Kidney
volumes were determined from CT images. Results are expressed as
SUVs and time–activity curves.

Renal perfusion was estimated by fitting a single-tissue compartmen-
tal model to the regional radioactivity concentration curves. An image-
derived arterial blood curve was used as the model input function. The
nonlinear sum-of-least-squares method was used to estimate perfusion
(mLblood/mLtissue3min).

In Vivo Stability of 89Zr-DFO-Bexmarilimab
Blood samples (10021,500 mL) were collected into heparinized

tubes at 1 min, 5 min, 10 min, 30 min, 1 h, 2 h, 3 h, 4 h, 24 h, 2 d, 3 d,
and 7 d after 89Zr-DFO-bexmarilimab injection. The radioactivity of
the whole-blood samples was measured with a Wizard g-counter.
Plasma was subsequently separated by centrifugation (2,100g for 5 min
at 4"C), and radioactivity was measured using the g-counter.

To determine the amount of intact 89Zr-DFO-bexmarilimab, aliquots of
plasma were applied to native SDS-PAGE as described above. Briefly, a
small volume of plasma (up to 10 mL) was added to 10 mL of 43
Laemmli sample buffer (Bio-Rad), filled to a volume of 40 mL with H2O,
and applied on the gel. For high-radioactivity samples (0–4 h after injec-
tion), plasma was diluted with physiologic saline before preparation of the
sample. 89Zr-DFO-bexmarilimab in formulation buffer (stored at 4"C)
was used as a reference.

Ex Vivo Biodistribution and Digital Autoradiography
Rabbits were euthanized either at 24 h (4 UUO, 3 healthy) or at 7 d

(3 UUO, 3 healthy) after 89Zr-DFO-bexmarilimab injection. After the
last PET/CT examination, the rabbits were euthanized under deep keta-
mine–medetomidine–midazolam anesthesia by cardiac puncture and an
overdose of pentobarbital (Mebunat; Orion Pharma). Tissues and
organs were immediately dissected, weighed, and assayed for radioac-
tivity with a Wizard g-counter. The radioactive decay of 89Zr (half-life,
3.3 d) was corrected for the time of injection. The uptake of radioactiv-
ity is expressed as SUV.

Samples of kidneys were embedded and frozen in Tissue-Tek
(Sakura) and cut into 8-mm and 20-mm slices. The 20-mm cryosections
were thaw-mounted onto microscope slides and immediately exposed
to a phosphor imaging plate (Fujifilm). After an exposure time of
approximately 3 d, the imaging plates were scanned with a BAS-5000
scanner. After scanning, sections were stained with hematoxylin–eosin
and scanned with a digital slide scanner (Pannoramic 250 Flash; 3DHis-
tec). The 8-mm sections were stored at270"C and used for CLEVER-1
immunohistochemical staining.

The accumulation of 89Zr-DFO-bexmarilimab in the renal cortex and
medulla was analyzed on superimposed autoradiographs and hematoxy-
lin–eosin images using Carimas software. Results were decay-corrected
for injection and exposure time, normalized to the injected radioactivity

dose, and expressed as the photostimulated luminescence per square
millimeter.

The 8-mm cryosections of the kidneys and spleen were stained with
anti–CLEVER-1 (clone 3-372; InVivo Biotech) peroxidase. Briefly, the
slides were acetone-fixed, blocked with horse serum, and incubated over-
night at 4"C in a humidified chamber with a 10 mg/mL concentration of
clone 3-372 or mouse IgG1 control antibody. The signal was detected
using a Vectastain Elite ABC kit (Vector Laboratories) and liquid chro-
mogen 3,39-diaminobenzidine substrate (DAKO). The slides were coun-
terstained with hematoxylin and imaged with the Pannoramic 250 Flash
digital slide scanner. Endogenous peroxidase activity was not blocked
before staining because this procedure reduces the staining quality.

Additional formalin-fixed, paraffin-embedded 7-mm kidney sections
were stained with picrosirius red to evaluate kidney damage and the
development of renal fibrosis.

Statistical Analysis
Results are expressed as the mean6 SD. Differences between groups

were determined with the independent-samples t test using Excel
(Microsoft). P values of less than 0.05 were considered statistically
significant.

RESULTS

Characterization of the UUO Rabbit Model
Visual and histologic inspection of the left kidney demonstrated

obvious damage (swollen, enlarged kidney) due to blockage of
urine flow to the bladder (Supplemental Fig. 1). The contralateral
kidney appeared healthy, with no obvious damage.
The renal perfusion parameters in rabbits 7 d after the UUO opera-

tion are presented in Figure 2A and Supplemental Table 1. The 15O-
radiowater PET analysis revealed that renal perfusion was significantly
lower in the UUO renal cortex (2.0060.95 mLblood/mLtissue/min) than
in the contralateral (5.5761.96 mLblood/mLtissue/min, P5 0.001) or
healthy (5.2560.55 mLblood/mLtissue/min, P, 0.001) renal cortex.
On the basis of in vivo CT results, the volume of UUO-

operated kidneys was enlarged, whereas the contralateral kidneys
were similar in size to the kidneys from healthy rabbits (Fig. 2B).
The histopathologic analysis showed dilation of renal tubules, focal

injury of tubular epithelial cells, and varying levels of inflammation in
UUO kidneys. Additionally, picrosirius red staining showed tubuloin-
terstitial fibrosis of the renal cortex in UUO kidneys. There were
no histologic abnormalities in the contralateral kidneys from UUO
rabbits or kidneys from healthy control rabbits (Fig. 2C). Anti–
CLEVER-1 staining of UUO kidneys showed specific immunore-
activity on recruited macrophages in the tubulointerstitium. The
contralateral kidneys or the kidneys from healthy rabbits did not
show this pattern of immunoreactivity (Fig. 2C). No significant dif-
ferences in staining were observed between the 7- and 14-d samples.
Anti–CLEVER-1 staining of spleen and kidney sections, as well

as hematoxylin–eosin and picrosirius red staining of kidney sec-
tions obtained 7 d and 14 d after surgery, are presented in Supple-
mental Figures 2 and 3.

Preparation of 89Zr-DFO-Bexmarilimab and Immunoreactivity
The DFO-NCS conjugation and labeling method enabled us to

obtain a final formulation of 89Zr-DFO-bexmarilimab (Supplemental
Fig. 4A) that was of excellent quality andwithout antibody aggregates
or fragments, as measured by SDS-PAGE. The retained immunoreac-
tivity of DFO-bexmarilimab was 87.5%6 2.2% (n5 4), indicating
that the modification with a chelator did not substantially alter anti-
body binding to CLEVER-1. Using 4 radiolabeled batches (n5 4),
we determined that 89Zr-DFO-bexmarilimab had a radiochemical
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yield of 78.2%6 4.2%, specific radioactivity of 76.16 5.1 MBq/mg,
and radioactivity concentration of 14.964.4 MBq/mL. The radio-
chemical purity was 99.1%60.3% when measured by ultrafiltration
and 100% when measured by SDS-PAGE
autoradiography (Supplemental Fig. 4B).
When measured in a single batch, the immu-
noreactivity of 89Zr-DFO-bexmarilimab after
radioactive decay ($4 wk after radiolabeling,
stored at220"C) was similar to that of DFO-
bexmarilimab (Supplemental Fig. 4C).

89Zr-DFO-Bexmarilimab PET/CT Imaging
and Biodistribution
In UUO and healthy rabbits, in vivo PET/

CT clearly visualized the liver and spleen and
showed that there was some uptake of 89Zr-
DFO-bexmarilimab in bone, bone marrow,
and intestines (Fig. 3A). The highest radioac-
tivity concentration after intravenous injection
of 89Zr-DFO-bexmarilimab was in the liver,
but the concentration decreased over time
(Supplemental Figs. 5 and 6). The radioactiv-
ity concentration was always higher in the
renal cortex than in the medulla, and the UUO
kidney cortex was clearly visualized (Fig. 3A).
Uptake of 89Zr-DFO-bexmarilimab at 24 h

after injection was significantly higher in the
UUO renal cortex than in the contralateral or
healthy renal cortex and was even more pro-
nounced when normalized to the level of
renal perfusion (Figs. 3B and 3C). Decay-
corrected time–activity curves revealed that
uptake of 89Zr-DFO-bexmarilimab in the

UUO renal cortex remained constant after
24 h but increased over time in the contralat-
eral renal cortex (Fig. 3D).
Supplemental Table 2 shows the ex vivo

biodistribution of 89Zr-DFO-bexmarilimab
in rabbits at 24 h and 7 d after injection.
The organs with the highest radioactivity
concentration were the liver, spleen, and
bone or bone marrow; this result confirmed
the in vivo PET/CT findings. Uptake was
lowest in the brain.

In Vivo Stability and Plasma
Pharmacokinetics of
89Zr-DFO-Bexmarilimab
The SDS-PAGE analysis of serial plasma

samples fromUUOrabbits showed that thepro-
portion of intact 89Zr-DFO-bexmarilimab de-
creased from 97.0%61.2% of total plasma
radioactivity at 4 h after tracer injection to
78.2%613.1%, 51.2%69.8%, and 33.2%6

3.4% at 24 h, 2 d, and 3 d, respectively. In
healthy rabbits, the proportion of intact
89Zr-DFO-bexmarilimab was 96.2%60.1%,
51.1%68.5%, 24.9%6 6.6%, and 15.6%6

4.3% at4h, 24h, 2d, and3d, respectively, after
tracer injection (Figs. 4A and 4B). Representa-

tive autoradiographs of SDS-PAGEare shown inSupplemental Figure 7.
The blood-to-plasma ratio of radioactivity was about 0.6 and

did not change appreciably over the 7-d PET study (Supplemental

FIGURE 3. (A) Representative PET/CT images of 2 rabbits 24 h after single intravenous injection of
89Zr-DFO-bexmarilimab. Red arrows denote UUO kidneys; blue arrows, contralateral kidneys; and
gray arrows, healthy kidneys. (B and C) Radioactivity concentration in renal cortex without perfusion
correction (B) and with 15O-radiowater–based perfusion correction (C). (D) Time–activity curves for
89Zr-DFO-bexmarilimab uptake in renal cortex.

FIGURE 2. Characterization of rabbit UUO model. (A) Renal perfusion determined using 15O-radio-
water PET/CT 7 d after UUO operation (UUO and contralateral, n 5 6; healthy, n 5 5). (B) Kidney
volumes of UUO and healthy rabbits based on CT imaging (n5 3). (C) Picrosirius red staining shows
dilation of renal tubules and tubulointerstitial fibrosis of renal cortex in UUO kidneys, whereas histo-
logic findings are normal in contralateral kidney from same animal and in healthy control rabbits.
Anti–CLEVER-1 immunohistochemical staining shows specific immunoreactivity in tissue macro-
phages in UUO kidney. Light brown unspecific background staining from urine flow can be observed
in area of contralateral and healthy kidney tissue but not in UUO tissue. Scale bar is 200 mm.
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Fig. 8). The plasma pharmacokinetic parameters are summarized
in Supplemental Table 3. 89Zr-DFO-bexmarilimab had a relatively
fast clearance from the blood circulation, with total clearance
of 10.46 2.1 mL/h (n5 3) in UUO rabbits and 176 2.1 mL/h
(n5 3) in healthy rabbits (P5 0.030).

Digital Autoradiography
Digital autoradiography of rabbit kidney cryosections combined

with hematoxylin–eosin staining confirmed that 89Zr-DFO-bexmar-
ilimab was retained in the renal cortex (Fig. 5). Despite impaired
renal perfusion in the UUO kidney, uptake 24 h after injection was
higher in the UUO renal cortex and medulla than in the contralat-
eral and healthy kidneys (P , 0.05). At 7 d after injection, uptake
was highest in the contralateral renal cortex; this finding is consis-
tent with the results of PET/CT studies and ex vivo g-counting.

Radiation Dose Estimates
The human residence times (the normalized numbers of disinte-

grations) for the various source organs and the remainder of the

body extrapolated from healthy rabbit data are listed in Supplemen-
tal Table 4. Supplemental Figure 9 shows the time–activity curves
of the organs on which the dosimetry calculation using OLINDA/
EXM 2.1 was based. The estimates of the organ doses given in Sup-
plemental Table 5 were calculated for a 70-kg man. The organs
with the highest doses were the liver (5.8606 1.100 mGy/MBq),
gallbladder wall (2.5806 0.420 mGy/MBq), and adrenal glands
(1.7776 0.240 mGy/MBq). The mean effective dose (ICRP 103
(14)) was calculated as 0.7026 0.051 mSv/MBq. For example, a
37-MBq dose of 89Zr-DFO-bexmarilimab would likely result in an
effective dose of 26 mSv.

DISCUSSION

Bexmarilimab is a new humanized anti–CLEVER-1 antibody
currently in clinical immunotherapy trials. In addition to its poten-
tial use as an immunotherapeutic, we are interested in determining
whether the antibody is suitable for immuno-PET imaging. The
information presented from this study increases our understanding
of its pharmacokinetics and in vivo biodistribution and provides
estimates for the human radiation dose, which will support future
clinical translation of 89Zr-DFO-bexmarilimab immuno-PET.
To enable 89Zr-radiolabeling, bexmarilimab was successfully con-

jugated with a DFO chelator without compromising immunoreactiv-
ity, that is, 87.5% of the immunoreactivity was retained. Subsequent
radiolabeling resulted in the formation of 89Zr-DFO-bexmarilimab
that had a high radiochemical yield and high radiochemical purity.
SDS-PAGE was a particularly suitable method to evaluate purity
because it enabled all radioactive substances with different molecu-
lar sizes, whether free 89Zr or antibody aggregates, to be separated
from the intact tracer in the same assay. Most importantly, conjugating
bexmarilimab with 89Zr and DFO did not lead to loss of immunoreac-
tivity. This finding is important, since 89Zr-DFO-bexmarilimab is
intended for use in clinical PET applications.

CLEVER-1, as observed by anti–
CLEVER-1 immunohistochemistry, was
clearly expressed on macrophages residing
in the UUO kidney, which were not present
in the contralateral and healthy kidneys.
PET/CT imaging, ex vivo g-counting, and
autoradiography analysis similarly showed
significant differences in the uptake of 89Zr-
DFO-bexmarilimab into UUO kidneys com-
pared with the contralateral and healthy
kidneys at 24 h after injection. 89Zr-DFO-
bexmarilimab showed a surprisingly fast
clearance coupled with fast initial uptake in
the target tissues.
Although the kidneys show uptake of

89Zr-DFO-bexmarilimab at 24 h after injec-
tion, they are also a likely route of excretion
of radiometabolites and fragments. We
hypothesize that the increased uptake of
tracer in the contralateral and healthy kid-
neys 7 d after injection, as shown by PET/
CT and ex vivo results, is due to uptake of
radiometabolites, given that the level of radio-
metabolites in the bloodstream increases in
the days after the injection of 89Zr-DFO-
bexmarilimab. In UUO and healthy rabbits,
radiometabolites consisted of, on average,

FIGURE 5. Representative ex vivo digital autoradiographs and hematoxylin–eosin staining of
20-mm kidney cryosections and quantification data 24 h and 7 d after 89Zr-DFO-bexmarilimab injec-
tion. Scale bar is 5 mm.

FIGURE 4. Distribution of 89Zr-DFO-bexmarilimab in rabbit blood circu-
lation. (A) Radioactivity concentration in whole blood. (B) Proportion of
intact 89Zr-DFO-bexmarilimab in total plasma. Lines represent mean
values and bars are SDs of experiments.
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84% and 67%, respectively, of the total plasma radioactivity on day
3 after injection. Almost no intact 89Zr-DFO-bexmarilimab was
detected on day 7, although the total plasma radioactivity at that
time was too low for accurate detection. An approximate doubling
of radioactivity uptake in the contralateral kidney compared with the
healthy kidney on day 7 would support this hypothesis, as the con-
tralateral kidney compensates for the loss of UUO kidney function.
A likely source of circulating metabolites may be the liver, as a
decrease in liver radioactivity was observed after the 24- and 48-h
time points (Supplemental Fig. 6).
The fast uptake and clearance of 89Zr-DFO-bexmarilimab high-

light the importance of determining the optimal time window for
PET studies in achieving meaningful results. In this study, the
optimal time window was clearly at 24 h, when tracer accumula-
tion in the UUO kidney had stabilized, blood radioactivity had
diminished, and radiometabolites had not yet begun to accumulate
in the healthy and contralateral kidneys.
In general, the uptake of 89Zr-DFO-bexmarilimab in the liver and

spleen corresponded to previously reported CLEVER-1 expression
in human tissues (3–5). However, although we confirmed
CLEVER-1 expression by immunohistochemical staining in the
spleen and UUO kidneys, we did not analyze the liver and other tis-
sues that possibly express CLEVER-1.
The estimated human radiation burden due to a single intravenous

89Zr-DFO-bexmarilimab injection is comparable to that of other 89Zr-
labeled monoclonal antibodies (15–17) and is suitable for clinical
studies. In this study, scaling between rabbit and human data was per-
formed using organ and whole-body masses of rabbits and humans.
Despite similarities between species, the accuracy of extrapolation of
biokinetic data from laboratory animals to humans is uncertain, parti-
cularly for the liver because of qualitative differences between species
in the handling of many elements by this organ.

CONCLUSION

On the basis of the preclinical results of this study, including
the estimated human radiation burden, 89Zr-DFO-bexmarilimab is
suitable for future clinical PET studies.
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KEY POINTS

QUESTION: Are the characteristics of CLEVER-1–targeted
89Zr-DFO-bexmarilimab suitable for prospective human PET
studies?

PERTINENT FINDINGS: This preclinical rabbit study revealed that
intravenously administered 89Zr-DFO-bexmarilimab was able to
detect fibrosis associated with abundant CLEVER-1–positive cells.
The estimated human effective dose was within the safe limits for
potential human use.

IMPLICATIONS FOR PATIENT CARE: Clinical studies to
determine whether 89Zr-DFO-bexmarilimab-PET is suitable for,
for example, stratifying patients for bexmarilimab treatment,
evaluating treatment efficacy, and monitoring disease progression,
may be justified.
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Radioiodine Ablation of Thyroid Remnants in Patients with
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Our purpose was to assess response after ablation of thyroid remnants
(ATR) with radioactive iodine therapy in patients with unstable Graves’
orbitopathy (GO) after subtotal thyroidectomy.Methods: Thirty patients
with mild (n 5 4, 13%), moderate-to-severe (n 5 25, 83%), or very
severe GO (n 5 1, 3%) were analyzed in this retrospective study. The
primary endpoint was the improvement of GO-related symptoms as
assessed by clinical activity scores, NOSPECS, and soft-tissue inflam-
mation scores at 3 and 12 mo after ATR. Ablation success was defined
by a decrease in 99mTc uptake on thyroid scintigraphy, remnant vol-
ume, and thyrotropin receptor antibody levels at 3 mo after ATR.
Results: Twelve months after ATR, clinical activity scores, NOSPECS,
and soft-tissue inflammation scores showed a significant decrease
from 3.4 to 1.3 (P, 0.0001), 5.9 to 4.9 (P5 0.007), and 4.7 to 2.1 (P5

0.0001), respectively. The GO was inactive in 27 of the 30 (90%)
patients after 3 mo and in 29 (97%) after 12 mo. No new activation of
GO occurred. Remnant volume (1.4 vs. 0.4 cm3, P 5 ,0.0001), mean
thyrotropin receptor antibody level titer (19.02 vs. 13.37 IU/L, P ,

0.0001), and 99mTc uptake (0.5% vs. 0.1%; n 5 12; P 5 0.04)
decreased significantly until 3 mo after ATR. Discussion: Radioactive
iodine therapy after thyroidectomy can successfully ablate residual thy-
roid remnants, leading to an improvement in GO, a reduction in inflam-
matory activity, and stabilization of thyroid function. Thus, scintigraphy
should be considered for patients with unstable GO after thyroidectomy
to rule out thyroid remnants.

Key Words: thyroid eye disease; radioactive iodine therapy; RAIT;
total thyroid ablation; GO; TED
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Graves’ orbitopathy (GO), the most common extrathyroidal man-
ifestation of Graves’ disease, is a disorder of autoimmune origin. Typi-
cally, patients show symptoms of inflammation of the orbital soft
tissues, inflammation-triggered fibrosis of the ocular muscles, and adi-
pogenesis (1–3). Autoantibodies against the thyroid-stimulating hor-
mone (TSH) receptor mediate these changes, which stimulate the
receptors on orbital fibroblasts. In conjunction with the induction of
crosstalk with insulinlike growth factor 1 receptors, this stimulation
leads to a cascade of inflammatory conditions (4). Antibodies and au-
toimmune T cells stimulate orbital fibroblasts to release inflammatory

cytokines to produce hyaluronic acid and to differentiate into adipo-
cytes and myofibroblasts (5–9). Consequently, patients experience
signs of inflammation (pain, swelling), diplopia (due to fibrosis of
the extraocular muscles), and proptosis (due to adipogenesis),
which have a serious impact on quality of life (10,11). Most
severely afflicted GO patients can have vision loss due to optic
nerve compression (12). Despite recent advances in targeted ther-
apy, there is none available in Europe yet. Therefore, current treat-
ment can often reduce symptoms but not prevent the need for
rehabilitative surgery (13–16). Management of GO comprises 2
main therapeutic principles: antiinflammatory treatment and reduc-
tion of risk factors for deterioration. According to the EUGOGO
(European Group on Graves’ Orbitopathy) 2021 guideline, patients
with moderate-to-severe GO are treated with immunosuppression
by intravenous glucocorticoids alone or in combination with myco-
phenolate sodium (17). The aim of this antiinflammatory therapy is
to temper inflammation and prevent further deterioration. Poor con-
trol of thyroid function and high TSH receptor antibody levels can
lead to development of new GO or worsening of preexisting GO
(18–21). Consequently, rapid achievement of euthyroidism is cru-
cial (8,17,20–22). Hyperthyroidism is treated primarily with anti-
thyroid drugs. Definitive treatment with radioactive iodine ablation
or thyroidectomy is performed in cases of relapse or poor thyroid
control despite antithyroid drug treatment (13,17,23). The status of
GO has an impact on the choice of procedure; thyroidectomy is
recommended in the presence of active GO stages, though radioac-
tive iodine might be used with sufficient corticosteroid prophylaxis
(17,23,24). Near-total thyroidectomy is performed on patients with
Graves’ disease in some cases, even minimally invasively with
video assistance (25). Small remnants are left to preserve the recur-
rent laryngeal nerve. Scintigraphy is not always performed (26).
Therefore, ectopic thyroid tissue is sometimes left behind. There is
evidence that larger thyroid residues are associated with poorer
control of thyroid function, ongoing GO activity, and persistent
thyrotropin receptor antibody (TRAb) levels (27,28). In accor-
dance, several studies have shown a higher rate of stable GO and
inactivated GO if thyroidectomy is combined with postoperative
radioactive iodine therapy (total ablation) (29–31). This beneficial
role might be due to complete thyroid-antigen removal, which is
associated with a reduction in antigenic stimulation, a drop in anti-
body levels and cell-mediated immunoreactivity to TSH receptor,
and improvement in GO (31,32). To evaluate the benefit of ablation
of a significant thyroid remnant in patients with unstable GO and
persistent unstable thyroid function in terms of GO activity and
severity, we performed an interdisciplinary retrospective study at
our tertiary GO referral center.
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MATERIALS AND METHODS

Study Population
We searched the institutional database of our EUGOGO tertiary

referral center from January 2005 until October 2020 (n 5 4,641) for
patients who underwent ablation of thyroid remnants (ATR) for persis-
tent or worsening GO and thyroid dysfunction after subtotal thyroidec-
tomy. Only patients with active GO at baseline, comprehensive eye
and thyroid examinations before ATR and 3 and 12 mo afterward, ele-
vated TRAb, and significant uptake on baseline thyroid scintigraphy
were included. This retrospective study was performed in accordance
with the Declaration of Helsinki and was approved by the Ethics Com-
mission of the University of Essen (reference number 17-7542-BO).

Outcome Measures
Primary outcome measures were an improvement in GO-related symp-

toms as assessed by clinical activity score (CAS), modified NOSPECS
score (where N 5 no symptoms or signs, O 5 only signs, S 5 soft-
tissue involvement, P 5 proptosis, E 5 extraocular muscle involvement,
C 5 corneal involvement, and S 5 sight loss due to optic nerve com-
pression) (33), and soft-tissue score at 3 and 12 mo after ATR (17).

For this study, a successful ablation was defined as decreases in
TRAb, 99mTc uptake, and ultrasound-derived thyroid volume, as well
as an increase in levothyroxine dose at 3 mo after ATR.

Clinical Assessment
Eye examinations were performed using a modified EUGOGO case

record form and color atlas in a standardized manner (34). All patients
were evaluated by a highly trained orthoptist and by 1 of 2 specialized
ophthalmologists. Follow-up examinations were done by the same
ophthalmologist at 3 and 12 mo after ATR to ensure homogeneity and
reproducibility. GO was diagnosed by the presence of typical clinical
signs on examination, including slit-lamp biomicroscopy, applanation
tonometry, funduscopy, Hertel exophthalmometry, assessment of sub-
jective diplopia, and objective measurement of deviation using the
prism cover test and measurement of monocular excursions. GO activ-
ity was evaluated using the CAS classification system established by
Mourits et al. (35,36). By analysis of personal photos of the patients
and patient history concerning double vision and visual acuity, we
determined the dynamic of the disease and scored CAS on a scale of
up to 10 points at baseline. GO was classified as active if the CAS
value was at least 4/10 points. Additionally, the severity of GO (modi-
fied NOSPECS) was classified according to the proposed criteria of
the EUGOGO, as previously described (33,37). A maximum of 14
NOSPECS points was possible, with no signs of GO classified as
0 points. In addition, we scored the soft-tissue inflammation signs
derived from CAS more gradually as follows: spontaneous retrobulbar
pain (0–1), upper lid edema (0–2), lower lid edema (0–2), conjunctival
injection (0–1), chemosis (0–1), lid redness (0–1), and swelling of the
caruncle or plica (0–1). The sum builds the clinical soft-tissue score.

Thyroid examinations were performed or supervised by a board-
certified nuclear medicine physician at baseline and 3 mo after
radioactive iodine therapy. The examinations included patient history,
ultrasound, and a thyroid panel including thyroid hormones and TRAb
in all patients. Follow-up 99mTc-pertechnetate thyroid scintigraphy of
residual thyroid gland tissue was performed for a subgroup (n 5 12).

Radioiodine ATR
The 131I activity was determined with the aim of delivering an

absorbed dose of 500 Gy to the thyroid remnants. To this end, 2 differ-
ent methodologies were used.

In 17 of the 30 patients, a radioactive iodine uptake (RAIU) test
was performed, and the treatment activity was calculated using the for-
mula of Musholt et al. (38). If the target dose could be achieved only
by use of excessive administered activity (i.e., considerably higher than

500 MBq), 0.09 mg of recombinant human TSH (rhTSH) were adminis-
tered on each of the 2 d leading up to ATR. This was the case in 8 of 17
patients with an RAIU deemed insufficient (median, 192 h; uptake, 1.6%
vs. 7.4% in those who did not receive rhTSH). This approach was fa-
vored in mainly later years and in patients with larger thyroid remnants.

In 13 of the 30 patients, rhTSH was administered as described
above, and 99mTc-pertechnetate thyroid scintigraphy performed on the
day of the second injection. If the 99mTc uptake was deemed sufficient
by the treating physician, the administered dose was calculated as fol-
lows, estimating an RAIU of 10%:

A ½MBq#5 3:273
dose ½Gy#3 volume ½cm3#

uptake ½%# :

The second approach was used mainly in earlier years and in patients
with small thyroid remnants, for which the reliability of an RAIU test
was considered questionable. Levothyroxine treatment was not with-
drawn. ATR was performed with an average activity of 452 MBq of
131I, and measurements of intratherapeutic RAIU were performed twice
daily for a minimum of 5 total measurements. These measurements
were used to calculate the thyroid remnant doses reached following the
MIRD approach. Additionally, 25 patients received oral glucocorticoid
therapy with 30 mg of prednisolone for 4 wk. In 5 patients with highly
active GO, intravenous glucocorticoid therapy was necessary. After
ATR, thyroid parameters were closely monitored, and medication was
adapted to ensure normal TSH levels.

Statistical Evaluation
For metric data, median (~x) and range or mean 6 SD were calcu-

lated, and differences between groups were evaluated with the Student
t test (2-tailed) if the D’Agostino–Pearson omnibus normality test
showed a normal distribution or with the Wilcoxon test if the distribu-
tion was not normal. The Fisher exact test was used to evaluate group
distributions of binary variables. The level of statistical significance

TABLE 1
Characteristics of Study Population

Characteristic Data

Subjects 100% (30)

Age (y) 52.1 6 9.9

Female 90% (27)

Duration of thyroid disease (y) 2.7 (1–16)

Duration from primary thyroid
treatment to ATR (mo)

17.5 (1–256)

99mTc uptake (%) 0.2 (0.01–1.7)

Lobus pyramidalis present at baseline 50% (15)

ATR

Oral steroids during ATR 83% (25)

Intravenous steroids during ATR 17% (5)

GO status at baseline

Mild 13% (4)

Moderate-to-severe 83% (25)

Very severe 3% (1)

Previous steroid therapy 83% (25)

Subsequent steroid therapy 20% (6)

Qualitative data are percentage and number; continuous data
are mean 6 SD or median and range.
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was defined as a 2-tailed 2a value of less than 0.05. All calculations
were performed with SPSS (version 22.0.0; IBM) and Prism (version
9.0.0; GraphPad) for Windows (Microsoft). P values are given de-
scriptively without a-adjustment for multiple testing.

RESULTS

Study Population
Thirty patients who met all inclusion and exclusion criteria were

identified and analyzed. Four showed mild (13%), 25 moderate-to-
severe (83%), and 1 sight-threatening (3%) GO. Of these, 27 were
female and 3 male; the mean age was 52.1 y (range, 29–80 y) (an
overview of baseline characteristics is provided in Table 1). All
patients showed unstable GO and fluctuating thyroid parameters. To
increase radioiodine uptake, 21 patients received rhTSH before ATR.

Changes in Thyroid Parameters
Half the patients (n 5 15) showed a remaining pyramidal lobe

on pre-ATR 99mTc-pertechnetate thyroid scintigraphy. Because
scintigraphy was not routinely included in follow-up examinations,
only 6 of 15 patients with a pyramidal lobe received a second anal-
ysis after ATR. In all 6 of these patients, the pyramidal lobe was
not visible on repeat thyroid scintigraphy 6 mo after ATR (Fig. 1).
Mean 99mTc uptake in all patients with pre- and post-ATR

99mTc-pertechnetate thyroid scintigraphy decreased from 0.5% to
0.1% at 3 mo after ATR (n 5 12, P 5 0.04; Fig. 2).

The average thyroid volume (n 5 28)
shrank from 1.4 to 0.4 cm3 from baseline to
3 mo after ATR. The mean TRAb titer (n 5

21) decreased from 19.02 to 13.37 IU/L.
Both changes were highly statistically signif-
icant (P , 0.0001). All patients showed a
positive TRAb titer at baseline. In no case
could a complete regression in antibodies be
measured after ATR.
Compared with baseline, average TSH

increased from 1.3 to 1.42 mU/L (P 5 0.75),
despite increasing levothyroxine therapy
(81.5 vs. 101.3 mg after 3 mo [P 5 0.002]
and vs. 108 mg after 12 mo [P 5 0.006]),
emphasizing the loss of functional thyroid
tissue and the success of ATR. An overview

of the assessed thyroid parameters before and after ATR is provided
in Table 2, and an overview of the radioactive iodine therapy param-
eter is provided in Table 3.

Ophthalmologic Assessment
Three months after ATR, CAS decreased significantly from an

average of 3.4 to 1.9 (P 5 0.0003; Fig. 3). The rate of active
forms decreased to 10%. To reach an inactive status, 3 patients
needed glucocorticoids in addition to the glucocorticoids all
patients received during ablation. After 12 mo, 96% of patients
had an inactive status. CAS further improved significantly to an
average of 1.3 (P , 0.0001). Worsening of CAS was observed in
only 1 patient (4%), who was a heavy smoker and showed unsta-
ble thyroid function and high levels of TRAb before ATR.
The soft-tissue score decreased at 3 mo after ATR to an average

of 3.4 (P 5 0.002). After 12 mo, there was a highly significant
improvement to an average score of 2.1 (P 5 0.0001).
NOSPECS was reduced from 5.9 at baseline to 5.2 at 3 mo

(P 5 0.013; Fig. 3). A significant reduction in NOSPECS was
also observed at the evaluation 12 mo after ATR (4.9, P 5 0.007).
Worsening of NOSPECS at 3 and 12 mo was observed only in the
aforementioned high-risk patient.
For the proptosis analysis, we excluded all patients who under-

went orbital decompression surgery during the follow-up period and
included only patients with clinically significant exophthalmos of at
least 20 mm or side differences of at least 2 mm. This left, at base-
line, 8 (27%) patients. Three months after ATR, 3 of these 8 patients
improved to a clinically significant extent (reduction $ 2 mm), 4
patients were stable, and the condition of 1 patient had deteriorated

FIGURE 1. Patient example of remaining active thyroid tissue seen on 99mTc-pertechnetate scin-
tigraphy (left) and no uptake 3 mo after ATR (right).

FIGURE 2. Significant decrease in TRAb level, thyroid volume, and
uptake on 99mTc-pertechnetate scintigraphy at 3-mo follow-up compared
with baseline, indicating successful ATR. *P # 0.05. ****P # 0.0001.
TcTu5 99mTc uptake.

TABLE 2
Thyroid Status

Parameter Baseline
3 mo

after TTA
12 mo

after TTA

LT4 dose
(mg)

81.5 6 42.5 101 6 26.9 108 6 25.8

TRAb (IU/L) 18.4 (1.4–.40) 13.4 (0.58–.40)

Thyroid
volume
(cm3)

0.95 (0–5.5) 0.05 (0–2)

Data are mean 6 SD or median and range. N 5 30 subjects.
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(increase $ 1 mm). This was the same at the 12-mo follow-up. All
patients whose proptosis was inconspicuous at baseline (n 5 16)
underwent no changes in proptosis during follow-up.
An improvement or worsening of ocular motility was defined

by an increase of reduction in total motility by no less than 8".
Patients who underwent orbital decompression or eye muscle sur-
gery during the follow-up period were excluded, leaving 19
patients for analysis (63%). At the 3-mo follow-up visit, 26% of
these patients had improved motility, 74% had stable motility, and
2 patients had decreased motility. Changes in ophthalmologic
parameters are shown in Table 4.

DISCUSSION

The results of this retrospective study show a clinical benefit
of ATR in patients with unstable GO after prior thyroidectomy.
Because of the complicated anatomic location, small remnants
of thyroid tissue can persist after surgery and subsequently trig-
ger hyperthyroidism and GO (39,40). Our results encourage the
use of ATR in these patients with unstable thyroid function and,
consequently, unstable GO. This practice is in concordance with
the therapeutic principle of aiming for stable euthyroidism in
GO (11,41).

Ophthalmologic Assessment
Corresponding to the improvement in thyroid parameters, an

early response assessment at 3 mo after ATR already showed sig-
nificant reductions in CAS, NOSPECS, and soft-tissue scores,

with further improvements occurring until the 12-mo follow-up.
Worsening can mostly be prevented with concomitant glucocorti-
coid treatment (oral or intravenous, depending on the activity and
severity of GO before ATR). Only 1 patient showed worsening of
CAS and NOSPECS during the follow-up trial. This individual
was a heavy smoker (30 cigarettes per day), which might be the
reason for the insufficient treatment response. The significant
reduction in inflammatory activity is less likely due to the cortico-
steroid treatment that patients received during ATR because of the
brevity of the treatment (4–6 wk) and previous unsuccessful
attempts to stabilize the GO with corticosteroids. However, a ben-
eficial effect cannot be ruled out and should be investigated.
Our findings are in line with the results of prior studies. A retro-

spective analysis of 55 GO patients who underwent thyroidectomy
showed that the prevalence of inactive GO was significantly higher
in the fraction of patients treated with additional adjuvant ATR. This
has been confirmed in subsequently performed randomized control
trials comparing the effects of thyroidectomy versus thyroidectomy
plus ATR on GO improvement (29,30). Different results have been
reported from a longitudinal study on 60 patients with mild to mod-
erate GO undergoing thyroidectomy, thyroidectomy plus radioactive
iodine therapy, or treatment with antithyroid drugs, without statisti-
cally significant differences between the thyroidectomy group and
the thyroidectomy–plus–radioactive iodine group. Still, both groups
showed significantly better outcomes than the group treated with
antithyroid drugs (42). The differing results might indicate that not
all patients benefit from ATR after thyroidectomy. At our center,
therefore, ATR was performed not immediately after thyroidectomy
but in cases of unstable GO after surgery, which entails a negative
preselector. Our findings therefore indicate a potential role for ATR
in this setting as well. In contrast to Menconi et al. (29) and De
Bellis et al. (42), we also included patients with severe GO, and in
contrast to Moleti et al. (30), intravenous glucocorticoids were
administered to only 5 patients.
Despite the large number of GO patients in our tertiary referral

center, only relatively few patients could be included in this trial.
There were multiple reasons, such as the high number of mild-GO
cases and the many externally performed ATR due to the tertiary
referral status of our center and the long journeys to it. Further-
more, further treatment after thyroidectomy was only deemed nec-
essary in a small fraction of patients, suggesting that surgery alone
may be sufficient in most cases.

Most patients in our analysis showed a
moderate-to-severe GO, probably because
patients with mild cases are less often re-
ferred to a university eye hospital. The
higher number of referred cases of more
severe GO may also indicate that mild
forms need extensive thyroid treatment less
frequently. However, this possibility can-
not be extrapolated from our data and
should be investigated in a larger study.
Our cohort had only 1 patient with sight-
threatening disease; such patients are rare
even in a tertiary referral center.
The less beneficial effect on proptosis and

motility was not unexpected, since fibrotic
changes in the extraocular muscles and prop-
tosis due to adipogenesis react less to inacti-
vation of GO, as demonstrated in clinical
trials of antiinflammatory agents (16,17).

TABLE 3
Radioactive Iodine Therapy Parameters

Parameter Data

Target volume (cm3) 0.95 (0–5.5)

Activity (MBq of 131I) 411 (100–1,036)

Thyroid remnant dose (Gy) 488 (63–2,153)

24-h radioiodine uptake (%) 13.4 6 7

Effective half-life (d) 2.8 6 1.5

Data are mean 6 SD or median and range. N 5 30 subjects.

FIGURE 3. Significant decrease in disease activity as assessed with soft-tissue score and CAS at 3
and 12 mo after ATR, compared with baseline. NOSPECS also showed significant decrease (P5 0.013)
at both time points. Proptosis was mostly stable, with no significant improvement. *P# 0.05. **P# 0.01.
***P# 0.001. ****P# 0.0001; ns5 not statistically significant.
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Changes in Thyroid Parameters
In line with prior observations, ATR showed a good safety

profile, and the administration of rhTSH was not associated with any
severe ophthalmologic side effects (30). Follow-up examinations after
3 and 12 mo showed reductions in TRAb titer, thyroid volume, and
99mTc uptake, implicating successful irradiation of thyroid remnant tis-
sue. We also observed increases in levothyroxine requirements, which
may be interpreted as an additional marker of successful ablation but
may also be attributable to other causes, such as weight gain, which is
commonly observed in patients treated with corticosteroids.
The therapeutic effect of ATR affirms prior observations that

even small thyroid remnants can play a role in mediating GO and
that its irradiation reduces autoimmune activity (43,44). Of note,
half our patients displayed a prominent pyramidal lobe on pretreat-
ment 99mTc scintigraphy, suggesting that its nonresection may
play a role in the course of postthyroidectomy hyperthyroidism
and GO. However, since 99mTc scintigraphy is not performed as a
routine follow-up examination after thyroidectomy, it remains
unknown how many patients with residual pyramidal lobes may
experience no complications.
Regarding TRAb, most patients (93%) showed levels above

2 IU/L (median, 18.4 IU/L) at baseline 2 y after the beginning of the
thyroid disease. This finding agrees with previous studies showing
that patients with severe, progressive GO have a persistent TRAb
level of at least 2–6 IU/L even 2 y after the onset of Graves’ disease.
In contrast, less severely afflicted patients already showed negative
TRAb levels at this time point (8,21). Our patient cohort confirms
these findings and represents an at-risk cohort regarding the progres-
sion of GO. Still, ATR was able to reduce TRAb levels from a
median of 18.4 to 13.4 IU/L after 3 mo. Furthermore, the fact that
96% of patients showed inactivation after ATR, even in this at-risk
group regarding TRAb levels, underlines the effectiveness of ATR.
Lastly, a wide range of thyroid remnant doses was reached in our

cohort. Interestingly, for all patients in whom the thyroid remnant dose
of 500 Gy was exceeded by 20% or more, the activity calculation was
performed using the pretherapeutic 99mTc-pertechnetate thyroid scin-
tigraphy or rhTSH was administered after the RAIU test, meaning that
the conditions during TRAb and RAIU testing were not comparable.
Patients in whom the target thyroid remnant dose was undershot

by 20% or more (n 5 10) had a lower RAIU during TRAb testing
than in the previously performed RAIU test (n 5 7) or than the
assumed RAIU of 10% in the patients for whom no RAIU test
was performed (n 5 3).

Limitations
Limitations of this study include its retrospective design and the

lack of a control group in which the course of GO without additional

ATR could be observed. Additionally, follow-up thyroid scintigraphy
was missing in a subgroup of patients. Furthermore, the treatment
protocol within the collective was variable, with some patients being
treated after an RAIU test whereas in others an RAIU of 10% was
assumed if the 99mTc uptake was rated sufficient by visual assess-
ment. On the basis of the small sample size, caution is warranted in
comparing these 2 approaches. Yet, insufficient thyroid remnant
doses were more commonly observed in the cohort that underwent a
pretherapeutic RAIU test (7/17 vs. 3/13), implying that a clear bene-
fit of an RAIU test cannot be stated.

CONCLUSION

Our data indicate that radioiodine ATR is a viable treatment
option in patients with unstable GO and persistence of thyroid dys-
function after thyroidectomy. Therefore, scintigraphy should be
considered for patients with unstable GO after thyroidectomy and
fluctuating thyroid parameters, and additional ablation should be
performed if there is a significant thyroid remnant. Persistence of
the pyramidal lobe after surgery may play a pivotal role in the
pathogenesis. Further randomized, controlled studies are needed to
determine the standalone impact of ATR.
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KEY POINTS

QUESTION: How does thyroid remnant ablation by use of
radioactive iodine impact the course of disease in patients with
persistent or worsening GO after prior thyroidectomy?

PERTINENT FINDINGS: Ophthalmologic assessment revealed
clinical improvement at 3 and 12 mo after thyroid remnant ablation
in 29 of 30 patients. Furthermore, ultrasound, thyroid scintigraphy,
and TRAb levels indicated successful ablation.

IMPLICATIONS FOR PATIENT CARE: Thyroid remnant ablation
is well tolerated and may improve the treatment outcome in GO
patients.

TABLE 4
Ophthalmic Status

Parameter Baseline 3 mo after TTA 12 mo after TTA

CAS 3.4 6 1.8 1.9 6 1.6 1.3 6 1.2

NOSPECS 5.9 6 1.9 5.1 6 2.6 4.9 6 2

Soft-tissue score 4.7 6 2.6 3.4 6 2.9 2.1 6 2.1

Proptosis (mm) 18.4 (13–24.5) 18.1 (13–24) 17.9 (14–22)

Motility (") 296.8 (157–350) 302.2 (215–350) 298.6 (180–350)

Data are mean 6 SD or median and range. N 5 30 subjects.
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Interim Analysis of a Prospective Validation of 2 Blood-Based
Genomic Assessments (PPQ and NETest) to Determine
the Clinical Efficacy of 177Lu-DOTATATE in
Neuroendocrine Tumors
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Reliable biomarkers for neuroendocrine tumor (NET) management
during peptide receptor radionuclide therapy (PRRT) are lacking. We
validated the role of 2 circulating biomarkers: the PRRT prediction
quotient (PPQ) as a predictive marker for response and the NETest as
a monitoring biomarker. Furthermore, we evaluated whether tissue-
based genetic alterations are effective in predicting progression-free
survival (PFS). Methods: Data were prospectively collected on
patients at the Memorial Sloan Kettering Cancer Center with 177Lu-
DOTATATE–treated somatostatin receptor (SSTR)–positive gastroentero-
pancreatic and lung NETs (n567; median age, 66 y; 52% female; 42%
pancreatic, 39% small-bowel; 78% grade 1 or 2). All cases were meta-
static (89% liver) and had received 1–8 prior treatments (median, 3),
including somatostatin analogs (91%), surgery (55%), or chemotherapy
(49%). Treatment response included PFS. According to RECIST, version
1.1, responders had stable disease or a partial response (disease-control
rate) and nonresponders had progression. Blood was collected before
each cycle and at follow-up. Samples were deidentified and assayed
and underwent masked analyses. The gene expression assays included
RNA isolation, real-time quantitative polymerase chain reaction, and
multialgorithm analyses. The PPQ (positive predicts a responder; neg-
ative predicts a nonresponder) at baseline was determined. The NET-
est (0–100 score) was performed. Statistics were analyzed using
Mann–Whitney U testing (2-tailed) or Kaplan–Meier survival testing
(PFS). In patients with archival tumor tissue, next-generation sequenc-
ing was performed through an institutional platform (Memorial Sloan
Kettering–Integrated Mutation Profiling of Actionable Cancer Targets).
Results: Forty-one patients (61%) were responders. PPQ accurately
predicted 96% (64/67). The hazard ratio for prediction was 24.4 (95%
CI, 8.2–72.5). Twelve-month disease control was 97% for PPQ-
positive patients versus 26% for PPQ-negative patients (P,0.0001).
Median progression-free survival was not reached in those predicted
to respond (PPQ-positive, n540) but was 8 mo in those predicted not
to respond (PPQ-negative, n5 27). The NETest result in responders
was 67625 at baseline and significantly (P, 0.05) decreased
(237644%) at follow-up. The NETest result in nonresponders was
44623 at baseline and significantly (P, 0.05) increased
(176%656%) at progression. Overall, the NETest changes (increases
or decreases) were 90% accurate. Thirty patients underwent next-
generation sequencing. Tumors were microsatellite-stable, and the
median mutational burden was 1.8. Alterations involved mainly the

mTOR/PTEN/TSC pathway (30%). No relationship was associated
with PRRT response. Conclusion: Our interim analysis confirmed that
PPQ is an accurate predictor of 177Lu-DOTATATE responsiveness
(radiosensitivity) and that NETest changes accurately correlated with
treatment response. Tissue-based molecular genetic information had
little value in PRRT prediction. Blood-based gene signatures may
improve the management of patients undergoing 177Lu-DOTATATE by
providing information on tumor radiosensitivity and disease course,
thus allowing individualized strategies.

KeyWords:NETest; PPQ; PRRT; NET
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Peptide receptor radionuclide therapy (PRRT) is an established
treatment for metastatic or nonresectable neuroendocrine tumors
(NETs) that involves systemic administration of radiolabeled
octreotide derivatives targeting overexpressed somatostatin recep-
tors (SSTRs) on NETs. There are no objective means to predict
therapeutic efficacy (1). Effective treatment is defined as disease
stabilization and partial or complete response on structural imaging
(CT or MRI). 68Ga-labeled somatostatin analog PET/CT (68Ga-
SSA PET) is used to amplify diagnostic information, although
response criteria remain to be defined (2–4). Treatment is effective
in about 60% of cases (5); about 15%–30% of patients will exhibit
disease progression during therapy, and 10%–15% will progress
within 6–12 mo after treatment (2,3,5,6).
A precise, objective methodology for predicting therapeutic effi-

cacy remains elusive (7). Primary tumor site, histopathologic grad-
ing, and SSTR imaging (particularly octreotide scanning) have
limited accuracy in the prediction of responsiveness, at 60% for
tumors with the highest uptake (3). In the NETTER-1 study, no dif-
ference in response was seen between patients with grade 4 uptake
and those with lower uptake, such as grade 2 or 3 (5). Tumor bur-
den, histologic grading, and the presence or intensity of 18F-FDG
uptake provide prognostic information but cannot specifically pre-
dict response to PRRT (3,5). It is probable that the determinants of
therapeutic efficacy are intrinsic and reflect the molecular biologic
and genomic characteristics of a specific tumor. The efficacy of
PRRT therefore depends on biologic parameters that determine
tumor sensitivity to radionuclide therapy.
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Currently, there are no specific molecular features (e.g., prolifer-
ation, mutation status, or chromosomal abnormalities) that can
predict radiosensitivity (1). In other settings (e.g., breast or head-
and-neck cancer), tissue transcriptomic–based or gene expression
assays predicted response to external-beam radiotherapy (8–10).
Such approaches require tumor tissue for evaluation, which can be
obtained only by surgery or biopsy (1). Similar information from a
blood-based assay would be desirable.
In 2018, we reported a circulating transcript assay (the PRRT

prediction quotient [PPQ]) predicting PRRT response in gastroen-
teropancreatic and bronchopulmonary NETs as about 95% accurate
(11,12). This study included 2 comparator cohorts: an SSA cohort
and a wait-and-watch cohort. The PPQ could not predict outcome
in either the SSA cohort or the wait-and-watch cohort, consistent
with the proposal that the PPQ is a predictive marker specifically
for PRRT. This blood-based assay comprises expression of 8 genes
and captures both growth factor and metabolomic expression
specifically related to oxidative stress, metabolism, and hypoxic
signaling (12).
A different blood-based transcriptomic assay, the NETest, evalu-

ates 51 NET-specific genes (13–15). This test functions as a surro-
gate biomarker, and changes in score, compared with before
treatment (e.g., SSAs or surgery), strongly correlated with tumor
progression measured with CT or MRI (16,17). Quarterly blood
sampling provides a real-time evaluation of tumor status (18). A
recent report on 3 independent, prospective European cohorts dem-
onstrated the NETest to be effective (98%) in monitoring response
to PRRT. NETest levels decreased in RECIST responders to treat-
ment and remained elevated in those who progressed despite ther-
apy (19). At the conclusion of therapy, NETest levels significantly
correlated with progression-free survival (PFS).
Currently, PRRT response is evaluated with morphologic and,

when possible, molecular imaging. This has well-recognized limita-
tions, including difficulties in assessing small-volume or coalescent
disease when differentiating disease stabilization from pseudopro-
gression (4,20–22). There is thus a need to introduce and validate
alternative companion biomarkers of treatment response to define
therapeutic efficacy.
In this larger prospective study, we validated the role of the PPQ

as a predictive marker for PRRT efficacy in gastroenteropancreatic
and bronchopulmonary NETs. The PPQ output is binary (PPQ-
positive [PPQ1] and PPQ-negative [PPQ2]) and identifies those
who are predicted to respond (PPQ1) versus those predicted not to
respond (PPQ2) (12). We evaluated the accuracy of this output in
our patient cohort to assess its utility. Thereafter, we examined the
value of the NETest as a clinical monitoring biomarker for PRRT
efficacy. We compared pre-PRRT levels with follow-up levels.
In addition, we evaluated whether changes in NETest levels were
concordant with RECIST 1.1–based status. Lastly, we evaluated
whether tissue-based molecular genetic alterations (Memorial
Sloan Kettering–Integrated Mutation Profiling of Actionable Can-
cer Targets [MSK-IMPACT]) (23) were effective in PFS prediction
and compared this result with the blood-based PPQ in a subset for
which tissue was available. Herein we report our interim analysis.

MATERIALS AND METHODS

Ethics Approval
The study was approved by the Institutional Ethics Committee at

Memorial Sloan Kettering Cancer Center (approval 19-022; January
18, 2019; NCT01775072). Informed written consent was obtained

from participants. All data were collected prospectively (February
2019 to May 2021).

Therapeutic Response Assessment
Response was assessed by an independent radiologist per RECIST,

version 1.1. CT (or MRI) was performed at baseline (#3 mo before
PRRT) and about 2–12 mo after PRRT per the protocol (11). Forty-one
of 67 (61%) patients were considered responders. Response was defined
as disease control (partial or complete response to therapy or stable dis-
ease). Progression (treatment failure) was confirmation of radiologic
progression, at the first scan after PRRT or earlier, if symptomatic. The
latter included all who completed at least 1 PRRT cycle. Overall sur-
vival (OS) and PFS were defined as the time from PRRT commence-
ment to death or progression, respectively. Patients alive, or alive
without progression, were censored at their date of last follow-up.

Blood Sampling
Samples of blood were collected before PRRT and thereafter before

each PRRT cycle (administered at intervals of$2 mo [2–4 cycles]) and
then at follow-up (first time point, 2–3 mo after PRRT completion; sec-
ond time point, from 6–9 mo to 31 mo after the last PRRT cycle). At
baseline, whole blood (5 mL) was collected in EDTA-K2 tubes that
included RNA-stabilization buffer and were snap-frozen. The tubes
were anonymously coded and stored at 280"C within 2 h of collection
(24). Randomly selected, coded blood samples were sent deidentified to
Wren Laboratories (CAP8640840, CL-0704, CLIA 07D2081388) for
blinded measurement.
PPQ. PPQ analysis was performed on baseline blood. Details of

the PPQ, a blood-based predictive classifier, have been described (24).
In brief, circulating messenger RNA involved in growth factor biology
and metabolism are amplified by PCR, and expression levels are inte-
grated with tumor grade to generate a prediction classifier summated
using a logistic regression model. Samples are scored as either bio-
marker “positive” or “negative.” PPQ1 identifies those predicted to
respond (disease stabilization or partial/complete response). PPQ2 are
predicted not to respond.
NETest. Details of the methodology, mathematic analysis, and vali-

dation of the NETest have been published (18,24). Briefly, it comprises
a 2-step protocol (RNA isolation/cDNA production and quantitative
polymerase chain reaction) from whole blood. Samples were assayed at
a clinically certified laboratory (Wren Laboratories). The results are
expressed as an activity index (NETest score) from 0 to 100 (11,24).
The upper limit of normality is 20 (16).

Statistical Analysis
Prism (version 9.0; GraphPad Software) for Microsoft Windows and

MedCalc Statistical Software (version 20.009; MedCalc Software)
were used (11,24). The efficacy of PRRT was defined per the RECIST
1.1 evaluation of best response as either disease control rate (partial
response 1 complete response 1 stable disease) or progression, as
previously described (11,24). The accuracy of PPQ was assessed by
evaluating the concordance between PPQ prediction and outcomes, in-
cluding response and OS. The accuracy of NETest changes (increase or
decrease) was evaluated comparing baseline with follow-up levels.
Intergroup analyses were undertaken using 2-tailed nonparametric tests
(Mann–Whitney U test or Wilcoxon signed-rank test) as applicable.
The Fisher exact test was used to compare proportions, such as response
rates and pretreatment groups. Survival rates (PFS and OS) were esti-
mated using a Kaplan–Meier estimator. Log-rank tests were used to
compare survival curves, whereas hazard ratios (HRs) were calculated
in a Cox model to assess the impact of candidate factors on survival. The
association between PFS and OS was measured using the Pearson r.
Statistical significance was defined as a P value of less than 0.05
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TABLE 1
Demographics

Evaluable patients Total cohort PPQ1 PPQ2

Total patients (n) 67 40 27

Age (y) 66 (26–88) 62 (26–86) 72 (30–88)*

Sex

Male 32 19 13

Female 35 21 14

Time since diagnosis (mo) 65 (5–213)
(mean 6 SD, 68 6 50)

74 (5–213)
(mean 6 SD, 75 6 48)

39 (7–185)
(mean 6 SD, 56 6 53)

Time from start of PRRT to final assessment (mo) 14 (1–31) 24 (5–30) 8 (0–31)*

NET origin

Bronchopulmonary 3 (5%) 1 2

Typical carcinoids 2 1 1

Atypical carcinoids 0

Carcinoids not otherwise specified 0

High-grade (mixed adenocarcinoma and small cell lung
carcinoma)

1 1

Gastroenteropancreatic 61 (91%) 38 (95%) 23 (85%)

Pancreas 28 19 9

Small intestine 26 17 9

Appendix 1 0 1

Rectum 6 2 4

Cancer of unknown primary 1 0 1

Renal 2 1 1

Gastroenteropancreatic NETs, tumor grade

1 (Ki-67, 0%–2%) 17 (28%) 11 6

2 (Ki-67, 3%–20%) 35 (57%) 22 13

3 (Ki-67, .20%) 8 (13%) 4 4

Nonspecified (well-differentiated) 1 (2%) 1 0

Clinical stage IV at enrollment 67(100%) 40 (100%) 27 (100%)

Liver 58 32 26

Lymph nodes 51 27 24

Bone 37 18 19†

Peritoneum 21 10 11

Lung 11 5 6

Other sites (e.g., adrenal, pleura, pericardium) 23 12 11

Previous therapy

Surgery 37 (55%) 26 (65%) 11 (41%)

Somatostatin analogs 61 (91%) 37 (93%) 24 (89%)

Pharmacotherapy 57 (85%) 31 (77%) 26 (96%)

Capecitabine and temozolomide 21 12 9

Chemotherapy (platinum/dacarbazine) 12 8 4

Everolimus 15 7 8

Sunitinib 3 1 2

Others (axitinib, cabozatinib, denosumab, zoledronic
acid, and levatinib)

6 3 3

Other therapies 38 (57%) 21 (53%) 17 (63%)

PRRT 8‡ 4 (3)§ 4 (3)§

Radiotherapy 6 1 5

Liver-directed therapiesk 24 16 8

*P , 0.05 vs. PPQ1 (Mann–Whitney U test).
†P , 0.05 (x2).
‡Six previously treated with JR-11.
§Treated with JR-11.
kIncluding chemoembolization, radioembolization, and selective internal radiation therapy.
Qualitative data are number and percentage; continuous data are median and range.
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(2-sided). Data are presented as mean6SD. Ninety-five percent CIs are
included when appropriate.

RESULTS

Patients
The cohort (including gastroenteropancreatic and bronchopulmonary

NETs) included 100 patients recruited to date, 67 of whom had com-
pleted the PRRT treatment evaluations and are reported here. Clinical
characteristics are in Table 1. Median age was 66 y (range, 26–88 y),
52% were female, 42% had pancreatic and 39% small-bowel NETs,
and 78% had grade 1 or 2 disease. All had metastatic disease (100%)
and had received 1–8 prior treatments (median, 3), including somato-
statin analogs (SSAs, 91%), surgery (55%), or chemotherapy (49%,
capecitabine and temozolomide or platinum-based therapy). Twenty-six
were categorized as heavily pretreated. Forty-one were categorized as
having received standard pretreatments. Heavy pretreatments (median,
4; range, 2–8) included chemotherapy, 177Lu-DOTATATE
(n5 2), and a somatostatin antagonist (177Lu-satoreotide, n5 6)
(25)). Standard pretreatments (median, 2; range, 1–4) typically com-
prised surgery and SSAs, or SSAs and liver-directed therapy. Table 1
includes a breakdown of the PPQ1 and PPQ2 cohorts. No signifi-
cant differences were identified except that the PPQ2 cohort was
significantly older (median age, 72 y [range, 30–88] vs. 62 y [range,
26–86 y]; P5 0.01) and had more bone involvement (70% vs. 45%,
P5 0.048).
Thirty (16 heavily pretreated, 14 with standard pretreatments)

had next-generation tumor sequencing per MSK-IMPACT. This
tool identifies actionable alterations in 341 key cancer genes and
separately detects chromosomal abnormalities, such as 18q loss
(23,26).
Forty (60%) were PPQ1 (predicted to respond to PRRT) (Fig.

1A). Treatment response (disease control rate) occurred in 41 (61%)
of the 67 individuals, and 46 were alive at the time of evaluation
(Fig. 1B). The median PFS (mPFS) was 26 mo and median OS was
not reached (Fig. 1C). The 12-mo survival rates were 70% (PFS)
and 83% (OS), respectively. The median pre-PRRT NETest score
was 53 (range, 20–100).

PPQ
Forty were PPQ1. Thirty-nine (98%) responded to PRRT (Fig.

2A). Twenty-seven were PPQ2. Twenty-five (93%) progressed
despite PRRT. The overall predictive accuracy was 96% (64/67).

Patients who were PPQ2 had a risk of pro-
gression or death 24 times higher than
patients who were PPQ1 (HR, 24.4; 95%
CI, 8.2–72.5).
The mPFS in PPQ1 was not reached

(Fig. 2B). At 12 mo, 98% of PPQ1
patients were progression-free. The mPFS
in the PPQ2 cohort was 8 mo. At 12 mo,
29% were progression-free. All but 1 of 7
who were stable at 12 mo eventually devel-
oped progressive disease (by 23 mo).
The OS rate at 12 mo was 83%. OS (12

mo) was higher in PPQ1 (98%) than in
PPQ2 individuals (60%, P, 0.0001, log-
rank test). Separately, 54% of heavily pre-
treated patients were PPQ1, compared with
63% of those with few prior treatments.
Of the 6 previously treated with PRRT,

4 exhibited stable disease. Three were PPQ1; the 2 progressors
were both PPQ2.
NETest and PRRT Response. The NETest was elevated in all

before therapy (58627). In responders, baseline NETest levels were
67625 (Fig. 3A). At follow-up, levels were significantly decreased
by 237%644% (P5 0.0002, Fig. 3B). This is consistent with the
assay measuring a response to therapy (decrease in tumor activity).
The waterfall plot indicates that 90% (n5 35) exhibited a stabilization
or decrease in the NETest with PRRT (Fig. 3C). In nonresponders,
baseline levels were 44623 (Fig. 4A). This was significantly
(P5 0.0005) lower than baseline scores in responders. At follow-up,
levels were significantly increased (176%656%, P5 0.0002; Fig.
4B). The waterfall plot analysis (Fig. 4C) indicated that 89% (n5 17
of 19 evaluable) exhibited an increase.
A subanalysis showed similar response rates in those with fewer

prior treatments (26/41, 63%) and those heavily pretreated (15/26,
58%; P5 0.80, Fisher test). Moreover, there were no differences in
PFS (P5 0.66, log-rank test). The 12-mo OS was 80% in the heavily
pretreated cohort and 85% in patients with fewer prior treatments
(P5 0.42, log-rank test). Pretreatment NETest scores were similar
in both groups (57627 in patients with fewer prior treatments

FIGURE 1. Response and baseline characteristics. (A) PPQ status before treatment. (B) Absolute
response and survival in cohort. (C) Data showing that mPFS and mOS were not reached. Shading
represents 95% CI for each survival curve. mOS 5 median overall survival; PD 5 progressive dis-
ease; SD5 stable disease.

FIGURE 2. Relationship between PPQ and response. (A) Thirty-nine
PPQ1 patients responded, whereas 1 patient progressed. Twenty-five
PPQ2 patients developed disease progression despite PPRT; 2 PPQ2
patients responded to therapy. (B) mPFS was not reached for PPQ1

patients but was 8 mo for PPQ2 patients. Difference was statistically sig-
nificant (log-rank test, P , 0.0001). HR for the biomarker was 24. Shading
represents 95% CI for each survival curve.
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vs. 60627 in the heavily pretreated patients; P5 0.77, Mann–
Whitney test). In heavily pretreated patients, the decrease in NETest
scores (29%671%) was similar to that in patients with fewer prior
treatments (15%673%; P5 0.34, Mann–Whitney test). In patients
who received prior PRRT (n5 8), responders exhibited a median
NETest change of 266.5; in those with progression, the change
was156%.

Molecular Genetic Evaluation (MSK-IMPACT) and Response
Thirty patients (45%) had tumor tissue molecular genetic test-

ing; 16 were heavily pretreated, and 14 were not. All were
microsatellite-stable. Tumor mutational burden was low (median,
1.8 mutations; range, 0–29.8). Overall, 11 (37%) had 0–1 muta-
tions whereas 19 exhibited multiple mutations (63%). The most
common alterations were in the mTOR/PTEN/TSC pathway
(n5 9) and MEN-1 (n5 8). Six (75%) with MEN-1 mutations also
had alterations in the mTOR/PTEN/TSC pathway. Separately,
DAXX was mutated in 3 different patients, whereas ATRX was
mutated in 1. Chromosomal losses were noted in 7 (23%). These
included 11q losses in 2 (grade 3 renal NET and mixed adenocar-
cinoma and small cell lung carcinoma) and 18q losses in 5
(3 small-bowel NETs, 2 rectal NETs). Thirteen (81%) of 16 with
heavy pretreatment and 11 of 14 (79%) with standard pretreatment
exhibited a tumor mutational burden below the detection cutoff.
The average number of mutations or chromosomal abnormalities
was also similar in both (3.5 alterations per patient vs. 8.4 for the
heavy pretreatment vs. the standard pretreatment, respectively).
No apparent relationship was identified between mutations (burden
or number) and the number of prior treatments.

The relationship between PPQ, genetic
abnormalities, and outcome (12-mo PFS)
are summarized in Table 2. First, no rela-
tionship was identified between tumor
mutational burden and response (45%
response in those with 0–1 mutations vs.
58% response in those with .1 mutation;
P5 0.71, Fisher test). The PPQ biomarker
was similarly distributed (PPQ1 in 5/11 or
45% of patients with 0–1 mutations vs.
10–19 or 53% of those with .1 mutation;
P . 0.99, Fisher test) in these groups.
Likewise, no relationship with response

was noted between those with MEN-1
mutations and those with no MEN-1 (63%
vs. 50%; P5 0.69, Fisher test) or mTOR

pathway mutations (67% vs. 48%; P5 0.44, Fisher test). Similar
proportions of those with MEN-1 mutations or alterations in the
mTOR pathway were PPQ1 (63% and 67%, respectively). All
DAXX were PPQ1 and responded. The patient with an ATRX
mutation was PPQ2 and did not respond.
Chromosomal loss, in contrast, was associated with a poorer

12-mo PFS (43% vs. 74%; P5 0.03, log-rank test). All 5 with a
Chr18q loss were PPQ2. None responded; the mPFS was 11 mo.
Of note, 4 (80%) also perished, suggesting Chr18q loss to be a
marker of poor prognosis.

DISCUSSION

The current study evaluated 2 blood-derived signatures as predictors
and monitors of PRRT efficacy. The study, an independent, prospec-
tive U.S. study, validated the PPQ as a predictor of PRRT response
and the NETest as an effective treatment monitor. Both tools were clin-
ically valuable irrespective of previous treatments incurred, such as
platinum-based chemotherapy or prior PRRT. Abnormalities, either
common cancer-associated mutations or NET chromosomal abnormal-
ities, as measured in tumor tissue (MSK-IMPACT) exhibited little
value as predictors and did not consistently correlate with the PPQ-
predictive output except, potentially, Chr18q loss. We are not, how-
ever, able to identify a causal relationship since none of the 8 genes
that define the PPQ signature are encoded on Chr18q. At this point, we
are of the opinion that any relationship between PPQ, Chr18q loss, and
outcome may reflect a correlation between PFS and OS. Indeed, 18 of
26 (69%) subjects undergoing progression ultimately died within
20 mo of follow-up. Our assessment also identified no confounding

variables that might be linked to PPQ, but
we note that the PPQ2 cohort was older than
the PPQ1 cohort and had more bone
involvement.
A critical unmet need in PRRT is to pre-

dict who will benefit so as to provide per-
sonalized, effective, and economically
viable therapy. Prior studies have focused
on clinical parameters such as staging, or
biomarkers such as chromogranin A, to
predict outcome. All provided limited
information. Grading of SSTR expression
by imaging has some value but cannot pre-
dict more than 60% of responses for
lesions with a Krenning score of 4 (uptake
greater than in the spleen or kidneys) by

FIGURE 3. NETest in responders. (A) Baseline (pre-PRRT) NETest levels were 67 6 25. (B) NETest
levels decreased by 237% 6 44% after PRRT (P 5 0.0002). (C) Waterfall plot demonstrates
decrease in NETest from baseline in individual responders. Black bars identify changes in score that
were associated with posttreatment NETest levels. 40.

FIGURE 4. NETest in nonresponders. (A) Baseline (pre-PRRT) NETest levels were 44 6 23. (B)
NETest levels increased by 176% 6 56% after PRRT (P 5 0.0002). (C) Waterfall plot demonstrates
increase in NETest from baseline in individual nonresponders. Black bars identify changes in score
that were associated with posttreatment NETest levels. 40. *P5 0.0005 vs. responders.
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octreotide scanning. For SSTR PET, higher uptake (mean SUVmax

and tumor SUVmax/liver SUVaverage) correlated with the therapy
response, but not all patients with intense uptake respond to treat-
ment (3,7,27).
Our study had several strengths. It was an independent, prospec-

tive study undertaken at a U.S. center of excellence. We report our
analysis of the first 67 subjects. This cohort is large and includes
heavily pretreated individuals. The study is ongoing, and our final
target recruitment is 150 patients. A weakness of the study is that
only 45% of patients have tissue molecular data. This reflects the dif-
ficulties engendered by the coronavirus disease 2019 pandemic,
which significantly impacted how we treat and manage our cancer
patients (hospital visits). Nevertheless, despite the inherent difficulties
in follow-up and tissue acquisition during the pandemic, our study
results are highly significant and provide a clear evaluation of how
these 2 blood biomarkers might manage PRRT.
A previous European consortium that included 3 centers—Erasmus

University, IEO Milan, and Bad Berka—examined the predictive
utility of PPQ (11). This study included 2 comparator cohorts: an
SSA cohort and a wait-and-watch cohort. The PPQ could not pre-
dict outcome in either of these cohorts. This finding is consistent
with the proposal that the PPQ is a predictive marker specifically for
PRRT. Although this study comprises a single treatment arm, future
studies (e.g., NCT05247905) will evaluate whether the PPQ can pre-
dict outcomes after PRRT versus treatment with capecitabine and
temozolomide.
The biomarker was initially developed in an Italian cohort. In 2

separate follow-up cohorts, from 2 ENETS centers of excellence,
the PPQ was 95% accurate. The overall median PFS was not
reached in PPQ1 versus PPQ2 patients (10–14 mo; HR, 18–77;
P, 0.0001). In the current study, the overall PPQ-predictive accu-
racy was 96% in the Memorial Sloan Kettering Cancer Center cohort.
Prior treatment had no impact on the utility of PPQ as a predictive
marker. The mPFS of those detected as PPQ2 was 12 mo but was
not reached for those who were PPQ1. The HR of 24.4 (95% CI,
8.2–72.5) confirmed the impact of this biomarker. PPQ accurately
predicted response, irrespective of prior PRRT or heavy pretreatment,
and provided utility as a stratification marker for PRRT.
We also evaluated the NETest to monitor treatment efficacy. We

focused on pretreatment and follow-up blood results. The NETest
was 90% accurate for determining PRRT response (stabilization or
a decrease in PRRT responders vs. an increase in nonresponders).
This confirms an earlier study showing a 90.2% accuracy in the

3 European cohorts (19). In the European studies, the NETest
score had an average 229%626% decrease in responders and a
173%611% increase in nonresponders (pre-NETest to follow-up
scores). Our results were similar: a 237%6 44% decrease in
responders and a 176%656% increase in nonresponders. Our
study validates the NETest as an accurate monitor of treatment
response. Although a small proportion (,10%) will not exhibit clin-
ically actionable changes, the NETest provides real-time clinical
value for most. Moreover, this biomarker may add valuable infor-
mation to current imaging protocols for response evaluation. Imag-
ing accuracy is problematic because of frequent pseudoprogression
or slow response. Of further interest is our observation that patients
who responded to PRRT exhibited higher pretreatment NETest
levels. The basis for this finding requires further investigation, but
the finding indicates an intriguing potential utility for this biomarker
in treatment stratification. An elevated NETest may identify the
molecular hallmarks of treatment responsiveness.
To our knowledge, this is the first study to assess the relationship

between genetic alterations and PRRT. A recent review identified
the absence of any such peer-reviewed data and highlighted the
importance of determining whether such relationships exist (1). In
our study, 30 patients (45%) had tissue blocks available for MSK-
IMPACT evaluation. All were microsatellite-stable and had few
mutational or chromosomal abnormalities, as expected in NETs
(28,29). No relationship between mutations, regardless of type
(mTOR/MEN-1), and outcome (PFS/OS) was identified, suggesting
that these have little predictive value in PRRT. This is supported by
the absence of a relationship between mutations and PPQ; the latter
is predictive in 96% of cases, compared with less than 50% for
mutations. Of note, chromosomal losses (Chr 11q/18q) were associ-
ated with a poorer outcome. Individuals with such abnormalities
failed to respond to PRRT, and a large proportion (70%) died dur-
ing follow-up. This is consistent with a prognostic rather than pre-
dictive value; 18q loss is associated with metastatic spread and
poorer outcomes (30).
In summary, this interim analysis confirmed the PPQ as an

effective, accurate (96%) predictor of 177Lu-DOTATATE-PRRT,
unaffected by prior PRRT or chemotherapy, and consistent with a
role as a radiation-responsive multigenomic blood biomarker. This
study confirmed that NETest scores decreased in 177Lu-DOTA-
TATE responders. In contrast, in nonresponders, scores increased.
Blood-based gene signatures may enhance the management of
patients undergoing 177Lu-DOTATATE therapy by providing

TABLE 2
MSK-IMPACT, PPQ, and Outcomes

Category n Responder Nonresponder mPFS (mo) 12-mo PFS PPQ1 PPQ2

0–1 mutations 11 5 6 11 46% 5 6

.1 mutation 19 11 8 26 79% 10 9*

No chromosomal losses 23 15 8 Not reached 74% 14 9†

Chromosomal losses‡ 7 1 6 11 43% 1 6

mTOR/PTEN/TSC mutations 9 6 3 26 78% 6 3

MEN-1 mutations 8 5 3 26 75% 5 3

*One patient responded but was PPQ2. Patient had 6 mutations, including PSM1, PMS2, BC2L11, INPP4A, NFE2L2, and PPP2R1A.
†This is same patient as above.
‡11q (n 5 2) or 18q (n 5 5) losses.
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information on tumor radiosensitivity and early disease course,
thus allowing individualized strategies.

CONCLUSION

We have independently validated 2 blood-based gene signatures
and found them to be effective, noninvasive tools that can enhance
the management of patients who undergo 177Lu-DOTATATE
therapy.
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KEY POINTS

QUESTION: Are validated liquid biopsies that can predict or
monitor PRRT a critical unmet need in NET management?

PERTINENT FINDINGS: Two blood-based biomarkers were
evaluated in a prospective study (n5 67). The PPQ was an
accurate (96%) predictor of 177Lu-DOTATATE response, and
NETest changes correctly (90%) correlated with treatment
response.

IMPLICATIONS FOR PATIENT CARE: Blood-based gene
signatures may enhance the management of patients undergoing
177Lu-DOTATATE by providing information on tumor radiosensitivity
and disease course, thus allowing individualized strategies.
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The radium lutetium (RALU) study evaluated the feasibility of sequential
a- and b-emitter use in patients with bone-predominant metastatic
castration-resistant prostate cancer. Methods: This preplanned
interim retrospective analysis investigated safety and survival out-
comes with 177Lu-PSMA in patients treated with prior 223Ra. Results:
Forty-nine patients were evaluated. Patients received a median of 6
223Ra injections; 59% of patients received at least 4 177Lu-PSMA
cycles. Most (69%) patients received at least 4 life-prolonging thera-
pies before 177Lu-PSMA. Common Terminology Criteria for Adverse
Events grade 3–4 treatment-emergent adverse events during 177Lu-
PSMA therapy and a 30-d follow-up period included anemia (18%)
and thrombocytopenia (2%). Median overall survival was 12.6 mo
(95% CI, 8.8–16.1 mo) and 31.4 mo (95% CI, 25.7–37.6 mo) from
starting 177Lu-PSMA or 223Ra, respectively. Conclusion: 177Lu-PSMA
treatment was well tolerated in patients who had received prior 223Ra.
223Ra use before 177Lu-PSMA is feasible and can be considered for
future assessment of the optimal treatment sequence.

Key Words: targeted a-therapy; 223Ra; 177Lu-PSMA; metastatic
castration-resistant prostate cancer; real-world practice
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Overall survival and quality of life in patients with bone-
predominant metastatic castration-resistant prostate cancer (mCRPC)

was improved by 223Ra-dichloride, a targeted a-therapy with a
good safety profile (1). 223Ra therapy results in low myelosuppres-
sion rates, and recent preclinical data demonstrated its transient
effect on the bone marrow without long-term effects (1,2). There-
fore, earlier incorporation of 223Ra in the treatment sequence may
facilitate optimal build-in of life-prolonging therapies to improve
survival outcomes.
The VISION study investigated a b-emitter, 177Lu-PSMA-617,

targeting PSMA-expressing cells and found prolonged overall sur-
vival and acceptable safety in heavily pretreated patients with
mCRPC (3). Another 177Lu-PSMA radioligand (177Lu-PSMA-I&T)
was also well tolerated, with few hematologic adverse events (AEs)
of grade 3 or higher (4).

223Ra and 177Lu-PSMA regulatory approval (in some countries)
for patients with mCRPC, albeit in different patient populations,
prompted us to investigate the safety and survival outcomes of
sequential 223Ra and 177Lu-PSMA. In VISION, 17.4% of patients
received 223Ra therapy before 177Lu-PSMA without adversely af-
fecting efficacy, but safety has not been reported for this subgroup
(5). However, retrospective studies have shown that using 223Ra
before 177Lu-PSMA is feasible, with acceptable safety (6,7). More-
over, 177Lu-PSMA-617 initiation at no more than 8 wk after 223Ra
in patients with progressive bone-metastatic disease was effective,
with acceptable safety (8). We analyzed interim data from the obser-
vational radium lutetium (RALU) study to further evaluate safety
and survival for sequential 223Ra and 177Lu-PSMA therapy in pa-
tients with mCRPC.

MATERIALS AND METHODS

The RALU study was a retrospective, multicenter medical chart
review investigating the safety of 177Lu-PSMA in patients with mCRPC
previously treated with 223Ra. This analysis includes patients treated in
Germany. Patients were at least 18 y old with mCRPC and received at
least 1 223Ra injection and subsequently at least 1 177Lu-PSMA cycle.
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The retrospective observation period started
at mCRPC diagnosis and ended either at the
last available visit or death, whichever occurred
first. Prebaseline, baseline, and follow-up pe-
riod definitions are shown in Figure 1.

The primary endpoint was the safety of 177Lu-
PSMA after 223Ra therapy. AEs used Common
Terminology Criteria for Adverse Events grad-
ing. Secondary endpoints included OS, time to
next treatment, and change from baseline in
serum prostate-specific antigen and alkaline
phosphatase levels. AEs and grade 3–4 labora-
tory abnormalities were recorded as per Figure 1.

The study was conducted in accordance
with relevant guidelines and regulations (sup-
plemental methods).

mCRPC diagnosis First 177Lu-PSMA dose

177Lu-PSMA
≥1 dose

Pre-baseline
period

223Ra
≥1 dose

Baseline
period

60 d

177Lu-PSMA
treatment

Follow-up period

Key secondary endpoints
OS and change from baseline in

PSA and ALP levels

AEs/SAEs
≤30 d†

Grade 3–4
laboratory abnormalities

≤90 d*

Primary endpoint
Safety of 177Lu-PSMA

FIGURE 1. RALU study design. *From 177Lu-PSMA start to 90 d after last dose. †From 177Lu-
PSMA start to 30 d after last dose. ALP 5 alkaline phosphatase; OS 5 overall survival; PSA 5

prostate-specific antigen; SAEs5 serious AEs.

TABLE 1
Baseline Characteristics Before Starting 177Lu-PSMA

Characteristic Data

Total patients 49 (100)

Age (y) 72 (57–83)

Eastern Cooperative Oncology Group performance status (baseline)

0 0 (0)

1 36 (73)

2 13 (27)

3–4 0 (0)

Prostate-specific antigen (ng/mL) 287.0 (20–12,229)

Alkaline phosphatase (U/L) 142.5 (48–730)

Visceral metastatic disease 15 (31)

$4 life-prolonging therapies* 30 (61)

Novel antiandrogen therapies

Abiraterone 39 (80)

Enzalutamide 33 (67)

Abiraterone and enzalutamide 33 (67)

Number of any taxane-based chemotherapy lines†

0 4 (8)

1 35 (71)

$2 10 (20)

Docetaxel 45 (92)

Number of docetaxel cycles‡

1–4 10 (20)

$5 26 (53)

Cabazitaxel 9 (18)

Number of cabazitaxel cycles‡

1–4 cycles 0 (0)

$5 cycles 5 (10)

Taxane-based chemotherapy between 223Ra and 177Lu-PSMA§ 25 (51)

*Docetaxel, cabazitaxel, abiraterone, enzalutamide, and 223Ra.
†Chemotherapies with same start date6 15 d are counted as 1 line.
‡Not available for some patients.
§After last 223Ra dose and 60 d before 177Lu-PSMA.
Qualitative data are number and percentage; continuous data are median and range.
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RESULTS

This preplanned interim analysis included medical records from
49 patients (data cutoff, January 31, 2022) (Table 1). Before 177Lu-
PSMA initiation, 31% (15/49) of patients had visceral metastases,
and median prostate-specific antigen and alkaline phosphatase
values were 287.0 ng/mL and 142.5 U/L, respectively (Table 1). At
least 1 line of taxane-based chemotherapy was received by 92% (45/
49) of patients before 177Lu-PSMA initiation, with 51% (25/49)
receiving taxane-based chemotherapy between 223Ra and 177Lu-
PSMA (Table 1). Before starting 177Lu-PSMA, 63% (30/49) of
patients received at least 4 life-prolonging therapies (docetaxel,
cabazitaxel, abiraterone, enzalutamide, and 223Ra; Table 1; Fig. 2).
Most patients received chemotherapy before 177Lu-PSMA; 92%
received docetaxel, and 18% received cabazitaxel (Fig. 2).
The median time from the first 223Ra and 177Lu-PSMA dose to

the end of observation was 28.0 mo (range, 11.0–68.2 mo) and
8.9 mo (range, 1.4–63.9 mo), respectively. A median of 6 223Ra
injections was administered, and 71% (35/49) of patients received
5–6 223Ra injections. The median 223Ra therapy duration was
4.7 mo (range, 1.0–7.0 mo). All patients received 177Lu-PSMA
(177Lu-PSMA-617 [67%] or 177Lu-PSMA-I&T [33%]), and
59% (29/49) received at least 4 177Lu-PSMA cycles. The median

177Lu-PSMA therapy duration was 4.9 mo
(range, 0–57.1 mo). The median time from the
last 223Ra injection to the first 177Lu-PSMA
dose was 9.3 mo (range, 0.9–41.9 mo). Over-
all, 51% (25/59) of patients received taxane-
based chemotherapy during or after 223Ra and
until 60 d before 177Lu-PSMA.
During 177Lu-PSMA, 92% (45/49) of pa-

tients experienced any grade of treatment-
emergent AEs and 41% (20/49) experienced
grade 3–4 (Supplemental Table 1). Grade
3–4 anemia and thrombocytopenia occurred
in 18% (9/49) and 2% (1/49) of patients, re-
spectively. Grade 1–2 dry mouth occurred in
27% (13/49) of patients; none had grade 3–4
dry mouth. One patient (2%) had grade 1–2
dry eye. The incidence of grade 3–4 laboratory
abnormalities was highest for anemia (35%
[17/49]) and thrombocytopenia (13% [6/49])
(Table 2). No grade 5 toxicities occurred.

Median overall survival was 12.6 mo (95% CI, 8.8–16.1 mo) and
31.4 mo (95% CI, 25.7–37.6 mo) from the first dose of 177Lu-
PSMA and 223Ra, respectively (Fig. 3). During 177Lu-PSMA, 39%
and 29% of patients had at least a 30% or 50% decline in prostate-
specific antigen (best response), respectively; corresponding alka-
line phosphatase declines were 6% and 4%.

DISCUSSION

Randomized trials have demonstrated low myelosuppression rates
in patients with mCRPC receiving 223Ra or 177Lu-PSMA (1,3,9).
However, chemotherapy and advanced disease affecting bone marrow
function can increase myelosuppression rates in this setting (10–12).
Therefore, in real-world practice, radiopharmaceutical therapy after
prior chemotherapy may result in more serious hematologic AEs.

177Lu-PSMA after 223Ra treatment had an acceptable safety pro-
file. Notably, this was despite the heavy pretreatment of the patient
population, with more than 90% of patients having received chemo-
therapy in addition to 223Ra and 177Lu-PSMA. Grade 3–4 anemia
and thrombocytopenia incidences were 18% and 2%, respectively,
consistent with the retrospective analysis of patients receiving the
223Ra and 177Lu-PSMA sequence in the real-world REASSURE
study (15% and 4%, respectively) (6). When 177Lu-PSMA was
given within 8 wk of 223Ra, the incidence of anemia of at least grade
3 was similar (18%), but the rates of leukopenia and thrombocyto-
penia of at least grade 3 were higher than reported here (14% vs. 0
and 21% vs. 2%, respectively) (8).
The median overall survival from the start of 177Lu-PSMA or

223Ra therapy (12.6 and 31.4 mo, respectively) corresponded to
that reported in REASSURE (13.2 and 28.0 mo, respectively) (6).
In patients with mCRPC who underwent 177Lu-PSMA therapy in
the WARMTH study, overall survival was longer in patients with
bone metastases receiving prior 223Ra than in those who did not
(16 vs. 12 mo in patients with 6–20 bone lesions, P 5 0.038, and
11 vs. 7 mo in patients with diffuse involvement, P 5 0.034) (12).

This study’s strength is underlined by broad inclusion criteria
and high-quality data with few missing datapoints. Accordingly, we
could effectively evaluate 177Lu-PSMA safety in patients with a
history of 223Ra therapy who received chemotherapy, before or
after 223Ra treatment. Nevertheless, a retrospective study design
may have contributed to a patient selection bias due to the preset
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FIGURE 2. Use of life-prolonging therapies. *Chemotherapy was not used concomitantly with
177Lu-PSMA.

TABLE 2
Incidence of Grade 3–4 Laboratory Abnormalities Measured

from 177Lu-PSMA Start to 90 Days After Last Dose

Abnormality Patients (n) Incidence (n)

Hemoglobin 49 17 (35%)

Platelet count 47 6 (13%)*

Neutrophils 49 1 (2%)

Aspartate aminotransferase 49 2 (4%)

*Four of 6 had low platelets at baseline, with further reductions
at follow-up (1 had chemotherapy before 177Lu-PSMA); 1 of 6
had normal platelets at baseline, with reductions seen after
chemotherapy and at follow-up; 1 of 6 had normal platelets at
baseline, with reduction at follow-up.
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outcomes of interest. Other limitations include retrospective AE
grading, lack of ascertainment of 177Lu-PSMA doses and sched-
ules, and a lack of comparison to patients who were not pretreated
with 223Ra. Despite small patient numbers, patients were managed
and treated in high-volume German nuclear medicine centers with
extensive 223Ra and 177Lu-PSMA experience.

CONCLUSION

This retrospective cohort study demonstrated that, for patients
with bone-predominant mCRPC who were receiving 223Ra in rou-
tine care, subsequent 177Lu-PSMA treatment was clinically feasi-
ble and well tolerated, with limited myelosuppression. Survival
outcomes reflected those of previous reports. Therefore, in patients
with bone-predominant mCRPC, 223Ra use before 177Lu-PSMA
can be considered in future assessments of the optimal sequence
for life-prolonging therapies.
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KEY POINTS

QUESTION: Is it safe to use 177Lu-PSMA to treat patients with
mCRPC if they have previously received 223Ra?

PERTINENT FINDINGS: Low rates of overall and hematologic
AEs indicated an acceptable safety profile for this treatment
sequence. Median OS was 12.6 and 31.4 mo from the first dose
of 177Lu-PSMA and 223Ra, respectively, and 39% of patients had
at least a 30% decline in prostate-specific antigen.

IMPLICATIONS FOR PATIENT CARE: Introduction of 223Ra early
in the treatment sequence in patients with bone-predominant
mCRPC and subsequent treatment with 177Lu-PSMA is feasible,
well tolerated, and effective.
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Phase III Study of 18F-PSMA-1007 Versus 18F-Fluorocholine
PET/CT for Localization of Prostate Cancer Biochemical
Recurrence: A Prospective, Randomized, Crossover
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The objective of this study was to compare 18F-PSMA-1007 PET/CT
and 18F-fluorocholine PET/CT for the localization of prostate cancer
(PCa) biochemical recurrence. Methods: This prospective, open-
label, randomized, crossover multicenter study included PCa patients
with prior definitive therapy and suspected PCa recurrence. All men
underwent both 18F-PSMA-1007 PET/CT and 18F-fluorocholine PET/CT
(102 received 18F-PSMA-1007 PET/CT first and 88 received 18F-fluor-
ocholine PET/CT first). All images were assessed independently by 3
readers masked to all clinical information using a 3-point qualitative
scale (05 no recurrence, 15 undetermined, and 25 recurrence).
Patients were monitored for approximately 6 mo. An independent
panel with a urologist, radiologist, and nuclear physician reviewed all
clinical data, including imaging and response to therapy, but were
masked regarding PET/CT information; acting in consensus, they
determined a patient-based and region-based composite standard of
truth for PCa lesions. The “correct detection rates” for PCa lesions on
a patient basis for each radiopharmaceutical were compared for the 3
readers individually and for the “average reader.” Secondary objec-
tives included determining whether PET/CT findings affected diag-
nostic thinking (impact of a test result on posttest vs. pretest
probability of a correct diagnosis), therapeutic decision making
(description and quantification of impact of diagnostic information
gained with both radiopharmaceuticals on patient management), and
adequacy of management changes. Results: A total of 190 patients
were included. The primary endpoint was met. The overall correct
detection rates were 0.82 for 18F-PSMA-1007 and 0.65 for 18F-fluoro-
choline (P,0.0001) when undetermined findings were considered
positive for malignancy and 0.77 and 0.57, respectively (P,0.0001),
when undetermined findings were considered negative for malig-
nancy. A change in diagnostic thinking due to PET/CT was reported in
149 patients; 18F-PSMA-1007 contributed more than 18F-fluorocho-
line in 93 of these patients. In 122 patients, PET/CT led to an adequate
diagnosis that benefited the patient; 18F-PSMA-1007 contributed

more than 18F-fluorocholine in 88 of these patients. Conclusion: 18F-
PSMA-1007 PET/CT is superior to 18F-fluorocholine PET/CT for the
localization of PCa recurrence. Decision making was more beneficial
when based on 18F-PSMA-1007 PET/CT results.

Key Words: PET/CT; prostatic neoplasms; prostate-specific antigen;
decisionmaking

J Nucl Med 2023; 64:579–585
DOI: 10.2967/jnumed.122.264743

Prostate cancer (PCa) is the most prevalent cancer in men, with
approximately 473,000 new diagnoses and more than 108,000
deaths in Europe in 2020 (1). Although long-term outcomes are
good for most men, recurrence after definitive therapy is common.
One study found that 37% of patients with radical prostatectomy
and 48% of patients with radiation therapy had biochemical recur-
rence within 15 y of the initial definitive treatment; for both, most
relapses occurred within the first 5 y (2). The diagnosis of PCa
recurrence after prior definitive therapy is based on an increase in
serum prostate-specific antigen (PSA); the threshold level varies by
treatment, being higher for patients treated with radiation than for
those treated by radical prostatectomy (3). PET/CT imaging is the
recommended modality for the localization of PCa recurrence (3).
18F-fluorocholine has been recommended for PET/CT imaging of
PCa recurrence since a marketing authorization was granted in
France in 2010. The development of radiopharmaceuticals that
directly target the extracellular domain of the prostate-specific
membrane antigen (PSMA) resulted in an improvement in the
detection of PCa lesions, and this approach is now recommended
for PET/CT imaging of PCa recurrence.

A recent metaanalysis evaluated the diagnostic efficacy of all
PSMA-directed PET agents and reported an overall detection rate
of 74.1% with no notable differences among the various tracers
(4). The authors concluded that PSMA-directed PET agents were
preferable to choline PET, particularly in patients with a serum
PSA level of less than 1 ng/mL (4). However, to date, only single-
center studies with a limited number of patients have compared
18F-fluorocholine with a radiolabeled PSMA ligand for PET/CT
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imaging of PCa recurrence localization, and large randomized con-
trolled trials are lacking (5).

18F-PSMA-1007 was developed by Cardinale et al. (6) and
Giesel et al. (7) in Heidelberg in 2016 as a PSMA-targeting ligand
with low urinary excretion. The compound showed a high detection
rate at low PSA values and high sensitivity and specificity in both
biochemical recurrence and primary staging (8,9). In some patients,
nonspecific bone uptake may be a confounding factor (10).
The ABX-CT-301 study (NCT04102553) aimed to compare

18F-PSMA-1007 PET/CT and 18F-fluorocholine PET/CT for the
detection of PCa lesions in patients with biochemical recurrence.
Secondary objectives were to compare the detection rates of the
clinical investigators for both radiopharmaceuticals in a patient-
based analysis; to assess the diagnostic performance of both radio-
tracers for PCa lesions in a region-based analysis; to assess the
impact on diagnostic thinking, therapeutic decision making, and
adequacy of therapy changes for both radiotracers; and to assess
the safety profile of 18F-PSMA-1007.

MATERIALS AND METHODS

Population
This study was a prospective, open-label, randomized, 2-armed

crossover study conducted in 6 study centers in France. Men who were
at least 18 y old, who were diagnosed with PCa, and who had prior
definitive therapy were considered for enrollment. Eligible patients pre-
sented with suspected PCa recurrence, defined as 3 consecutive PSA
increases or a PSA rise of greater than or equal to 2.0 ng/mL above the
nadir after radiotherapy (external-beam radiation therapy or brachyther-
apy) or cryotherapy or a PSA rise of greater than or equal to 0.2 ng/mL
after prostatectomy. The main exclusion criteria were participation in
another therapeutic clinical trial within 5 d of enrollment in the present
study and a life expectancy of less than 6mo.

The study protocol was approved by a national ethics committee
certified by the French Ministry of Health (Institutional Review Board:
IORG0009855). All patients gave written informed consent before
randomization.

Intervention
All men underwent both 18F-PSMA-1007 PET/CT and 18F-fluoro-

choline PET/CT using a standardized imaging protocol (supplemental
materials, available at http://jnm.snmjournals.org). Patients were ran-
domized using a computer-generated block-randomized sequence,
stratified by center, to receive either 18F-PSMA-1007 PET/CT or 18F-
fluorocholine PET/CT first. Patients underwent both PET/CT examina-
tions within a minimum of 24 h and a maximum of 240 h; depending on
the individual site preferences, either low-dose or diagnostic CT could
be used, but the use of contrast agents was not permitted. At each
PET/CT visit, vital signs were recorded before and after injection of the
study drug and again at the end of the PET/CT examination. Samples
for laboratory tests, including serum PSA levels, were obtained before
the administration of each study drug. Patients were monitored for
adverse events for 24 h after the second PET/CT examination (supple-
mental materials). Then we collected all data related to the treatments,
additional diagnostic methods (including biopsy confirmation of detected
foci, if feasible) and PSA values obtained in the 6 months during which
the patients were followed.

Image Reading and Standard of Truth
PET images were read on-site on the day of acquisition by investiga-

tors who were not masked regarding clinical data and were transferred
to a core imaging laboratory where they were evaluated by 3 indepen-
dent masked readers (supplemental materials). 18F-PSMA-1007 and 18F-
fluorocholine images were read on separate days, at least 1 wk apart.

The results of an “average reader” were determined statistically from
the 3 independent reader results and not by a consensus read.

The composite standard of truth (recurrence, no recurrence, or
undetermined) at the time of imaging was determined by an indepen-
dent expert panel that considered all available clinical patient data
from before inclusion to the end of the follow-up period, excluding all
information from PET/CT (supplemental materials). The expert panel
consisted of a urologist, a radiologist, and a nuclear physician; they
reached their conclusions by consensus.

Outcomes
The primary objective was to compare 18F-PSMA-1007 with 18F-

fluorocholine with regard to the “correct detection rate” for recurrent
PCa lesions on a patient basis, as determined by 3 independent readers
and confirmed by an independent expert panel on the basis of a com-
posite standard of truth (supplemental materials).

Secondary objectives were to compare the correct detection rates of
the clinical investigators; to assess the correct detection rates of both
radiotracers for PCa lesions in a region-based analysis; to report the
impact on diagnostic thinking (impact of PET/CT result on posttest vs.
pretest probability of a correct diagnosis), therapeutic decision making
(impact on the comprehensive process by which physicians make deci-
sions about the PCa response), and adequacy of management changes
by the Investigators at 3 time points (before PET, immediately after
both PET studies, and at the end of follow-up) and by the expert panel
(only at the end of follow-up), using 3 dedicated forms (supplemental
materials); to compare the masked intra- and interreader agreements;
and to assess the safety profile of 18F-PSMA-1007.

Statistical Analysis
Analysis was performed using SAS 9.4 or higher (SAS Institute),

detailed in the supplemental materials. A P value of less than or equal
to 0.05 was considered statistically significant. Descriptive statistics
were calculated for quantitative variables; frequency counts by category
were given for qualitative variables. Ninety-five percent CIs or inter-
quartile ranges were given when appropriate. The intention-to-treat
(ITT) population was the primary population for the analyses of effi-
cacy endpoints and all baseline characteristics. The correct detection
rate was determined for each reader individually. Generalized estima-
tion equations were used to account for the correlations between read-
ers’ assessments and to summarize the overall reader results (average
reader). Patients for whom the expert panel could assess the true disease
state on a patient level but for whom the affected region could not be
identified by the expert panel were included as correct assessments on a
patient basis. If, on a region basis, there was no region with a correct
detection of recurrence compared with the standard of truth, then the
patient was regarded as having a false-negative result. If at least in 1
region the reader and the expert panel detected a recurrence, indepen-
dent of the other regions, then this result was classified as a true-
positive result. Subgroup analyses were performed on the basis of the
PSA level at baseline: less than 0.5 ng/mL, 0.5 ng/mL to less than
1.0 ng/mL, greater than or equal to 1.0 ng/mL to less than 2.0 ng/mL,
and greater than or equal to 2.0 ng/mL. For the primary analysis on a
patient level, 2 distinct analyses were performed by considering unde-
termined results as positive or negative for PCa recurrence. For sub-
group and secondary analyses, undetermined results were considered
negative for PCa recurrence. Intra- and interreader agreements were
evaluated using pairwise and multiple Cohen k-statistics. Each masked
reader read 10% of the images twice (on separate occasions). Interrea-
der agreement was assessed pairwise and across all 3 readers. The
degree of agreement was defined as described by Landis and Koch
(11).The sample size was selected to provide a power of at least 80%
to detect a 10% difference in correct detection rates between the 2
products.
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RESULTS

Population
From March 5, 2019, to October 8, 2020, 200 patients con-

sented to this study; 195 were randomized, and 189 completed all
follow-up assessments (Fig. 1). One patient ended study participa-
tion prematurely because he died 3.5mo after PET imaging but

was included in the ITT population. Most
of the patients had previously undergone
prostatectomy, and the median serum PSA
level was 1.7ng/mL. Study population char-
acteristics are summarized in Table 1.
The median follow-up period for the

ITT population was 8.3mo (range, 2.9–
16.1mo), as its duration was extended be-
cause of the COVID-19 pandemic.

Primary Objective
Per-patient and per-region PET findings

are detailed in the supplemental materials. At
the patient level, the masked readers found
evidence for PCa recurrence in 145–162
patients (76.3%–85.3%) with 18F-PSMA-
1007 and 99–128 patients (52.1%–67.4%)
with 18F-fluorocholine. Findings remained
undetermined in 6–12 patients (3.2%–6.3%)
with 18F-PSMA-1007 and 10–21 patients

(5.3%–11.1%) with 18F-fluorocholine (supplemental materials). The
expert panel confirmed PCa recurrence according to the standard of
truth in 179 of 190 cases (94%).
The overall proportion of patients with correct detection rates for

PCa lesions with 18F-PSMA-1007 was 0.82 (95% CI, 0.78–0.86)
or 0.77 (95% CI, 0.72–0.82) when undetermined results were

200 patients enrolled

195 randomized

102 completed
both PET/CTs

88 completed
both PET/CTs

190 included
in intention-to-
treat analysis

103 received
18F-PSMA-1007 PET/CT first

92 received
18F-fluorocholine PET/CT first

5 excluded before randomization
- 3 received 68Ga-PSMA-11 PET/CT
- 1 cancelled PET appointment
- 1 withdrawal of consent

1 was excluded due to receiving 18F-FDG
instead of 18F-fluorocholine

4 were excluded due to 18F-PSMA-1007
delivery failure

1 patient died at 3.5 months after
PET imaging but was included in
the intention-to-treat population

FIGURE 1. Trial chart.

TABLE 1
Patient Characteristics (Intention-to-Treat Population)

Characteristic
All patients
(n 5 190)

18F-PSMA-1007 first
(n 5 102)

18F-fluorocholine first
(n 5 88)

Median age (y)* 69 (49–84) 68 (49–81) 70 (51–84)

Initial ISUP group grade at PCa diagnosis†

1 29 (15.3) 12 (11.8) 17 (19.3)

2 64 (33.7) 32 (31.4) 32 (36.4)

3 55 (29.0) 33 (32.4) 22 (25)

4 14 (7.4) 8 (7.8) 6 (6.8)

5 21 (11.1) 13 (12.8) 8 (9.1)

Unknown 7 (3.7) 4 (3.9) 3 (3.4)

Prior prostatectomy† 154 (81) 80 (78) 74 (84)

With pelvic lymph node dissection (no. of patients) 93 51 42

Serum PSA levels, in ng/mL, before first PET examination‡

Overall 1.7 (0.6–4.2) 2.0 (0.9–5.5) 1.3 (0.6–3.1)

In patients with prior prostatectomy 1.3 (0.5–3.2) 1.7 (0.6–3.5) 0.9 (0.4–2.5)

In patients without prior prostatectomy 4.5 (2.3–9.9) 6.3 (2.8–10.9) 3.0 (2.1–9.0)

Serum PSA doubling time, in mo, before first PET
examination‡

6.3 (3–12.1) 6.4 (3.0–11.6) 5.9 (2.7–12.6)

PSA doubling time # 6 mo (% of patients) 49 47 51

PSA doubling time # 12 mo (% of patients) 74 76 70

*Values in parentheses are ranges.
†Reported as numbers of patients, with percentages in parentheses.
‡Reported as medians, with interquartile ranges in parentheses.
ISUP 5 International Society of Urological Pathology.
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considered positive or negative for malignancy, respectively; these
values were statistically superior to the value 0.65 (95% CI,
0.60–0.71) or 0.57 (95% CI, 0.51–0.62) obtained with 18F-fluoro-
choline when undetermined results were considered positive or

negative for PCa, respectively (P, 0.0001) (Table 2). Thus, the
primary endpoint was reached.
For both study drugs, the correct detection rate for PCa recur-

rence was higher for patients with higher PSA levels. For all

TABLE 2
Patient-Level Overall Proportion of Patients With Correct Rate of Detection of Recurrent PCa According to Standard of

Truth and Positive Predictive Value (ITT Population) (n 5 190)

Parameter 18F-PSMA-1007* 18F-fluorocholine* P

Undetermined lesions considered positive for PCa recurrence in analysis

Proportion 0.82 (0.78–0.86) 0.65 (0.60–0.71)

Difference in proportion 0.16 (0.11–0.22) ,0.0001

Odds ratio 2.40 (1.79–3.21) ,0.0001

Positive predictive value 0.96 (0.93–0.99) 0.96 (0.93–0.99)

Difference in positive predictive value 0.002 (0.031–0.035) 0.90

Odds ratio 0.95 (0.42–2.15) 0.90

Undetermined lesions considered negative for PCa recurrence in analysis

Proportion 0.77 (0.72–0.82) 0.57 (0.51–0.62)

Difference in proportion 0.21 (0.15–0.26) ,0.0001

Odds ratio 2.61 (1.97–3.46) ,0.0001

Positive predictive value 0.95 (0.92–0.99) 0.97 (0.95–1.00)

Difference in positive predictive value 0.02 (0.01–0.05) 0.25

Odds ratio 0.58 (0.22–1.55) 0.27

*Values in parentheses are 95% CIs.

TABLE 3
Patient-Level Proportion of Patients With Correct Rate of Detection of PCa Lesions by PSA Level at Baseline

(ITT Population) (n 5 190)

Parameter 18F-PSMA-1007* 18F-fluorocholine* P

PSA , 0.5 ng/mL

No. of patients with recurrence detected by SOT 5 43

Proportion 0.57 (0.45–0.68) 0.39 (0.28–0.50)

Odds radio 2.10 (1.13–3.89) 0.002

0.5 ng/mL # PSA , 1.0 ng/mL

No. of patients with recurrence detected by SOT 5 25

Proportion 0.83 (0.72–0.93) 0.43 (0.28–0.58)

Odds radio 6.88 (3.35–14.13) ,0.0001

1.0 ng/mL # PSA , 2.0 ng/mL

No. of patients with recurrence detected by SOT 5 33

Proportion 0.81 (0.72–0.89) 0.50 (0.37–0.62)

Odds radio 4.31 (2.26–8.24) ,0.0001

PSA $ 2.0 ng/mL

No. of patients with recurrence detected by SOT 5 78

Proportion 0.85 (0.79–0.91) 0.74 (0.66–0.82)

Odds radio 2.01 (1.27–3.19) 0.003

*Values in parentheses are 95% CIs.
SOT 5 standard of truth.
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examined PSA-level subgroups, the correct detection rate was sta-
tistically higher for 18F-PSMA-1007 (Table 3).
Masked intra- and interreader agreements for the detection of

metastases (patient level) ranged from 0.24 to 0.73 and from 0.30
to 0.36 for 18F-PSMA-1007 and from 0.48 to 0.72 and 0.34 to
0.40 for 18F-fluorocholine, respectively (supplemental materials).

Secondary Objectives
Comparison of Patient-Based Correct Detection Rates Accord-

ing to Investigator Findings. On the basis of the clinical investi-
gators’ overall findings, the correct detection rates were 0.80 (95%
CI, 0.74–0.86) for 18F-PSMA-1007 and 0.50 (95% CI, 0.42–0.57)
for 18F-fluorocholine (P, 0.0001).

TABLE 4
Change in Diagnostic Thinking After Both PET/CT Scans (ITT Population) (n 5 190)*

Change in diagnostic thinking

18F-fluorocholine
examination

contributed more

18F-PSMA-1007
examination

contributed more

Both PET
examinations

contributed equally Missing

Yes

PET identified site of recurrence that
was not known before

3 (1.6) 80 (42.1) 29 (15.3) 3 (1.6)

PET confirmed site of recurrence
that was suspected before

1 (0.5) 6 (3.2) 3 (1.6)

Other 4 (2.1) 15 (7.9)

Missing 3 (1.6) 2 (1.1)

No 38 (20)

Missing 3 (1.6)

*Data are reported as numbers of patients, with percentages in parentheses.

TABLE 5
Change in Diagnostic Thinking After Both PET Scans and Influence at End of Follow-up (ITT Population) (n 5 190)*

Influence was:

Category
To benefit
of patient

Not to benefit
of patient

Neither to benefit nor
disadvantage of patient Missing

18F-fluorocholine examination contributed more

More accurate diagnosis 6 (3.2) 0 0 0

Diagnostic thinking was misled by PET 0 0 0 0

PET had no influence 0 1 (0.5) 1 (0.5) 0

Missing 0 0 0 0
18F-PSMA-1007 examination contributed more

More accurate diagnosis 88 (46.3) 2 (1.1) 10 (5.3) 2 (1.1)

Diagnostic thinking was misled by PET 1 (0.5) 1 (0.5) 2 (1.1) 0

PET had no influence 0 0 1 (0.5) 0

Missing 0 0 0 0

Both PET examinations contributed equally

More accurate diagnosis 27 (14.2) 0 13 (6.8) 0

Diagnostic thinking was misled by PET 0 5 (2.6) 1 (0.5) 0

PET had no influence 5 (2.6) 2 (1.1) 16 (8.4) 0

Missing 0 0 1 (0.5) 0

Missing

More accurate diagnosis 1 (0.5) 0 0 0

Diagnostic thinking was misled by PET 0 0 0 0

PET had no influence 0 0 0 0

Missing 0 0 0 4 (2.1)

*Data are reported as numbers of patients, with percentages in parentheses.
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Comparison of Region-Based Correct Detection Rates Accord-
ing to Masked Readers’ Findings. In the 72 patients for whom
1or more regions could be assessed by the expert panel, there
were 78 regions with confirmed PCa lesions. The most common
sites for PCa lesions were the pelvis (59 patients) and the spine
(6 patients) (supplemental materials). In the patients considered to
have a positive PET result, more suggestive lesions were detected
with 18F-PSMA-1007 than with 18F-fluorocholine, especially in
patients with 3 or more lesions.
Overall composite region-level sensitivities were 0.77 (95% CI,

0.69–0.84) for 18F-PSMA-1007 PET and 0.57 (95% CI, 0.48–0.67)
for 18F-fluorocholine PET (P, 0.0001).
Impact on Diagnostic Thinking, Therapeutic Decision Making,

and Adequacy of Therapy Changes. The investigator assessments
of the changes in diagnostic thinking after both PET/CT examina-
tions and at the end of follow-up are summarized in Tables 4 and
5 and the supplemental materials. Treatment plans before and after
PET/CT examinations were available in 187 patients. Treatment
plans were changed in 100 patients; 89 of the changes were major
(supplemental materials). Changes in diagnostic thinking due to
PET/CT were reported in 149 patients. Diagnostic thinking was
unchanged in 41 patients (including 3 with no reported answer in
the questionnaire). In the 149 patients for whom there were changes
in diagnostic thinking, 18F-PSMA-1007 contributed more in 93
patients (62%), both tracers contributed equally in 49 patients
(33%), and 18F-fluorocholine contributed more in 4 patients (3%).
In 122 patients, PET/CT led to a more accurate diagnosis that

benefited them. In 11 patients, PET/CT was not to the benefit of the
patient, and in 45 patients, PET/CT did not exert a positive or nega-
tive influence. In the 122 patients with a more accurate diagnosis
after PET/CT that benefited them, 18F-PSMA-1007 contributed

more in 88 patients, 18F-fluorocholine con-
tributed more in only 6 patients, and both
contributed equally in 27 patients.
Safety Profile of 18F-PSMA-1007. There

were no serious adverse events. No patient
discontinued study participation because of
an adverse event. Four patients had 4 events
(toothache, diarrhea, chest discomfort, and
arterial hypertension) after the administra-
tion of 18F-PSMA-1007, and 1 patient had 1
event (shoulder pain) after the administration
of 18F-fluorocholine. None of the adverse
events was considered to be attributable to
the study drug.

DISCUSSION

To our knowledge, the present study is
the first multicenter, crossover randomized
study to compare 18F-PSMA-1007 and 18F-
fluorocholine for the localization of bio-
chemical recurrence of PCa. The correct
detection rate was significantly higher with
18F-PSMA-1007 PET/CT than with 18F-
fluorocholine PET/CT. Results were similar
for the population as a whole and for the 72
patients for whom individual lesions could
be verified, either by biopsy or response to
local treatment. The difference was espe-
cially pronounced in patients with lower

serum PSA levels, allowing earlier, targeted salvage treatment. Our
results for 18F-PSMA-1007 are in agreement with those reported in
the literature for 68Ga-PSMA-11 (4,12–18). In a metaanalysis, Tre-
glia et al. (19) also found similar results when comparing a PSMA
tracer (68Ga-PSMA-11or 64Cu-PSMA-617) and radiocholine.
Because the results obtained with the various PSMA ligands are
generally similar, it is generally accepted that the PSMA ligands are
interchangeable for this indication. PSMA ligands radiolabeled
with 18F have wider accessibility than those radiolabeled with 68Ga.
The investigator assessments after PET/CT and at the end of

follow-up demonstrated the superiority of 18F-PSMA-1007 over
18F-fluorocholine in identifying sites of recurrence. The impact of
18F-PSMA-1007 was to benefit the patient in most cases. These
results are likely linked to the higher correct detection rate for 18F-
PSMA-1007. In previous studies with 18F-fluorocholine (13,20)
and 68Ga-PSMA-11 (5,21), rates of impact on patient management
of 39%–58% were reported. Our study is consistent with published
data on 18F-fluorocholine and demonstrates a higher impact of
18F-PSMA-1007 on patient management.
The strengths of our study are its prospective, multicenter, ran-

domized crossover design. Limitations include the lack of histopa-
thology for most lesions. Because obtaining histopathology is
often ethically questionable or medically impractical, our standard
of truth was a composite based on biopsy, response to local ther-
apy, imaging, and changes in serum PSA levels during 6mo of
follow-up, as established by an independent panel of experts. The
use of the independent panel removed potential bias in determin-
ing “truth” while modeling what is done in “real-life” practice.
In this work, we found that 18F-PSMA-1007 had an impact on

diagnostic thinking and therapeutic decision making and that ther-
apy changes were more beneficial when based on 18F-PSMA-1007

FIGURE 2. 62-y-old patient with history of PCa (International Society of Urological Pathology
grade 3; PSA level of 5.7 ng/mL), initially treated with prostatectomy (pT3N0R0), prostate bed radia-
tion therapy, and 6 mo of androgen deprivation therapy (ADT), presenting with PSA recurrence
(0.72 ng/mL). 18F-PSMA-1007 PET/CT detected pelvic lymph nodes (red arrow) and bone metasta-
ses (green arrow) that were not detected by 18F-fluorocholine PET/CT. Therapeutic management
changed from targeted radiation therapy before PET to ADT after PET, leading to drop in PSA level
to 0.1 ng/mL at 6 mo. BW5 body weight.
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PET/CT findings than when based on 18F-fluorocholine PET/CT
findings (Fig. 2). However, we did not make a statistical compari-
son of these data because the study was not powered for this
purpose.

CONCLUSION

This prospective, multicenter, open-label, crossover randomized
study demonstrated that 18F-PSMA-1007 PET/CT localizes PCa
recurrence in significantly more patients than 18F-fluorocholine
PET/CT, especially in patients with low PSA serum levels. 18F-
PSMA-1007 PET/CT also had a higher impact on diagnostic
thinking, therapeutic decision making, and therapy changes than
18F-fluorocholine PET/CT.
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KEY POINTS

QUESTION: Is 18F-PSMA-1007 superior to 18F-fluorocholine
PET/CT for the localization of biochemical recurrence in PCa
patients?

PERTINENT FINDINGS: In this prospective, open-label,
randomized, crossover multicenter study that included 190
patients with PCa biochemical recurrence, we demonstrated
that 18F-PSMA-1007 PET/CT localizes significantly more PCa
lesions than 18F-fluorocholine PET/CT, especially when serum
PSA levels are low.

IMPLICATIONS FOR PATIENT CARE: More accurate staging of
recurrent PCa might lead to more beneficial decision making and
patient management; a theranostic use of PSMA radioligands
should be considered in recurrent PCa.
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Differences in Failure-Free Survival After Salvage
Radiotherapy Guided by Conventional Imaging Versus
18F-Fluciclovine PET/CT in Postprostatectomy Patients:
A Post Hoc Substratification Analysis of the EMPIRE-1 Trial
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The EMPIRE-1 (Emory Molecular Prostate Imaging for Radiotherapy
Enhancement 1) trial reported a survival advantage in recurrent pros-
tate cancer salvage radiotherapy (SRT) guided by 18F-fluciclovine
PET/CT versus conventional imaging. We performed a post hoc analy-
sis of the EMPIRE-1 cohort stratified by protocol-specified criteria,
comparing failure-free survival (FFS) between study arms. Methods:
EMPIRE-1 randomized patients to SRT planning via either conven-
tional imaging only (bone scanning plus abdominopelvic CT or MRI)
(arm A) or conventional imaging plus 18F-fluciclovine PET/CT (arm B).
Randomization was stratified by prostate-specific antigen (PSA) level
(,2.0 vs.$ 2.0 ng/mL), adverse pathology, and androgen-deprivation
therapy (ADT) intent. We subdivided patients in each arm using the
randomization stratification criteria and compared FFS between patient
subgroups across study arms. Results: Eighty-one and 76 patients
received per-protocol SRT in study arms A and B, respectively. The
median follow-up was 3.5 y (95% CI, 3.0–4.0). FFS was 63.0% and
51.2% at 36 and 48 mo, respectively, in arm A and 75.5% at both 36
and 48 mo in arm B. Among patients with a PSA of less than 2 ng/mL
(mean, 0.426 0.42 ng/mL), significantly higher FFS was seen in arm B
than arm A at 36 mo (83.2% [95% CI, 70.0–91.0] vs. 66.5% [95%
CI, 51.6–77.8], P, 0.001) and 48 mo (83.2% [95% CI, 70.0–91.0] vs.
56.2% [95% CI, 40.5–69.2], P , 0.001). No significant difference in
FFS between study arms in patients with a PSA of at least 2 ng/mL
was observed. Among patients with adverse pathology, significantly
higher FFS was seen in arm B than arm A at 48 mo (68.9% [95% CI,
52.1–80.8] vs. 42.8% [95% CI, 26.2–58.3], P , 0.001) though not at
the 36-mo follow-up. FFS was higher in patients without adverse
pathology in arm B versus arm A (90.2% [95% CI, 65.9–97.5] vs.
73.1% [95% CI, 42.9–89.0], P 5 0.006) at both 36 and 48 mo.
Patients in whom ADT was intended in arm B had higher FFS than
those in arm A, with the difference reaching statistical significance at
48 mo (65.2% [95% CI, 40.3–81.7] vs. 29.1 [95% CI, 6.5–57.2], P ,

0.001). Patients without ADT intent in arm B had significantly higher
FFS than patients in arm A at 36 mo (80.7% [95% CI, 64.9–90.0] vs.
68.0% [95% CI, 51.1–80.2]) and 48 mo (80.7% [95% CI, 64.9–90.0]
vs. 58.6% [95% CI, 41.0–72.6]). Conclusion: The survival advantage

due to the addition of 18F-fluciclovine PET/CT to SRT planning is
maintained regardless of the presence of adverse pathology or ADT
intent. Including 18F-fluciclovine PET/CT to SRT leads to survival ben-
efits in patients with a PSA of less than 2 ng/mL but not in patients
with a PSA of 2 ng/mL or higher.

KeyWords: 18F-fluciclovine PET/CT; salvage radiotherapy; EMPIRE-1
trial; prostate cancer; adverse pathology; prostate-specific antigen
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Radical prostatectomy (RP) is one of the treatment choices
offered to patients with localized prostate cancer (PCa) (1). After
RP, recurrence manifests as a rising level of serum prostate-
specific antigen (PSA) (2). Early detection of recurrence followed
by salvage therapy is crucial for a favorable outcome (3). Salvage
radiotherapy (SRT) with or without androgen-deprivation therapy
(ADT) is recommended for biochemical recurrence of PCa (4).
SRT can be curative if the irradiation volume encompasses all the
sites of PCa recurrence (5). Imaging for lesion localization, there-
fore, plays a critical role in SRT planning.
Conventional imaging with MRI, CT, and radionuclide bone scin-

tigraphy has traditionally been used for restaging and SRT planning.
The performance of these conventional imaging modalities is hetero-
geneous across studies, with low lesion detection rates at a PSA level
of less than 2.0 ng/mL, a level at which SRT may be curative (5,6).
Several radionuclide probes targeting different epitopes in the PCa
cells were subsequently developed to address the limited diagnostic
performance of conventional imaging at low PSA levels and improve
the lesion detection rate in biochemical recurrence of PCa before
SRT. 18F-fluciclovine is a radiofluorinated synthetic amino acid trans-
ported into PCa cells (7,8). One of the strengths of 18F-fluciclovine
PET imaging of PCa recurrence is its lack of significant early bladder
excretion, allowing for detection of recurrence in the prostate bed
(9,10). Our group and others have shown the high diagnostic perfor-
mance of 18F-fluciclovine PET/CT, even at low PSA levels (11–13).
We have also reported a high impact of 18F-fluciclovine PET/CT on
therapy decisions during SRT planning (14).
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The ability of SRT to lead to a decline in serum PSA level to
below detectable limits and maintain disease control is the ultimate
measure of the correctness of treatment decisions during radiother-
apy planning. Unfortunately, most studies have focused on lesion
detection rate and management change rather than the outcome of
such decisions. Recently, the EMPIRE-1 (Emory Molecular Pros-
tate Imaging for Radiotherapy Enhancement 1) study, a phase 2/3
trial that randomized patients with detectable serum PSA after RP
to either conventional imaging only or conventional imaging plus
18F-fluciclovine PET/CT to guide SRT, reported a significantly lon-
ger time to failure (failure-free survival, or FFS) for conventional
imaging plus 18F-fluciclovine PET/CT than for imaging only (15).
The difference in the time to failure between arms was the primary
aim for which the study was prospectively powered. Yet, the
EMPIRE-1 trial also stratified patients using 3 criteria (serum PSA
level , 2 ng/mL vs. $ 2 ng/mL; presence or absence of adverse
pathologic features, including extracapsular extension, seminal ves-
icle invasion, and presence of lymph node metastases at RP; and
ADT intent) that are known to influence SRT outcomes in patients
with PCa recurrence (16,17). This stratified randomization afforded
the opportunity to evaluate the impact of these characteristics known
to affect SRT outcomes in post-SRT patients with PCa. We therefore
performed a secondary analysis of the EMPIRE-1 trial cohort strati-
fied by protocol-specified criteria and compared FFS between study
arms.

MATERIALS AND METHODS

This is a secondary analysis of data from the EMPIRE-1 trial
(NCT01666808). EMPIRE-1 is a phase 2/3 controlled trial that ran-
domized patients with detectable serum PSA after RP to SRT guided
by conventional imaging only or conventional imaging plus abdomi-
nopelvic 18F-fluciclovine PET/CT. Details on the inclusion and exclu-
sion criteria, randomization and masking, protocols for conventional
imaging and 18F-fluciclovine PET/CT, and outcome assessment have
been published previously (15). Briefly, patients with detectable serum
PSA after RP for adenocarcinoma of the prostate gland without evidence
of systemic metastases on conventional imaging were randomized to
undergo no additional imaging (arm A) versus additional 18F-fluciclovine
PET/CT for guiding the SRT decision. Systemic metastasis was
defined as any site of metastasis outside the pelvic field of SRT. Con-
ventional imaging included whole-body planar bone scintigraphy and
abdominopelvic CT or MRI. Exclusion criteria were a history of previ-
ous pelvic radiotherapy, a European Cooperative Oncology Group per-
formance status of at least 3, the presence of contraindications to
radiotherapy, a previous invasive malignancy within the 3 y preceding
enrollment, and severe concurrent illness. All trial subjects gave written
informed consent. The institutional review board of Emory University
approved the study.

Randomization
Randomization into the study arms was in a ratio of 1:1 and was

stratified by serum PSA level (,2.0 vs. $ 2.0 ng/mL), presence of
adverse pathology at RP (extracapsular extension, seminal vesicle
invasion, and lymph node metastasis: none vs. any), and ADT intent
(yes vs. no).

Image Analysis
Conventional images and 18F-fluciclovine PET/CT images were

interpreted by 2 experienced readers independently. They read the
18F-fluciclovine PET/CT images on a MIMVista Workstation (MIM
Software Inc.) without knowing the findings of conventional imaging

or the clinicopathologic history of the patients. Disagreements between
the readers were resolved by consensus.

Treatment
In the conventional imaging–only arm, SRT decisions were based

on the standard-of-care practice and were guided by the presurgical
disease features, pathologic features of the RP specimen, and PSA tra-
jectory. In the arm using conventional imaging plus 18F-fluciclovine
PET/CT, SRT decisions were guided by 18F-fluciclovine PET/CT find-
ings. No on-trial radiotherapy was given to patients with extrapelvic
findings. Patients with pelvic findings received 64.8–70.2 Gy in
1.8-Gy fractions to the prostate bed and 45.0–50.4 Gy in 1.8-Gy frac-
tions to the pelvis. Patients with prostate-only findings and those with
negative 18F-fluciclovine PET/CT findings received 64.8–70.2 Gy in
1.8-Gy fractions to the prostate bed only.

Follow-up and Outcome Determination
After SRT, all patients were followed up at 1 mo, 6 mo, and every

6 mo thereafter for 36 mo after SRT. Longer follow-up was permitted
for patients who had not experienced treatment failure at 36 mo after
SRT. During each follow-up visit, treatment failure was evaluated
clinically with physical examination and biochemically with serum
PSA level determination. We defined treatment failure as a rise in
serum PSA by 0.2 ng/mL above the nadir achieved after SRT, fol-
lowed by another rise in a subsequent measurement; failure to achieve
a decline in serum PSA after SRT; failure based on imaging or clinical
examination (including digital rectal examination) findings; or the ini-
tiation of systemic therapy (18). We defined FFS as the duration from
the completion of SRT to the date that failure was confirmed.

Statistical Analysis
For the primary endpoint of the RCT, a sample of 146 patients, includ-

ing 73 in each arm, was calculated to detect a 20% difference in 3-y FFS
between the arms at a 0.05 level of confidence with 80% power. We set
an overall enrollment target of 162 participants, assuming a 10% dropout
rate. We used the z test to compare FFS between arms (15).

For the current investigation, we subsequently stratified patients in
the 2 arms by the protocol-specified stratification criteria (PSA , 2.0
vs. $ 2.0 ng/mL, presence vs. absence of any adverse pathology at
RP, and yes vs. no to ADT intent) and compared FFS between study
arms at 3 and 4 y using the z test (19). In addition to dichotomizing
each study arm by a PSA cutoff of 2 ng/mL for comparison, we per-
formed exploratory comparisons between study arms using the z test
at different PSA levels (,0.5, ,1.0, and ,2.0 ng/mL). We set statisti-
cal significance at a P value of less than 0.05. We performed statistical
analysis using SAS, version 9.4 (SAS Institute, Inc.).

RESULTS

In total, 167 patients without systemic metastasis on conven-
tional imaging were screened for inclusion. Two patients failed
screening, and 165 patients were randomized, with 82 being allo-
cated to arm A (conventional imaging only) and 83 to arm B (con-
ventional imaging plus 18F-fluciclovine PET/CT). One patient in
arm A and 3 in arm B withdrew from the study after randomiza-
tion. The remaining 81 patients in arm A received SRT without
additional imaging. Of the remaining 80 patients in arm B, 79 had
additional 18F-fluciclovine PET/CT, whereas PET/CT could not be
performed in 1 patient because of technical issues. Four patients in
arm B had extrapelvic sites of metastasis and were excluded from
undergoing SRT. Finally, 81 patients in arm A and 76 in arm B
received SRT, and their data are presented in this work (Fig. 1).

Table 1 compares the patients in both arms according to the
baseline clinicopathologic characteristics and the criteria applied

18F-FLUCICLOVINE PET-GUIDED RADIOTHERAPY ! Lawal et al. 587



in stratifying patients to study arms. Baseline PSA, presence of
any adverse pathology, and ADT intent were stratification criteria
and, hence, were similar between arms. Age and Gleason scores at
RP were also similar between groups.
In arm A, 56 patients (69.1%) received radiation to the prostate

bed alone, whereas 25 (30.9%) received radiation to the prostate
bed and pelvis. Among patients in arm B whose SRT decision was
guided by findings on 18F-fluciclovine PET/CT, 41 (53.9%) received
radiation to the prostate bed alone, whereas 35 (46.1%) received
radiation to the prostate bed and the pelvis.
The median follow-up was 3.5 y (95% CI, 3.0–4.0 y). At the

36-mo follow-up, 22 and 15 patients had experienced treatment fail-
ure in arms A and B, respectively. In arm A, FFS was 63.0% and
51.2% at the 36- and 48-mo follow-ups, respectively, whereas in
arm B, FFS was 75.5% at both the 36- and the 48-mo follow-ups.
Among patients with a PSA level of less than 2 ng/mL, 66.5% and

83.2% in arms A and B, respectively, were failure-free at the 36-mo

follow-up (P , 0.001), whereas 56.2% and 83.2%, respectively,
were failure-free at the 48-mo follow-up (Table 2). Among patients
with a PSA level of 2 ng/mL or higher, 40.4% and 26.3% in arms A
and B, respectively were failure-free at 36-mo follow-up, whereas
0% and 26.3%, respectively, were failure-free at 48 mo after SRT.
In our exploratory comparison of FFS at different PSA thresholds,

we found significant differences between study arms (Table 3). At a
PSA level of less than 0.5 ng/mL, there was no significant difference
in FFS between arms A and B at the 36-mo follow-up (79.3% vs.
85.3%, P 5 0.184). At 48 mo, however, FFS was significantly
higher in arm B than arm A (85.3% vs. 63.2%, P , 0.001). Among
patients with a PSA level of less than 1 ng/mL, FFS was signifi-
cantly higher in arm B than arm A at 36 mo (84.7% vs. 72.8%, P 5

0.005) and 48 mo (84.7% vs. 60.5%, P, 0.001).
Dichotomization of patients in each arm was based on the pres-

ence of any extracapsular extension, seminal vesicle invasion, or
lymph node metastasis in the surgical specimen at pathologic eval-
uation after RP. Among patients with any of the adverse patho-
logic features, 59.9% and 68.9% of patients were failure-free at the
36-mo follow-up in arms A and B, respectively (P 5 0.085), and
at 48 mo, FFS remained significantly higher in arm B than arm A
(68.9% vs. 42.8%, P , 0.001). Among patients without any of these
adverse pathologic features, FFS was also significantly higher in arm
B than arm A at both 36 and 48 mo (Table 2).
On the basis of their disease-associated risk, there was ADT intent

for 28 and 27 patients in arms A and B, respectively. At the 36-mo
follow-up, FFS did not significantly differ between study arms
(52.3% for arm A vs. 65.2% for arm B, P 5 0.113). At the 48-mo
follow-up, FFS was significantly higher in arm B (65.2%) than arm
A (29.1%) (P , 0.001). In the cohorts of patients without ADT
intent, FFS was significantly higher in arm B than arm A at 36 mo
(80.7 vs. 68.0, P5 0.008) and 48 mo (80.7 vs. 58.6, P, 0.001).

DISCUSSION

The EMPIRE-1 trial, which stratified patients into study arms on
the basis of pre-SRT serum PSA level, presence or absence of adverse
pathologic features, and the intent to add ADT in management,
reported that SRT decisions guided by findings on18F-fluciclovine
PET/CT result in a favorable FFS (15). The benefit of 18F-fluciclovine
PET/CT on FFS reported in the EMPIRE-1 study was at a group
level. In the current study, we performed a substratification post hoc
analysis of the EMPIRE-1 data to determine whether the FFS advan-
tage conferred by adding 18F-fluciclovine PET/CT to SRT planning is
maintained across different patient strata. In this study, FFS was sig-
nificantly higher in patients with a serum PSA of less than 2 ng/mL
who underwent additional 18F-fluciclovine PET/CT (arm B) for SRT
planning than in patients whose SRT planning was based on conven-
tional imaging only. At a PSA level of more than 2 ng/mL, we found
no significant difference in FFS between study arms. This finding
may be related to the limited number of patients with this PSA level
(22 patients) in the EMPIRE-1 cohort but requires further study before
definitive conclusions can be made.
SRT has been recommended at low serum PSA levels (,0.5 ng/mL)

(20) because of the decrease in its benefits as PSA rises (21). Given
this, we performed an explorative analysis to see whether the FFS
benefit conferred by 18F-fluciclovine PET/CT is retained at lower
PSA levels. Indeed, FFS remained significantly higher in arm B than
arm A at a PSA level of less than 1 ng/mL at both the 36- and the
48-mo follow-ups. Among patients with a PSA level of less than
0.5 ng/mL, FFS was significantly higher in arm B than arm A, with

Patients with no systemic
metastasis on conventional

imaging screened for
inclusion, n = 167

Patients randomized into
study arms, n = 165

Screen
failures, n = 2

Arm A, n = 82
Arm B, n = 83

• Had additional 18F-fluciclovine PET, n = 82
• No additional imaging, n = 1

Received SRT,
n = 81

Received SRT,
n = 76

Withdrew
from study,

n = 1
Withdrew

from study,
n = 3

No SRT,
n = 4

FIGURE 1. Flowchart showing patient recruitment and randomization
into study arms.

TABLE 1
Baseline Characteristics of Patients Randomized into

Study Arms

Characteristic Arm A (n 5 81) Arm B (n 5 76)

Age (y) 61 (55–68) 61 (57–68)

Baseline PSA (ng/mL) 0.34 (0.13–0.95) 0.34 (0.18–1.10)

,2 69 (85.2) 66 (86.8)

$2 12 (14.8) 10 (13.2)

Any adverse pathology

Present 61 (75.3) 53 (69.7)

Absent 20 (24.7) 23 (13.2)

ADT intent

Yes 28 (34.6) 27 (35.5)

No 53 (65.4) 49 (64.5)

Gleason score

,8 52 (64.2) 53 (69.7)

$8 29 (35.8) 23 (30.3)

Qualitative data are number and percentage; continuous data
are median and interquartile range.
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the difference reaching statistical significance at the 48-mo follow-
up. This finding suggests that although the use of 18F-fluciclovine
PET/CT for SRT planning is beneficial in patients with a PSA of
more than 0.5 ng/mL, this benefit reaches significance in the long

term, and this finding may be related to the more sustained disease
control seen in patients who had 18F-fluciclovine PET/CT as part of
SRT planning compared with the progressive increase in failure rate
over time in patients who did not.

TABLE 2
Comparison of FFS Rates Between Arms Stratified According to PSA, Adverse Pathology, and ADT Intent

Stratification criterion Follow-up time (mo) Arm A (%) Arm B (%) P

PSA

,2 ng/mL 36 66.5 (51.6–77.8) 83.2 (70.0–91.0) ,0.001*

48 56.2 (40.5–69.2) 83.2 (70.0–91.0) ,0.001*

$2 ng/mL 36 40.4 (9.8–70.2) 26.3 (4.0–57.5) 0.231

48 0.0 (NA–NA) 26.3 (4.0–57.5) NA

Adverse pathology

Present 36 59.9 (43.7–72.8) 68.9 (52.1–80.8) 0.085

48 42.8 (26.2–58.3) 68.9 (52.1–80.8) ,0.001*

Absent 36 73.1 (42.9–89.0) 90.2 (65.9–97.5) 0.006*

48 73.1 (42.9–89.0) 90.2 (65.9–97.5) 0.006*

ADT intent

Yes 36 52.3 (27.7–72.1) 65.2 (40.3–81.7) 0.113

48 29.1 (6.5–57.2) 65.2 (40.3–81.7) ,0.001*

No 36 68.0 (51.1–80.2) 80.7 (64.9–90.0) 0.008

48 58.6 (41.0–72.6) 80.7 (64.9–90.0) ,0.001*

*P , 0.005.
NA 5 not applicable.
Data in parentheses are 95% CIs. Adverse pathology considered was extraprostatic extension, seminal vesicle invasion, and presence

of nodal metastases in pathology specimen obtained during RP.

TABLE 3
Differences in FFS Between Arms A and B for SRT Planning

Parameter Arm A (%) Arm B (%) P

PSA , 0.5 ng/mL

n 48 51

Mean 6 SD 0.19 6 0.13 0.23 6 0.12

FFS at 36 mo 79.3 (61.3–89.6) 85.3 (69.7–93.2) 0.184

FFS at 48 mo 63.2 (42.8–78.1) 85.3 (69.7–93.2) ,0.001*

PSA , 1 ng/mL

n 61 57

Mean 6 SD 0.29 6 0.24 0.29 6 0.20

FFS at 36 mo 72.8 (56.8–83.6) 84.7 (70.3–92.5) 0.005*

FFS at 48 mo 60.5 (43.2–74.0) 84.7 (70.3–92.5) ,0.001*

PSA , 2 ng/mL

n 69 66

Mean 6 SD 0.41 6 0.41 0.43 6 0.43

FFS at 36 mo 66.5 (51.6–77.8) 83.2 (70.0–91.0) ,0.001*

FFF at 48 mo 56.2 (40.5–69.2) 83.2 (70.0–91.0) ,0.001*

*P , 0.05.
Data in parentheses are 95% CIs.
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Adverse pathologic features such as extraprostatic extension,
seminal vesicle invasion, and the presence of nodal metastases in
the pathology specimen obtained during RP are suggestive of
advanced disease (17). The EMPIRE-1 trial therefore stratified
patients during randomization into study arms according to the
presence or absence of these adverse pathologic features. The FFS
benefit conferred by incorporating 18F-fluciclovine PET/CT into
SRT planning was maintained in patients with and without adverse
pathologic features at the 36- and 48-mo follow-ups. In patients
with adverse pathology present, the higher FFS rate seen in arm B
than arm A at the 36-mo follow-up showed a trend toward statisti-
cal significance, whereas significance was clearly seen at the
48-mo follow-up, again highlighting the long-term tumor control
afforded by SRT decisions guided by 18F-fluciclovine PET/CT.
Adding ADT to SRT improves progression-free survival, especially

in patients with high-risk disease phenotypes (16,22). To remove the
confounding effect of additional ADT on SRT outcome, ADT intent
was balanced between study arms. Among patients with no ADT
intent, FFSwas significantly higher at the 36- and 48-mo follow-ups in
arm B than arm A. Among patients for whom additional ADT was
planned, there was a higher FFS in arm B than arm A at the 36-mo
follow-up, with the difference reaching statistical significance at the
48-mo follow-up. The improvement in FFS due to SRT conferred by
18F-fluciclovine PET/CT was more prominent at the 48-mo follow-up
than at the 36-mo follow-up, a finding that was consistently seen across
different patient strata. Fifteen patients experienced SRT failure in arm
B, all of which occurred within 36 mo of SRT. There was no further
event during the 36- to 48-mo follow-up interval. Conversely, in arm
A, 22 events occurred within 36 mo of SRT and a further 5 events
occurred between the 36- and 48-mo follow-ups. It is notable and
expected that, regardless of arm, patients with higher PSA levels,
adverse histology, and ADT intent generally have lower FFS than
those with lower PSA levels, no adverse histology, and noADT intent.
Among patients randomized to arm B, 4 did not receive SRT

because of detection of extrapelvic metastases on 18F-fluciclovine
PET/CT. In these patients, 18F-fluciclovine PET/CT prevented futile
SRT. In arm A, 30.9% of patients received pelvic radiotherapy in
addition to radiotherapy to the prostate bed. This rate is lower than
the 46.1% of patients in arm B who had pelvic radiotherapy in addi-
tion to radiotherapy to the prostate bed, a decision guided by the
findings on 18F-fluciclovine PET/CT. Put together, the higher FFS
brought about by the incorporation of 18F-fluciclovine PET/CT dur-
ing SRT decision making is a result of a combination of better
patient selection and more accurate radiotherapy target delineation.
We previously reported that 18F-fluciclovine PET/CT had a greater
impact on SRT management decisions than conventional imaging in
the EMPIRE-1 cohort (14). A more favorable survival outcome in
patients undergoing additional 18F-fluciclovine PET/CT, compared
with patients whose SRT was guided by conventional imaging alone,
suggests that the change in management decision brought about by
18F-fluciclovine PET/CT led to a favorable treatment outcome.
The detection of additional lesions on 18F-fluciclovine PET/CT

compared with conventional imaging is often associated with an
increase in the pretreatment defined target volume (23). The higher
rate of radiotherapy to the pelvis in the 18F-fluciclovine PET/CT arm
in the current study, therefore, has the potential to expose such patients
to radiotherapy-induced toxicities. A recent report that evaluated pro-
vider- and patient-reported SRT-induced toxicities in the EMPIRE-1
cohort did not find significant differences in the incidence of
treatment-induced toxicities between study arms despite a significant
increase in target volumes due to the incorporation of 18F-fluciclovine

PET/CT into SRT planning (24). This finding confirms that the
improvement in lesion detection, SRT management decisions, and
favorable SRT outcomes brought about by the incorporation of 18F-
fluciclovine PET/CT into SRT planning occurs without exposing the
patients to a higher rate or severity of treatment-induced toxicities.
Several studies have reported the diagnostic performance of

18F-fluciclovine PET/CT in patients with PCa recurrence (25–28).
These studies have primarily evaluated the diagnostic performance
of 18F-fluciclovine PET/CT or its effects on management decisions
rather than the impact of imaging findings on patients’ survival.
Imaging studies that randomized patients into study arms and eval-
uated the impact of imaging findings on survival are rare. The
strength of this study, therefore, lies in its design and the choice of
FFS as the study endpoint. In the EMPIRE-1 trial design, power
and sample size calculations were performed for the primary aim
(i.e., to detect a 20% difference in 3-y FFS between study arms).
The current subgroup investigation is purely exploratory. Despite
not being powered to detect differences between study arms strati-
fied according to protocol-specified criteria, we found that the sur-
vival benefit from adding 18F-fluciclovine PET/CT was maintained
across most of the strata evaluated.
Of note, though there has been a recent expansion in the use of

68Ga-PSMA PET/CT, with a few prospective single-arm trials
reporting the time to failure as a study endpoint in patients whose
SRT was guided by this novel imaging modality (29,30), there
have been no randomized controlled trials of PSMA versus con-
ventional imaging reported as yet in this postprostatectomy radio-
therapy space. An ongoing phase III trial at the University of
California Los Angeles (NCT03582774), when completed, will fill
this void (31). We have an ongoing phase III trial at our institution
comparing 68Ga-PSMA PET/CT versus 18F-fluciclovine PET/CT
(R01CA226992, NCT03762759) for guiding SRT of PCa recur-
rence. The results from this trial may provide further insights on
the comparative benefits of these 2 approved imaging modalities
for PCa recurrence in guiding SRT management decisions.

CONCLUSION

The addition of 18F-fluciclovine PET/CT to conventional imaging
in SRT management planning reduces the occurrence of treatment
failure. This benefit is seen across different PSA levels below
2 ng/mL. This benefit is also maintained regardless of the presence
versus absence of adverse pathologic features or the intention to add
ADT to SRT, or not, in the treatment of PCa recurrence after RP.
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KEY POINTS

QUESTION: Is the survival advantage from adding 18F-fluciclovine
PET/CT to SRT planning for PCa recurrence, as reported in the
EMPIRE-1 trial, maintained in different patient subpopulations?

PERTINENT FINDINGS: The incorporation of 18F-fluciclovine
PET/CT in SRT management decisions improved FFS across
different PSA strata below 2 ng/mL. The survival benefit was
retained regardless of whether adverse pathologic features were
present or whether concomitant ADT was planned with SRT.

IMPLICATIONS FOR PATIENT CARE: The addition of
18F-fluciclovine PET/CT SRT planning improves FFS in patients
with disease recurrence after RP, and the benefit is retained
across different patient categories.
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A Pilot Study of 68Ga-PSMA11 and 68Ga-RM2 PET/MRI for
Evaluation of Prostate Cancer Response to High-Intensity
Focused Ultrasound Therapy
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Focal therapy for localized prostate cancer (PC) using high-intensity
focused ultrasound (HIFU) is gaining in popularity as it is noninvasive
and associated with fewer side effects than standard whole-gland
treatments. However, better methods to evaluate response to HIFU
ablation are an unmet need. Prostate-specific membrane antigen
(PSMA) and gastrin-releasing peptide receptors are both overex-
pressed in PC. In this study, we evaluated a novel approach of using
both 68Ga-RM2 and 68Ga-PSMA11 PET/MRI in each patient before
and after HIFU to assess the accuracy of target tumor localization and
response to treatment. Methods: Fourteen men, 64.56 8.0 y old
(range, 48–78 y), with newly diagnosed PC were prospectively
enrolled. Before HIFU, the patients underwent prostate biopsy, multi-
parametric MRI, 68Ga-PSMA11, and 68Ga-RM2 PET/MRI. Response
to treatment was assessed at aminimum of 6mo after HIFUwith pros-
tate biopsy (n5 13), as well as 68Ga-PSMA11 and 68Ga-RM2 PET/MRI
(n5 14). The SUVmax and SUVpeak of known or suspected PC lesions
were collected. Results: Pre-HIFU biopsy revealed 18 cancers, of
which 14 were clinically significant (Gleason score$ 31 4). Multipara-
metric MRI identified 18 lesions; 14 of themwere at least score 4 in the
Prostate Imaging–Reporting and Data System. 68Ga-PSMA11 and
68Ga-RM2PET/MRI each showed 23 positive intraprostatic lesions; 21
were congruent in 13 patients, and 5 were incongruent in 5 patients.
Before HIFU, 68Ga-PSMA11 identified all target tumors, whereas
68Ga-RM2 PET/MRI missed 2 tumors. After HIFU, 68Ga-RM2 and
68Ga-PSMA11 PET/MRI both identified clinically significant residual
disease in 1 patient. Three significant ipsilateral recurrent lesions were
identified, whereas 1 was missed by 68Ga-PSMA11. The pretreatment
level of prostate-specific antigen decreased significantly after HIFU, by
66%. Concordantly, the pretreatment SUVmax decreased significantly
after HIFU for 68Ga-PSMA11 (P50.001) and 68Ga-RM2 (P5 0.005).
Conclusion: This pilot study showed that 68Ga-PSMA11 and 68Ga-
RM2 PET/MRI identified the target tumor for HIFU in 100% and 86%
of cases, respectively, and accurately verified response to treatment.
PET may be a useful tool in the guidance and monitoring of treatment
success in patients receiving focal therapy for PC. These preliminary
findingswarrant larger studies for validation.
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Standard treatment options for localized prostate cancer (PC) in-
clude active surveillance, radical prostatectomy, radiation (with or
without hormonal therapy), and local therapy. Focal ablation is par-
ticularly of interest as whole-gland treatment with surgery or radia-
tion may cause adverse events such as incontinence, impotence,
and bowel or bladder dysfunction. These side effects may adversely
impact the patients’ quality of life (1–4). High-intensity focused
ultrasound (HIFU) is a noninvasive local treatment that uses ther-
mal energy to ablate low-risk PC lesions. Recently published data
from large multicenter studies reported minimal impact on quality
of life, with preservation of continence in 98% and of sexual func-
tion in 90% (5), and a 7-y failure-free survival rate of 69% (6).
However, there is a 20%–40% rate of residual disease or relapse,
requiring repeat HIFU. Treatment evaluation is an unmet need as
there are no noninvasive, validated methods to assess success or
failure (7). Posttreatment serum prostate-specific antigen (PSA) is a
poor measure as it falls to a variable nadir due to continued production
by residual prostate. The Phoenix criterion for biochemical failures
after radiation therapy is commonly used after HIFU; however, it has
poor sensitivity and specificity of only 65% and 77%, respectively
(8). The subsequently introduced Stuttgart definition is specific for
patients treated with HIFU and defines biochemical failure as the PSA
nadir plus 1.2 ng/mL (9). The use of multiparametric MRI (mpMRI)
for HIFU treatment assessment is impeded by signal alteration due to
scar tissue, focal hemorrhage, and central necrosis (10–13). Therefore,
posttreatment prostate biopsy remains the most accurate tool to evalu-
ate treatment outcome but is invasive and includes significant risks
such as pain, bleeding, and infection (14,15).
PET combined with MRI using radiopharmaceuticals that target

prostate-specificmembrane antigen (PSMA) or gastrin-releasing pep-
tide receptors (GRPR)—both are overexpressed on PC cells—have
been evaluated for staging and biochemical recurrence of PC. It may
also be a useful technique to evaluate treatment outcome after HIFU.
The effect of HIFU on the expression of PSMA or GRPR has not
been investigated yet. In this study, we evaluated a novel approach
using both 68Ga-RM2 and 68Ga-PSMA11 PET/MRI in each PC
patient before and at a minimum of 6 mo after HIFU to assess the
accuracy of target tumor localization and response to treatment.

MATERIALS AND METHODS

Participants
Participants with newly diagnosed PC scheduled to undergo HIFU

were prospectively enrolled and scanned with 68Ga-PSMA11 followed
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by 68Ga-RM2 PET/MRI within 2 wk, or vice versa. The local institu-
tional review board approved this Health Insurance Portability and
Accountability Act–compliant study (NCT03949517). All patients
gave written informed consent. The participants’ clinical characteris-
tics before treatment are shown in Table 1.

PET/MRI Protocol
Imaging was performed using a 3-T time-of-flight–enabled PET/

MRI scanner (Signa; GE Healthcare), as previously described (16,17).
The pre-HIFU image acquisition started at 46.506 3.50 min (range,
44.00–57.00 min) after injection of 151.336 44.80MBq (range,

70.30–222.00MBq) of 68Ga-PSMA11 and at 45.506 2.12min (range,
43.00–52.00min) after injection of 138.8064.61MBq (range, 132.98–
150.20MBq) of 68Ga-RM2. Simultaneous PET/MRI was acquired from
vertex to mid thigh with an acquisition time of 4min per bed position for
an overall scan length of 49.006 16.96min (range, 30.00–83.00min) for
68Ga-PSMA11 and 47.006 6.58min (range, 36.00–60.00min) for 68Ga-
RM2. The PET/MRI examinations included a dedicated 20-min pelvic
acquisition. These images were acquired after a delay of 23.006 9.19min
(range, 22.00–49.00min) for 68Ga-PSMA11 and 25.006 5.54min
(range, 11.00–37.00min) for 68Ga-RM2. The PET/MRI scans were per-
formed 5.506 2.50 d (range, 2.00–9.00 d) apart. The syntheses of 68Ga-
PSMA11 and 68Ga-RM2 were previously described (18). The post-HIFU
68Ga-PSMA11 and 68Ga-RM2 image acquisition details were similar to
pretreatment imaging (Table 2).

mpMRI Protocol
All mpMRI was performed as routine clinical scans before and 1 y

after HIFU using a 3-T scanner (MR750; GE Healthcare) with an
external 32-channel body array coil. The imaging protocol consisted

TABLE 1
Patients’ Characteristics Before HIFU Ablation

Characteristic Data

n 14

Age (y) 64.50 6 8.00 (48.00–78.00)

PSA (ng/mL) 8.41 6 3.47 (1.22–15.90)

PSA density (ng/mL2) 0.23 6 0.09 (0.07–0.31)

mpMRI 18 lesions

PI-RADS 5 3 (17%)

PI-RADS 4 11 (61%)

PI-RADS 3 4 (22%)

Biopsy, Gleason grade 18 lesions

1 3 (17%)

2 5 (28%)

3 7 (39%)

4 2 (11%)

5 1 (5%)

Risk

Intermediate 13

High 1

Clinical stage

T1c 5

T2a 2

T2b 4

T2c 3
68Ga-PSMA11

Injected activity (MBq) 151.33 6 44.80 (70.30–222.00)

Uptake time (min) 46.50 6 3.50 (44.00–57.00)

Length of PET/MRI (min) 49.00 6 16.96 (30.00–83.00)

Delay to pelvic
PET/MRI (min)

23.00 6 9.19 (22.00–49.00)

68Ga-RM2

Injected activity (MBq) 138.80 6 4.61 (132.98–150.20)

Uptake time (min) 45.50 6 2.12 (43.00–52.00)

Length of PET/MRI (min) 47.00 6 6.58 (36.00–60.00)

Delay to pelvic
PET/MRI (min)

25.00 6 5.54 (11.00–37.00)

Time between scans (d) 5.50 6 2.50 (2.00–9.00)

Qualitative data are number and percentage; continuous data
are median 6 SD and range.

TABLE 2
Patients’ Characteristics After HIFU Ablation

Characteristic Data

n 14

PSA (ng/mL) 2.83 6 1.65 (0.02–5.79)

PSA density (ng/mL2) 0.07 6 0.04 (0.00–0.17)

PSA nadir (ng/mL) 2.80 6 1.48 (0.01–5.79)

Time to PSA nadir (mo) 6.55 6 5.92 (2.90–24.83)

Biopsy (n 5 13)

Residual lesions

Clinically significant 1

Clinically insignificant 3

Recurrent lesions

Clinically significant 3

Clinically insignificant 6
68Ga-PSMA11

Injected activity (MBq) 145.60 6 37.75 (82.51–221.26)

Uptake time (min) 47.50 6 2.40 (41.00–49.00)

Length of
PET/MRI (min)

45.50 6 5.90 (33.00–62.00)

Delay to pelvic
PET/MRI (min)

26.00 6 6.53 (22.00–48.00)

68Ga-RM2

Injected activity (MBq) 139.77 6 5.04 (133.32–149.67)

Uptake time (min) 46.00 6 3.14 (39.00–52.00)

Length of
PET/MRI (min)

51.50 6 9.53 (41.00–73.00)

Delay to pelvic
PET/MRI (min)

26.00 6 6.22 (21.00–47.00)

Time between scans (d) 5.00 6 40.66 (2.00–172.00)

Time between pre- and
post-HIFU scans (mo)

7.43 6 2.37 (5.93–12.60)

Qualitative data are number and percentage; continuous data
are median 6 SD and range.
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of T2-weighted, diffusion-weighted, and dynamic contrast-enhanced
sequences. The acquisition parameters were previously described in
detail (19). The target tumor for HIFU treatment was determined on
mpMRI and defined as having a Prostate Imaging–Reporting and Data
System (PI-RADS) score of at least 4 and clinically significant PC
(csPC) on biopsy (Gleason score $ 3 1 4).

Image Analysis
Two nuclear medicine physicians, experienced in interpreting

PSMA- and GRPR-targeted molecular imaging, reviewed and analyzed
the PET images independently, in random order, and masked to the
clinical results. A consensus reading was performed for discordant find-
ings. The framework from the PROMISE criteria was used for PSMA
PET interpretation. Focal uptake of 68Ga-RM2 or 68Ga-PSMA11 above
the adjacent prostate background and not associated with physiologic
accumulation was recorded as suggestive of PC. A region of interest
was drawn over suspected lesions to measure SUVmax and SUVpeak.
SUVpeak is defined as the average SUV within a small, fixed-size region
of interest (1 cm3).

mpMRI was analyzed using the PI-RADS criteria, version 2 (20).
Lesions with a PI-RADS score of at least 3 were recorded. A PI-
RADS score of 3 was considered equivocal for PC, PI-RADS 4 likely
for PC, and PI-RADS 5 highly likely for PC.

HIFU
Focal HIFU ablation of localized PC was performed with curative

intent using the Sonablate device (Sonacare Medical). One target tumor
was treated per patient. Treated areas included the MRI lesion with an
8- to 10-mm margin of normal surrounding tissue. The follow-up
included PSA and follow-up visits every 3 mo and mpMRI and biopsy
at 1 y.

Prostate Biopsy
Prostate biopsy was performed under local anesthesia using MRI–

ultrasound fusion and included targeted sampling of the treated zone,
any MRI lesions, and standard-template 12-core biopsy with 1 core
through the apex, mid, and base regions, both medially and laterally,
from the left and right prostate lobes (21,22).

Statistical Analysis
Statistical analysis was performed using Stata, version 16.1 (Stata-

Corp LP), and R, version 4.1.1 (r-project.org). Continuous data are
presented as median6 SD, range, and interquartile range. Comparison
between biopsy-positive and biopsy-negative regions of PI-RADS,
68Ga-PSMA11, and 68Ga-RM2 (SUVmax), and between SUVmax and

SUVpeak for whole-body and delayed pelvic imaging before and after
HIFU ablation, was done by the Wilcoxon rank sum test, adjusted for
clustering. A P value of less than 0.05 was considered significant. Sen-
sitivity and specificity (adjusted for clustering) were calculated using a
segment-based approach in which the prostate was divided into the
same 12 segments as for systematic prostate biopsy. The segments
were dichotomized according to the pathologic findings from biopsy.
Values are given as percentages with 95% CIs.

RESULTS

Fourteen men 64.56 8.0 y old (range, 48–78 y) with newly
diagnosed PC and scheduled to undergo HIFU were prospectively
enrolled. Tables 1 and 2 summarize pre- and post-HIFU patient
characteristics, respectively.

PSA and PSA Density
PSA and PSA density before HIFU ablation were 8.416

3.47 ng/mL (range, 1.22–15.90 ng/mL) and 0.236 0.09 ng/mL2

(range, 0.07–0.31 ng/mL2), respectively. At posttreatment PET im-
aging, 7.436 2.37 mo (range, 5.93–12.60 mo) after HIFU, PSA
and PSA density decreased by 66% to 2.836 1.65 ng/mL (range,
0.02–5.79 ng/mL) (P5 0.001) and 0.076 0.04 ng/mL2 (range, 0.00–
0.17 ng/mL2) (P5 0.001), respectively. A PSA nadir of 2.806
1.48 ng/mL (range, 0.01–5.79 ng/mL) was found at 6.556 5.92 mo
(range, 2.90–24.83 mo) after treatment.

mpMRI
Routine clinical pre-HIFU mpMRI identified 18 lesions (3 PI-

RADS 5, 11 PI-RADS 4, and 4 PI-RADS 3). The dominant csPC
lesion was treated with HIFU. The sensitivity and specificity of
pre-HIFU mpMRI were 43% and 98%, respectively. After treat-
ment, routine mpMRI was available for 13 participants because
1 patient was lost to follow-up 1 y after HIFU: 9 of 13 patients
were negative, and 4 of 13 patients had a PI-RADS 3 lesion. One
of these 4 correlated to residual Gleason 4 1 4 disease (mpMRI
also identified 2 pathologic lymph nodes), 2 correlated to Gleason
3 1 3 residual lesions (not identified on PET because of urinoma),
and 1 was benign on post-HIFU biopsy. One PI-RADS 4 lesion in
the same participant was benign on biopsy as well. Significant ipsi-
lateral (n5 3) and contralateral (n5 6) recurrences were all missed
by mpMRI (negative scan). A direct comparison of mpMRI, 68Ga-
PSMA11, and 68Ga-RM2 PET/MRI is shown in Table 3.

TABLE 3
Direct Comparison of mpMRI, 68Ga-PSMA11, and 68Ga-RM2 PET/MRI Findings Before and After HIFU Ablation

mpMRI 68Ga-PSMA11 68Ga-RM2

Parameter
Before
HIFU

After
HIFU

Before
HIFU

After
HIFU

Before
HIFU

After
HIFU

All lesions (n) 18 (PI-RADS 3: 4;
PI-RADS 4: 11;
PI-RADS 5: 3)

5 (PI-RADS 3: 4;
PI-RADS 4: 1)

23 9 (2 residual; 7
recurrent)

23 9 (1 residual; 8
recurrent)

Target lesions 14 9/13 patients:
negative; 3/13
patients: PI-RADS 3
(1 csPC, 2 ncsPC)

14 2 residual (1 csPC;
2 ncsPC)

12 1 residual (1 csPC)

Sensitivity 43% 81% 70%

Specificity 98% 89% 88%
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Prostate Biopsy
Before HIFU, prostate biopsies showed 18 lesions, of which 14

were csPC with a Gleason score of at least 3 1 4 and were deter-
mined to be target tumors for HIFU ablation. After treatment, pros-
tate biopsy was available for 13 participants: Residual disease was
detected in 4 patients: 1 was csPC with Gleason 4 1 4 (identified
on both 68Ga-PSMA11 and 68Ga-RM2 PET/MRI), and 3 were
Gleason 3 1 3 cancers (2/3 not seen on PET because of urinoma,
1/3 identified with 68Ga-PSMA11 but missed on 68Ga-RM2 PET/
MRI). Outside the treated area, 3 ipsilateral Gleason 4 1 3 recur-
rences were found in 3 patients (2/3 seen with both radiopharma-
ceuticals, 1/3 missed by 68Ga-PSMA11 but positive on 68Ga-RM2)
and subsequently received HIFU. Nonaggressive recurrence con-
tralaterally was detected in 6 patients (1 lesion each was missed by
either radiopharmaceutical in 2 different patients, the rest were
identified with both 68Ga-PSMA11 and 68Ga-RM2 PET/MRI); 3 of
these 6 lesions were known from pre-HIFU biopsy.

68Ga-PSMA11 PET/MRI
Pre-HIFU 68Ga-PSMA11 PET/MRI showed 23 intraprostatic

lesions; all 14 target tumors for HIFU were correctly identified.
Other positive lesions correlated to non–clinically significant PC
(ncsPC) (n5 4) or high-grade prostatic intraepithelial neoplasia
(n5 3) from pre-HIFU prostate biopsy. The sensitivity and specifi-
city of pre-HIFU 68Ga-PSMA11 PET/MRI were 81% and 89%,
respectively. After HIFU ablation, 68Ga-PSMA11 PET/MRI identi-
fied 9 lesions, which correlated to residual csPC (n5 1) and ncsPC
(n5 1) and recurrent ipsilateral csPC (n5 2) and contralateral
ncsPC (n5 5). The SUVmax from whole-body and dedicated pelvic
imaging decreased significantly after HIFU, whereas SUVpeak

showed significance only in the whole-body images. Table 4 sum-
marizes all SUVs.

68Ga-RM2 PET/MRI
The pre-HIFU 68Ga-RM2 PET/MRI also showed 23 intrapro-

static lesions, of which 12 of 14 (85.7%) target tumors for HIFU
were identified. Other positive lesions correlated to ncsPC (n5 4),
high-grade prostatic intraepithelial neoplasia (n5 3), and atypical
small acinar proliferation suggestive of but nondiagnostic for PC
(n5 1) in pre-HIFU biopsies. The sensitivity and specificity of
pre-HIFU 68Ga-RM2 PET/MRI were 70% and 88%, respectively.

After HIFU, 68Ga-RM2 PET/MRI also identified 9 lesions, which
correlated to residual csPC (n5 1), recurrent ipsilateral csPC
(n5 3), and contralateral ncsPC (n5 5). Concordant with 68Ga-
PSMA11 PET, the SUVmax from whole-body and dedicated pelvic
images decreased significantly after HIFU, whereas SUVpeak was
significant only for the whole-body images (Table 4).

Comparison Between 68Ga-PSMA11 and 68Ga-RM2
Before HIFU, 68Ga-PSMA11 and 68Ga-RM2 PET/MRI were

concordant in 21 of 23 lesions in 14 patients and discordant in 5
lesions in 5 patients. Except for the 2 target tumors missed by 68Ga-
RM2 PET, all target tumors were congruent (Fig. 1). Incongruent
lesions correlated to atypical small acinar proliferation (n5 1) and
false-positive uptake (n5 2) in pre-HIFU biopsy. After HIFU,
68Ga-PSMA11 and 68Ga-RM2 PET/MRI showed concordant
uptake in a Gleason 4 1 4 residual lesion. In this participant, pre-
treatment 68Ga-PSMA11 identified a positive pelvic lymph node
that was subsequently treated with stereotactic body radiation ther-
apy. On the posttreatment 68Ga-PSMA11 PET, this lymph node
showed resolution, but 2 new pelvic lymph nodes were identified;
all were all negative on 68Ga-RM2 PET. 68Ga-RM2 PET also
missed 1 nonsignificant residual lesion seen on 68Ga-PSMA11,
whereas 68Ga-PSMA11 missed 1 recurrent csPC lesion identified
on 68Ga-RM2 PET. Both radiopharmaceuticals showed congruent
uptake in 2 ipsilateral recurrent csPC lesions, which were treated
with HIFU. Nonsignificant contralateral recurrent disease showed
congruency in 4 patients, of which 3 were already seen in the pre-
HIFU biopsies and were positive on both pretreatment scans. 68Ga-
PSMA11 missed a nonaggressive recurrence, which was seen on
68Ga-RM2 PET, and vice versa in another patient. Two nonsignifi-
cant residual lesions were missed by both radiopharmaceuticals
because of an adjacent urinoma. There were no false-positive find-
ings on post-HIFU PET.

DISCUSSION

In this era driven by precise, personalized medicine, interest is
growing in noninvasive, targeted, focal treatment of csPC lesions
using HIFU, and adoption is widening. We hypothesized that non-
invasive PET/MRI assessment of response to HIFUmay be a useful
tool. The effect of HIFU on PSMA- and GRPR-overexpressing PC

TABLE 4
SUVmax and SUVpeak of Target Lesions in Whole Body and Delayed Pelvic 68Ga-PSMA11 and 68Ga-RM2 PET/MRI Before

and After HIFU Ablation

68Ga-PSMA11 68Ga-RM2

Parameter Whole body Delayed pelvic Whole body Delayed pelvic

Before HIFU, SUVmax 9.51 (6.63–18.50) 8.91 (6.66–18.94) 7.70 (5.67–11.05) 7.48 (4.97–11.51)

After HIFU

SUVmax 2.27 (1.80–2.78) 2.03 (1.80–2.51) 2.55 (2.07–3.48) 2.61 (1.68–2.74)

P 0.001 0.001 0.005 0.006

Before HIFU, SUVpeak 5.04 (3.97–8.84) 5.16 (4.27–9.50) 5.22 (4.15–8.05) 4.96 (4.02–8.57)

After HIFU

SUVpeak 1.96 (1.89–2.31) 2.11 (1.83–2.39) 3.06 (2.85–3.49) 2.81 (2.22–3.08)

P 0.012 0.068 0.026 0.084

Data are median and interquartile range.
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cells has not been investigated yet in a direct comparison. This
prospective study showed that 68Ga-RM2 and 68Ga-PSMA11
PET/MRI are feasible for identification of the target lesion for
HIFU, as well as for evaluation of treatment success. Therefore,
repeated invasive prostate biopsies after HIFU may be avoided in
some men.
Burger et al. were the first to evaluate a very specific subgroup of

patients with residual csPC on biopsy but negative mpMRI results
after HIFU with 68Ga-PSMA11 PET/MRI (23). Six of the 10 pa-
tients were positive on 68Ga-PSMA11, without any false-positives.
The sensitivity, specificity, and positive and negative predictive
values were 55%, 100%, 100%, and 85%, respectively. The authors
concluded that 68Ga-PSMA11 PET/MRI may be able to detect
residual PC not seen on mpMRI after HIFU but acknowledged the
risk of false-negative 68Ga-PSMA11 PET results. In our study, both
68Ga-PSMA11 and 68Ga-RM2 accurately identified the only patient
with residual csPC. 68Ga-PSMA11 also detected 1 patient with non-
aggressive residual disease, missed on 68Ga-RM2. Because our
patient cohort consisted mostly of those with negative mpMRI find-
ings, and those negative for or with nonaggressive residual PC after
HIFU, no direct comparison can be made between the studies.
There are no other studies evaluating the use of 68Ga-PSMA11 or
68Ga-RM2 PET to guide or evaluate focal treatment of PC.
Before HIFU, 68Ga-PSMA11 and 68Ga-RM2 PET/MRI identi-

fied the target tumor in 100% and 86% of cases, respectively.
These results are comparable to recently published detection rates
of 98% and 95% for 68Ga-PSMA11 and 68Ga-RM2, respectively,
in patients with newly diagnosed PC correlated with postprosta-
tectomy pathologic findings (24). Most PET-positive lesions were
concordant between the 2 radiopharmaceuticals. The discordant
uptake pattern reflects the difference in expression pattern between
PSMA and GRPR, which has previously been reported by our
group (17,24,25) and is supported by immunohistochemistry

analyses (26), suggesting that PSMA- and
GRPR-targeting radiopharmaceuticals may
be complementary to each other. mpMRI
was equivocal in 2 residual ncsPC lesions
that PET missed, whereas the csPC residual
and ipsilateral recurrent disease was missed
by mpMRI. The only PI-RADS 4 lesion
correlated to benign prostatic tissue in post-
treatment biopsy. The post-HIFU mpMRI
interpretation is impeded by signal alteration
of the treated area, whereas ipsilateral recur-
rence is particularly difficult to read because
of potential focal hemorrhage, edema, scar
tissue, and central necrosis (10–13).
In the interpretation of post-HIFU 68Ga-

PSMA11 and 68Ga-RM2 PET/MRI, we ob-
served an intense PET signal correlating to
or associated with a widened urethral lumen
on the accompanying MRI, which could be
“pulled” toward the treated area, most likely
because of scar tissue formation after abla-
tion. This has been previously described by
Kirkham et al. as “capacious prostatic cavity
continuous with the urethra” (11) and is
similar to the change in prostate appearance
after transurethral resection (27). This find-
ing suggests that PET/MRI may be better
suited to evaluate HIFU treatment outcome

than mpMRI and PET/CT because of high soft-tissue contrast and
thus better delineation of structural changes and distinguishing of
urinoma with excreted radiotracer from true residual tumor or ipsi-
lateral recurrence.
The patients with Gleason 4 1 3 recurrence subsequently

underwent HIFU ablation. This additional finding suggests that
68Ga-PSMA11 and 68Ga-RM2 PET/MRI may also play a role in
delineating recurrent lesions for HIFU retreatment and therefore in
guiding patient management after HIFU.
PSA decreased significantly after HIFU by 66% within 7 mo,

and the PSA nadir occurred at 6.5 mo. These results are consistent
with other studies reporting that the median time to the PSA nadir
after HIFU varied from 3 to 12 mo, with a PSA reduction of
between 53% and 84% (28–31).
Focal therapies aim to address patients who fall between active

surveillance and radical whole-gland treatment. Finding a cutoff
for when to treat with which modality remains difficult. No clear
guidelines exist on optimal candidates for HIFU, as long-term
results are still lacking. The most recent consensus, from 2017
(32), suggests HIFU for localized disease with low to intermediate
risk; however, more recent trends favor active surveillance over
treatment for low-risk cancers. One interesting finding in our study
was the patient who showed metastatic disease before treatment
but progression after HIFU. This suggests that HIFU is not suit-
able for metastasized-PC patients and supports the importance of
molecular whole-body imaging.
Our study had 3 noteworthy limitations. The first was the small

number of patients. This is common in pilot studies. Second, 1 par-
ticipant lacked posttreatment biopsy and mpMRI, as he is still
awaiting his 1-y follow-up. Delays in patient care due to the study’s
being conducted during the coronavirus disease 2019 pandemic
resulted in a wider time span of post-HIFU evaluations than origi-
nally planned. Third, the relatively short follow-up after HIFU

FIGURE 1. A 62-y-old man with Gleason 3 1 4 PC in right lateral base and Gleason 3 1 3 PC in
right posterior base (A shows color-coded needle tracks from biopsy; green: benign, yellow: Gleason
31 3, red: Gleason$ 31 4). He presented with PSA of 7.0 ng/mL and PSA density of 0.24 ng/mL2.
Pretherapy 68Ga-RM2 (B) and 68Ga-PSMA-11 (C) axial PET/MRI and PET, respectively, show focal
uptake in right prostate lesion (red arrows). This was treated with HIFU, and 6 mo later, uptake
resolved on 68Ga-RM2 (D) and 68Ga-PSMA11 (E) axial PET/MRI and PET, respectively. Focal uptake
in left prostate (blue arrows) was subsequently biopsied and showed nonaggressive PC. U5 urethra
with excreted 68Ga-RM2.

596 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 64 ! No. 4 ! April 2023



prevented us from investigating the correlation of signal loss on
68Ga-RM2 and 68Ga-PSMA11 PET with long-term outcome. How-
ever, the encouraging data presented here warrant larger studies
investigating the role of 68Ga-RM2 and 68Ga-PSMA11 PET/MRI
in focal-therapy patient selection, treatment planning, and follow-
up evaluation.

CONCLUSION

In this pilot study, 68Ga-PSMA11 and 68Ga-RM2 PET/MRI
identified the dominant lesion for HIFU ablation in 100% and
86% of cases, respectively, and accurately verified response to
treatment. Clinically significant residual disease and ipsilateral
recurrences were accurately identified by both radiopharmaceuti-
cals. PET may be a useful tool in the guidance and monitoring of
treatment success in patients receiving focal therapy. Further eval-
uation in larger cohorts is needed to validate these results.
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KEY POINTS

QUESTION: Is the use of 68Ga-PSMA11 and 68Ga-RM2 PET/MRI
feasible to identify the target tumor for HIFU and assess treatment
success in patients with intermediate-risk PC?

PERTINENT FINDINGS: 68Ga-PSMA11 and 68Ga-RM2 PET/MRI
identified the target tumor for HIFU ablation in 100% and 86% of
cases, respectively. Clinically significant residual disease and
ipsilateral recurrences were accurately identified by both
radiopharmaceuticals. 68Ga-PSMA11 additionally detected lymph
node metastases, which ultimately changed patient management.

IMPLICATIONS FOR PATIENT CARE: Use of 68Ga-PSMA11 and
68Ga-RM2 PET/MRI was feasible for monitoring HIFU treatment
success and may avoid repeated biopsies for treatment
verification.
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18F-PSMA Cerenkov Luminescence and Flexible
Autoradiography Imaging in a Prostate Cancer Mouse
Model and First Results of a Radical Prostatectomy
Feasibility Study in Men
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Intraoperative identification of positive resection margins (PRMs) in
high-risk prostate cancer (PC) needs improvement. Cerenkov lumi-
nescence imaging (CLI) with 68Ga-PSMA-11 is promising, although
limited by low residual activity and artificial signals. Here, we aimed to
assess the value of CLI and flexible autoradiography (FAR) with 18F-
PSMA-1007. Methods: Mice bearing subcutaneous PSMA-avid RM1-
PGLS tumors were administered 18F-PSMA-1007, and PET/CT was
performed. After the animals had been killed, organs were excised and
measured signals in CLI and FARCLI were correlated with tracer activity
concentrations (ACs) obtained from PET/CT. For clinical assessment,
7 high-risk PC patients underwent radical prostatectomy immediately
after preoperative 18F-PSMA PET/CT. Contrast-to-noise ratios (CNRs)
were calculated for both imaging modalities in intact specimens and
after incision above the index lesion. Results: In the heterotopic in vivo
mouse model (n5 5), CLI did not detect any lesion. FAR CLI detected a
distinct signal in all mice, with a lowest AC of 7.25 kBq/mL (CNR, 5.48).
After incision above the index lesion of the prostate specimen, no
increased signal was observed at the cancer area in CLI. In contrast,
using FAR CLI, a signal was detectable in 6 of 7 patients. The AC in the
missed index lesion was 1.85 kBq/mL, resulting in a detection limit of at
least 2.06 kBq/mL. Histopathology demonstrated 2 PRMs, neither of
which was predicted by CLI or FAR CLI. Conclusion: 18F-PSMA FAR
CLI was superior to CLI in tracer-related signal detectability. PC was
could be visualized in radical prostatectomy down to 2.06 kBq/mL.
However, the detection of PRMs was limited. Direct anatomic correla-
tion of FAR CLI is challenging because of the scintillator overlay.

KeyWords: flexible autoradiography; Cerenkov luminescence imaging;
prostate cancer; margin assessment
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Negative resection margins are a key component of tumor sur-
gery in curatively intended interventions. Radical prostatectomy (RP)
is one of the treatment options, along with radiotherapy, in men with
localized or locally advanced prostate cancer (PC) (1). Positive resec-
tion margins (PRMs) occur in 11%–38% of patients undergoing RP,
resulting in a higher risk of recurrence and disease-related mortality
by a factor of 3 (2,3).
Preoperative MRI and nomograms have become widely used for

local staging and for prediction of extracapsular extension. Recently,
PSMA PET/CT was also included in the primary diagnosis of high-
risk PC in the guidelines (1). Besides this, the use of intraoperative
frozen section analysis reduces PRMs to 15% for all stages (4–6).
Consequently, there is a wish to accurately detect malignant areas in
real time during RP to ensure complete removal of PC.
For margin assessment, there currently are several newly imple-

mented technologies with promising results, but some lack the large
clinical studies required for subsequent use in clinical routine. Intra-
operative conditions affecting the signal, long imaging times, and com-
parisonwith histopathology results are themain challenges (7,8).
Previously developed g-counters are well established with single-

photon–emitting radionuclides (9). Maurer et al. demonstrated re-
liable identification of small or atypically localized lesions for
99mTc-PSMA–guided surgery. The procedure has proven to be
valuable for the successful intraoperative detection and removal
of metastatic lesions in PC patients scheduled for salvage sur-
gery (10–13).
The same technique has been successfully applied to b1-emitters,

giving way to potentially every radioligand in diagnostic PET/CT to
be used in radioguided surgery (14). Other ex vivo imaging tech-
niques, such as small-animal PET/CT for 3-dimensional analysis of
lesions, which might provide volumetric information about the
removed specimens, currently require further study-based investi-
gation (15). In patients with biochemical recurrence, PSMA PET/
CT demonstrates high accuracy, allowing surgical resection to be
pursued for single lymph node metastases. Recently, the introduc-
tion of a so-called drop-in g-probe has allowed for PSMA-guided
surgery during minimally invasive robot-assisted surgery. Intraopera-
tively, g-probes not only facilitate intraoperative in vivo guidance but
also enable ex vivo measurements to confirm successful resection of
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these metastatic PC lesions, with a specificity of more than 95% for
99mTc-PSMA-I&S (11).
Cerenkov luminescence imaging (CLI) is based on the detection

of photons produced in a dielectric medium, when the medium
interacts with b-particles traveling at a speed greater than the
velocity of light. Cerenkov luminescence comprises predominantly
ultraviolet and blue light, which is highly susceptible to attenua-
tion in biologic tissue, therefore limiting CLI to the detection of
signals emitted in superficial tissue layers (16,17). In the context
of RP, the detected signals can accordingly be indicative of a
PRM (13,14).
The feasibility and safety of 68Ga-PSMA CLI have recently

been demonstrated in RP. However, so far, only feasibility studies
have been described, and larger multicenter randomized trials are
pending. In addition, clinical application without intraoperative
tracer injection is challenged by the short half-life of 68Ga and the
time required for prostate removal (18–20). 18F-PSMA CLI would
easily overcome this restriction with respect to the half-life. How-
ever, 1 limitation for 18F may arise from having a theoretically
26-fold lower Cherenkov light yield compared with 68Ga, which is
caused by the lower b1-energy (21).
An alternative way of generating photons that can be detected

by the same imaging system as in CLI may be introduced by add-
ing a scintillator between the specimen and the detectors. In this
novel approach, called flexible autoradiography (FAR), scintilla-
tions are produced by a micrometers-thick flexible scintillating
film draped over an excised specimen (Supplemental Fig. 1; sup-
plemental materials are available at http://jnm.snmjournals.org).
The physical principle differs from CLI in that the high-energy
b-particles from the radiotracer interact with the scintillator, which
subsequently produces photons in the visible light spectrum. Since
the Cerenkov photons are also detected, this is referred to as FAR
CLI. The main advantage of a flexible scintillation film over con-
ventional rigid autoradiography techniques
is that the former conforms to the shape of
the excised specimen. By maximizing the
contact area, sectioning of the tissue can be
eliminated and signal intensity increased.
The thinness of a flexible scintillator makes
it insensitive to the 18F 511-keV g-photons
(22,23). FAR CLI in an in vitro preclinical
application increased the signal for 18F by
a factor of 11, allowing for further devel-
opment of 18F tracers also in the context of
intraoperative imaging (24). The behavior
of 18F-PSMA CLI and 18F-PSMA-FAR CLI
in human perfused tissue undergoing RP is
unknown.
The primary objective of the study was

to investigate the feasibility of both modal-
ities in RP, with examination of the mini-
mum detectable activity level as a secondary
objective. We first investigated the appli-
cability of both imaging modalities—18F-
PSMA CLI and 18F-PSMA-FAR CLI—in a
mouse model that possesses optical charac-
teristics similar to those of prostate tissue,
and we then translated the findings to RP.
To our knowledge, we are the first to per-
form CLI and FAR CLI using 18F-PSMA in
PC patients.

MATERIALS AND METHODS

To investigate the imaging behavior and minimum detectable activ-
ity concentration (AC) of 18F-PSMA-1007 in CLI and FAR CLI, a
2-step approach was used (Fig. 1). First, multimodal PET/CT (b-Cube/
X-Cube; Molecubes), as well as CLI and FAR CLI imaging with the
LightPath system (Lightpoint Medical Ltd.), was performed on mice
bearing subcutaneous PSMA-avid RM1-PGLS tumors (25). Subse-
quently, the findings were transferred and evaluated in RP. The studies
were formally approved by the North Rhine–Westphalia State Agency for
Nature, Environment, and Consumer (LANUV; Z.81-02.04.2018.A090)
and the local Ethical Committee of the University of Duisburg–Essen
(19-8749-BO). Additionally, a dilution series with 18F-PSMA was pre-
pared and used to measure CLI and FAR CLI in Eppendorf tubes and
assess the device’s performance with respect to linearity and minimum
detectable AC in the absence of tissue.

Preclinical Setup: Mouse Model
RM1-PGLS cells were cultured in Rosewell Park Memorial Institute

1640 medium/10% fetal bovine serum at 37"C and 5% CO2. Contamina-
tion with Mycoplasma was excluded using the Venor GeM Mycoplasma
detection kit (Sigma Aldrich).

Male C57BL/6 mice (5–12 wk old; Charles River) were bred and
housed under pathogen-free conditions, with food and water ad libitum
and a 12 h–12 h light–dark cycle. Eight days before intraperitoneal
injection of 2.61 MBq (range, 2.02–3.06 MBq) of 18F-PSMA-1007,
RM1-PGLS (0.1 3 106 cells in 1:1 Matrigel [Corning]:phosphate-
buffered saline) were injected subcutaneously into the shoulder region
of 5 mice. Small-animal PET/CT was performed 2 h after injection,
and reconstructed ACs were used to correlate the CLI and FAR CLI
signals. Immediately after PET/CT, the mice were killed for CLI
and FAR CLI. The first CLI/FAR CLI imaging set-up included the
whole mouse to visualize both kidneys and the shoulder region in
the LightPath system. The kidneys and tumor tissue were then ex-
cised and reexamined with the LightPath system. The main rationale

FIGURE 1. Study design. (A) Injection of 18F-PSMA into tumor-bearing mice. Two hours afterward,
small-animal PET/CT was performed. Next, CLI and FAR of whole mouse were acquired, followed
by analysis of excised kidneys and PC tissue. (B) In second approach, prostate specimen in patients
undergoing RP was examined, with direct preoperative 18F-PSMA PET/CT. Removal of prostate
was followed by immediate examination of intact prostate specimen and target lesion (after incision)
by CLI and FAR. MIP5maximum-intensity projection.
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for using mouse specimens was that, in principle, they should have
optical characteristics similar to those of the prostate and therefore
provide a more valid surrogate for sensitivity than Eppendorf tubes,
for example (26).

Clinical Setup: RP
Patients with histologically confirmed PC without metastases on

conventional staging were scheduled for RP. On the day of surgery,
18F-PSMA-1007 was injected intravenously for routine PSMA PET
staging before surgery (27). Approximately 60 min after injection,
PET/CT was performed and assessed by dedicated specialists in nuclear
medicine. In the case of high-volume metastatic disease on PET/CT,
same-day surgery would have been cancelled. After PET/CT, RP was
performed by 1 experienced surgeon ahead of extended pelvic lymph
node dissection to minimize signal intensity reduction from radiotracer
decay in the time between 18F-PSMA injection and CLI/FAR CLI
imaging. After retrieval of the prostate, it was rinsed twice to clear any
potential radioactive contamination from blood or urine, followed by
imaging of the entire specimen. Two or 3 images were necessary to
capture all sides of the prostate. MRI-guided incision above the index
lesion was then performed, followed by imaging (CLI and FAR CLI)
of the lesion. This allowed direct examination of the tumor tissue with
assessment of the present luminescence, corresponding to a PRM. On
completion of the investigational imaging, the prostatectomy specimen
was sent for postoperative histopathologic analysis. We recently dem-
onstrated that a single injection of 68Ga-PSMA as part of the PET/CT/
CLI procedure is associated with acceptable occupational exposure
(28). According to the model, the use of 18F-PSMA would increase
occupational exposure comparatively to 68Ga-PSMA, allowing for 117
procedures before reaching the lower occupational yearly limit of
6 mSv. The exposed personnel are continuously monitored in accordance
with the legal requirements. Because of the design of this feasibility
study, the surgical course remained unaffected by the intraoperative im-
aging results, and no further tissue was resected if positive margins were
suspected.

Imaging and Image Analysis
The LightPath system, an in vitro diagnostic device, was used to

visualize the location of 18F-PSMA for CLI and FAR CLI. This system
was further described by Ciarrocchi et al. (29). Both a luminescence
image and a gray-scaled image of the specimen were captured through
the system. Both CLI and FAR CLI were acquired in a standardized
manner, with an acquisition time of 300 s, 8 3 8 binning, and no opti-
cal filter (29). The images had to be acquired in a light-tight chamber.
The 12-mm-thick flexible scintillating film (Lightpoint Medical Ltd.)
used in FAR CLI consisted of a multilayer sandwich construction as
follows: 3 mm of mylar, 6 mm of P43 scintillating phosphor, and 3 mm
of mylar (22).

Background signals and elevated signals
of both imaging modalities were subsequently
analyzed using PMOD (version 3.204; PMOD
Technologies LLC). Mean radiance (photons/s/
cm2/sr) was measured in regions of interest with
a 50% threshold. Two-dimensional regions of
interest were selected in areas showing increased
signal intensity (tumor) or no increased signal
(tissue background) to calculate contrast-to-
noise ratios (CNRs):

CNR5
tumor average2background average

background SD
:

In the absence of increased signal, the cor-
responding MRI-informed target lesion was
contoured. In terms of detectability, foci were

considered sufficiently visible with a CNR of 5 or more, a condition
also referred to as the Rose criterion (30).

Statistical Analysis
Numeric variables were summarized with median values and interquar-

tile ranges, and categoric variables were summarized with proportions
(%). To compare the medians of nonparametric data, the Mann–Whitney
U test was used for 2 groups. The Spearman correlation coefficient was
used for correlation, with significance set at a P value of less than 0.05.
The CLI CNR values were plotted as a function of the measured PET
mean AC (decay-corrected to the time of CLI), and a linear regression
model (least-squares method) was applied, constraining the model to
pass at the origin (i.e., the condition in which there is no tracer, when the
CNR output should be close to zero). Statistical analysis was performed
with SPSS Statistics, version 26 (IBM).

RESULTS

Preclinical Setup: Mouse Model
Our in vitro assay with 18F-PSMA demonstrated activity levels in

Eppendorf tubes of up to 5.46 kBq/mL for CLI and 1.60 kBq/mL
for FAR CLI (Supplemental Fig. 2). Linear regression between AC
and CNR revealed r2 values of 0.91 and 0.85 (both P, 0.0001).
In small-animal PET/CT, the reconstructed median AC 2 h after

tracer administration was 651.72, 608.56, and 52.99, for the left
kidney, right kidney, and PC tissue, respectively. Linear regression
between CLI CNR and the decay-corrected PET AC of the small-
animal PET/CT images 2 h after injection demonstrated r2 values
of 0.92 (P , 0.0001) and 0.62 (P , 0.0001) for the excised organs
and whole mouse, respectively (Fig. 2).
During examination of the whole mouse, visualization of the sub-

cutaneous PC tissue was not possible on CLI in any of the 5 cases.
In FAR CLI, 3 cases showed a weak signal with a minimum AC of
22.16 kBq/mL at a CNR of 7.07. Regarding the examination of
excised PC tissue, on CLI no signal was detectable with a maximum
AC of up to 15 kBq/mL. In contrast, 18F-PSMA uptake could be
visualized by FAR CLI in all 5 PC samples, with a lowest detected
AC and CNR of 7.25 kBq/mL and 5.48, respectively (Fig. 3).
Despite the different detection threshold, there was no statistical dif-
ference between FAR CLI and CLI (P , 0.09), and least-squares
linear regression showed good agreement between the two modali-
ties (r2 5 0.75; P 5 0.05). Direct examination of high ACs revealed
a contiguous uptake region in the kidneys and PC tissue on FAR
CLI. The signal from the PC tumors could be visualized reliably in
the single examination (Supplemental Fig. 3). Consequently, the spe-
cimens were placed farther apart in the subsequent measurements.

FIGURE 2. Linear regression of preclinical CLI with standardized imaging protocol. CNR is plotted
against small-animal PET/CT AC. (A) PET vs. whole-mouse CLI comparison. (B) PET vs. excised
kidneys and PC tissue comparison.
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At time of imaging, there was no significant difference in tracer
AC between CLI and FAR CLI, but there was a significant increase
in the CNR of visible foci (Supplemental Table 1). There was a
strong correlation between a higher AC of the excised kidneys and
PC tissue with a higher CNR, with a Spearman r of 0.783 (P ,

0.001) for CLI and 0.712 (P , 0.001) for FAR CLI. Examination
of the whole mouse also showed a strong correlation, with a Spear-
man r of 0.559 (P , 0.001) for CLI and 0.379 (P 5 0.01) for
FAR CLI.

Clinical Setup: RP
Seven patients were included in this feasibility study, among

whom 6 had a high risk of progression according to the guidelines
of the National Comprehensive Cancer Network (31). Imaging
and patient characteristics are displayed in Table 1.
CLI detected a median of 2 lesions on the prostate surface, 1 of

which was always at the bladder neck, with a median CNR of
33.96 (Table 2). In terms of CNR and number of lesions detected,
there was a significant reduction using FAR CLI (P 5 0.02) at
comparable AC levels. Two patients showed PRMs after histopatho-
logic evaluation. The PRMs consisted once of an International Soci-
ety of Urological Pathology Gleason Grading Group (ISUP-GGG)
of 4 with a diameter of 2 mm. Both CLI and FAR CLI showed no
signal in the corresponding location. The second PRM, with an
ISUP-GGG of 1 and a diameter of 1 mm, also showed no corre-
sponding image morphologic correlate on CLI and FAR CLI. The
PRM was histopathologically located at the right dorsal apex. CLI
and FAR CLI showed a suggestive signal at the right lateral apex
(Supplemental Fig. 4).
After incision over the MRI-informed index lesion, no lumines-

cence on CLI was detectable, with a median CNR of 0.26. The
mean gain in the sensitivity of FAR CLI in comparison to CLI was
evaluated for Eppendorf tubes by calculating the fold increase in
radiance normalized for AC. FAR CLI showed an approximately
2.1-fold radiance enhancement (Supplemental Fig. 5). Median AC at
the time of incision was 3.06 kBq/mL. In contrast, a suggestive
luminescence of PC was detectable in 6 of 7 patients on FAR CLI
(Fig. 4). The AC of the 1 missed index lesion was 1.85 kBq/mL,
resulting in a detection limit of at least 2.06 kBq/mL with a median

CNR of 8.78. Direct anatomic correlation was challenging because
of the scintillator overlay.

DISCUSSION

In mice with subcutaneous PSMA-avid PC, different levels of
AC were evaluated in terms of visualization. Because of the differ-
ence in tracer uptake between kidneys and PC tissue, it was possi-
ble to generate a broad spectrum of signals over time. Previously,
Olde Heuvel et al. described a detection limit of 3.42 kBq/mL for
18F-CLI in vitro (32). Our in vitro assay demonstrated similar find-
ings, with a detection limit in Eppendorf tubes of 5.46 kBq/mL for
CLI and 1.60 kBq/mL for FAR CLI. Such a radiance enhancement
was also reported by Pratt et al., who evaluated nanoparticles in the
presence of b-emitters (33). In contrast, no significant CLI signal
from PC tissue up to 15 kBq/mL was observed in our mouse model.
The discrepancies between in vitro and mouse measurements can be
explained by the absorption (e.g., by hemoglobin) and scattering in
biologic tissues, severely limiting sensitivity (34). On the basis of
our study design with preoperative tracer injection and an estimated
time from injection to prostate examination of approximately 5 h,
ACs above 15 kBq/mL are not expected. In contrast to CLI, FAR
CLI visualized PC tissue up to an activity of 7.25 kBq/mL. A clear

FIGURE 3. Visual detectability of excised kidneys and PC tissue. CNR is
plotted against small-animal PET/CT AC. Highest AC region corresponds
to signals from kidneys, whereas lowest cluster refers to PC signals. Foci
with CNR$ 5 were considered detectable (Rose criterion).

TABLE 1
Nuclear Medicine and Patient Characteristics

Characteristic Data

Imaging

Activity injected (MBq) 312 (280–332)

Tracer activity at PET/CT (kBq/mL) 17.71 (12.46–34)

Activity at CLI (kBq/mL) 3.54 (2.57–6.91)

Time from injection to
CLI/FAR CLI (min)

329 (308–333)

CNR

CLI 0.26 (0–1.5)

FAR CLI 9.13 (4.13–19.23)

Patient

Age (y) 65.14 (63–67)

Initial PSA (ng/mL) 11 (5.1–22)

NCCN risk at biopsy

High risk 6 (86%)

Intermediate risk 1 (14%)

NCCN risk score at final
histopathology

High risk 5 (71%)

Intermediate risk 2 (29%)

Resection status

R1 resection 2 (29%)

R0 resection 5 (71%)

PSA 5 prostate-specific antigen; NCCN 5 National
Comprehensive Cancer Network.

Qualitative data are number and percentage; continuous data
are median and interquartile range.
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discrimination was possible, with a median CNR of 5.48, so that
FAR CLI seems to be a promising modality for low AC levels. We
were able to show that subcutaneous (at ,1 mm depth) PC tumors
could be visualized down to the lowest measured AC of 23.02
kBq/mL on FAR CLI.
Next, we tested FAR CLI in men undergoing RP. This first-in-men

study investigated the feasibility of assessing tumor margin status and
of evaluating minimum detection limits.
After incision, no increased signal on CLI was visible. CLI using

an 18F-PSMA did not provide any useful signals, only lumines-
cence artifacts. In contrast, with the aid of the flexible scintillator,
FAR CLI detected cancer foci. The minimum detectable AC was
2.06 kBq/mL, with a CNR of 10.84. On this basis, good detection
of PRMs should be assumed. However, the use of FAR CLI for
PRM assessment is challenging. PRMs were found in 2 patients. In
1 patient, histology demonstrated a 2-mm positive margin with an
ISUP-GGG of 4 at the left seminal vesicle plateau, but even with
FAR CLI, no signal was visible in this area. The second PRM, with

an ISUP-GGG of 1 and a length of 1 mm, also showed no corre-
sponding correlate on FAR CLI.
Jurrius et al. also investigated the use of FAR to assess resection

margins (23). In the context of breast-conserving surgery with 18F-
FDG, an overall accuracy of 80.5% was shown, with a sensitivity of
46.2%. Although a direct comparison between breast cancer and PC
is difficult, our results do not show the same benefit for FAR CLI.
On the one hand, this may be due to tumor biology; on the other
hand, it may be related to the study design. A major difference is the
timing between tracer injection and measurement of CLI or FAR
CLI activity. In our study, measurements were taken about 2 h later
than in the work of Jurrius et al.
In principle, every radioguided-surgery technique requires a

high CNR, high sensitivity, and user friendliness to provide a net
benefit for patients and surgeons in routine care. CLI provides
good surface contrast but, as has been shown in this report, insuffi-
cient sensitivity at very low activities, mainly because of tissue
light absorption. Although FAR CLI, is able to compensate for the

TABLE 2
Cerenkov Luminescence and Autoradiography Imaging Measurements of Prostatectomy Specimen

with Corresponding Activity Levels

Parameter CLI FAR CLI P

Intact specimen (n 5 7)

Activity (kBq/mL) 3.53 (2.57–6.91) 3.95 (2.16–7.22) NS

CNR 33.96 (15.71–43.29) 6.13 (4.07–21.43) 0.02

Lesions 2 (1–2) 1 (0.5–1) 0.02

Incised specimen (n 5 7)

Activity (kBq/mL) 3.06 (1.98–5.98) 2.8 (2.06–5.72) NS

CNR 0.26 (0–1.5) 9.53 (4.13–19.23) 0.002

CNR 5 contrast-to-noise-ratio; NS 5 not significant.
Data are median and interquartile range. Significance is set at P , 0.05.

FIGURE 4. Images of incised prostate specimens: CLI with overlying gray-scale photographs (top) and FAR CLI (bottom). CLI shows no hot spots
(arrows) in PC lesions seen on FAR CLI (arrows). Artificial signals in CLI and correlating FAR CLI signals are indicated (*). Histopathology proved absence
of PC at surface. FAR CLI in A and B shows good signal, with CNRs of 9.13 and 23.03. FAR CLI in C shows no increased signal detectable in PC, with
activity of 1.85 kBq/mL and corresponding CNR of 3.69. FAR CLI in D shows increased signal, with CNR of 10.84 at activity of 2.06 kBq/mL.
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lack of sensitivity by increasing the net light output per emitted
b-particle, the result is imaged foci that have a lower spatial reso-
lution, making it difficult to discriminate closely adjacent regions
of uptake. Furthermore, because CLI and FAR CLI are highly sen-
sitive to ambient light, measurements can be made only in a light-
tight chamber. This limitation must be considered when designing
further implementations of the system. A possible improvement to
the presented method might be achieved by topical application of
nanoparticles. Pratt et al. described the advantages of Gd2O3 and
Eu2O3, which showed the greatest enhancement in radiance. The
combination of Gd2O3 and Eu2O3 with

68Ga and 18F, respectively,
produced distinct visible emission peaks (33).
Additional limitations of our work deserve further discussion.

In our study setting, 18F-PSMA represents a suboptimal tracer
because of very low activity in the context of RP. Although, in con-
trast to other tracers, the half-life is prolonged, the emitted energy is
lower. Adjustment of the current workflow is necessary to achieve
higher activity levels at the time of RP through optimization of dos-
ing and timing. However, radiation exposure of medical personnel
and patients must be considered, as well as possible negative effects
on specificity. The fact that, in most of the patients, a signal was
detected on FAR CLI after incision demonstrated the feasibility of
18F-PSMA-FAR CLI. When there are suggestive findings, CLI
might subsequently be used for surface assessment. The extent to
which this can be applied clinically remains to be investigated. The
flexible scintillation film is semiopaque and thus obscures the
white-light reference image of the sample, presenting a challenge
for accurate correlation of the FAR CLI signal with the exact ana-
tomic location on the sample.

CONCLUSION

Detection of PC using 18F-PSMA-FAR CLI is possible—even
at low activity levels down to 2.06 kBq/mL. However, anatomic
correlation is difficult and detection of PRMs failed. 18F-PSMA
CLI had no value in this setup.
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KEY POINTS

QUESTION: Are CLI and FAR CLI useful for displaying PC cells
close to or at the surface of prostatectomy specimens?

PERTINENT FINDINGS: In this feasibility study, 7 patients
undergoing RP and an 18F-PSMA PET/CT scan on the same day
were analyzed for suggestive intensity levels. FAR CLI, in contrast
to CLI, was able to clearly highlight PC cells from surrounding
tissue after incision. However, detection of PC in PRMs was not
possible by either modality.

IMPLICATIONS FOR PATIENT CARE: 18F-CLI has no value for
the detection of resection margins in a preoperative 18F-PSMA
administration protocol. 18F-FAR CLI is possible, but without
meaningful clinical benefit.
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Quantitative evaluation of prostate-specific membrane antigen (PSMA)–
targeting PET/CT remains challenging but is urgently needed for the
use of standardized PET-based response criteria, such as the
PSMA PET/CT consensus statement or Response Evaluation Crite-
ria in PSMA PET/CT (RECIP 1.0). A recent study evaluated the prog-
nostic value of whole-body tumor volume using a semiautomatic
method relying on a 50% threshold of lesion SUVmax (PSMATV50). In
the present study, we analyzed the suitability of this approach com-
paring 18F-PSMA-1007 with 68Ga-PSMA-11 PET/CT scans and the
potential of PSMATV50 for the prediction of overall survival (OS) in
patients before 177Lu-PSMA radioligand therapy (RLT). Moreover,
PSMATV50 was integrated into the PSMA PET/CT consensus state-
ment as well as RECIP 1.0, and the prognostic value of these
response classification systems was compared. Methods: This ret-
rospective study included 70 patients with metastatic castration-
resistant prostate cancer undergoing PSMA RLT. Thirty-three
patients were monitored by 68Ga-PSMA-11 PET/CT, and 37 patients
by 18F-PSMA-1007 PET/CT. PET/CT scans before (baseline) and at
the end of PSMA RLT after 2–4 cycles (follow-up) were separately
analyzed by 2 readers. PSMATV50 at baseline and its change at the
time of follow-up (DPSMATV50, expressed as a ratio) were correlated
with OS using Cox proportional-hazards regression. The results of
both subgroups were compared. The integration of DPSMATV50 in
existing response classification systems was evaluated. To assess
and compare the discriminatory strength of these classification sys-
tems, G€onen and Heller concordance probability estimates were
calculated. Results: PSMATV50 determination was technically feasi-
ble in all examinations. A higher PSMATV50 at baseline and a higher
DPSMATV50 were strongly associated with a shorter OS for both
68Ga-PSMA-11 (PSMATV50: hazard ratio [HR] of 1.29 [95% CI,
1.05–1.55], P 5 0.009; DPSMATV50: HR of 1.83 [95% CI, 1.08–3.09],
P 5 0.024) and 18F-PSMA-1007 (PSMATV50: HR of 1.84 [95% CI,
1.13–2.99], P 5 0.014; DPSMATV50: HR of 1.23 [95% CI, 1.04–1.51],
P5 0.03). Response assessment provided high discriminatory power
for OS for the PSMA PET/CT consensus statement (concordance
probability estimate, 0.73) as well as RECIP 1.0 (concordance proba-
bility estimate, 0.74). Conclusion: PSMATV50 and DPSMATV50 proved
to be predictive of OS not only for 68Ga-PSMA-11 but also for
18F-PSMA-1007 PET/CT scans. Subsequent integration of DPSMATV50

into the PSMA PET/CT consensus statement and RECIP 1.0 pro-
vided equally high prognostic value for both classification systems.

KeyWords: radioligand therapy; PSMAPET/CT; PSMATV50; response
assessment; RECIP 1.0
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Prostate-specific membrane antigen (PSMA)–targeting PET/
CT has remarkably advanced the staging of patients with prostate
cancer and has proven to be superior to conventional imaging (1).
Additionally, PSMA PET/CT is also frequently used in the context
of PSMA radioligand therapy (RLT) to assess sufficient PSMA
expression of prostate cancer manifestations before treatment and
to evaluate therapy response (2). However, systematic response
evaluation of PSMA RLT is still based primarily on biochemical
parameters, that is, serum prostate-specific antigen level (3) and
nonstandardized qualitative PSMA PET/CT assessment. With the
emerging clinical significance of PSMA RLT in the management
of prostate cancer (4,5), particularly highlighted by the recently
completed phase III study (6) and the recent approval of 177Lu-
PSMA-617 by the American Food and Drug Administration (7),
an implementation of a reproducible and systematic evaluation
system for PSMA PET/CT is of high interest.
Fanti et al. recently published PSMA PET progression criteria for

general response assessment of prostate cancer treatments, integrating
PSMA PET/CT with clinical and biochemical parameters (8).
Although not yet clinically implemented, these response assessment
criteria were validated for PSMA RLT as reproducible and highly
predictive of overall survival (OS) in a retrospective analysis by our
study group (9) and have been updated by a recently published
PSMA PET/CT consensus statement (10). Therein, the definition of
partial response (PR), stable disease, and progressive disease (PD) of
patients with polymetastatic disease is based on a change in whole-
body tumor volume on PSMA PET/CT. Another promising evalua-
tion system is the recently suggested Response Evaluation Criteria in
PSMA PET/CT (RECIP 1.0) (11), which showed the highest repro-
ducibility and prognostic accuracy in a comparison of 5 different
response criteria (including PSMA PET progression criteria) (12).
Several quantification methods for the assessment of whole-body
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tumor volume have been proposed, mainly using a liver-based thresh-
old on 68Ga-PSMA-11 PET/CT (13–17). However, this approach can-
not be directly transferred to 18F-PSMA-1007 PET/CT because of the
hepatobiliary excretion of this tracer (18). In contrast, Seifert et al.
(19) recently introduced a semiautomatic method using a 50% thresh-
old of lesion SUVmax to assess the whole-body tumor volume
(PSMATV50). As this threshold approach is independent of the differ-
ent physiologic tracer uptake of PSMA-targeting radiopharmaceuti-
cals, it could also be applicable to 18F-PSMA-1007 PET/CT.
The primary objective of this retrospective analysis was to assess

the feasibility and the prognostic value of PSMATV50 for OS in both
68Ga-PSMA-11 PET/CT and 18F-PSMA-1007 PET/CT in patients
with advanced metastatic castration-resistant prostate cancer. In a
second step, PSMATV50 was integrated into the PSMA PET/CT con-
sensus statement and RECIP 1.0 criteria, and the secondary objective
was to compare the prognostic value of these response classification
systems.

MATERIALS AND METHODS

Patient Population
All patients treated with at least 1 cycle of PSMA RLT between July

2015 and October 2020 at our department were screened for eligibility.
PSMA PET/CT scans were performed before PSMA RLT (baseline
PSMAPET/CT) and at the end of therapy after either 2 or 4 cycles (follow-
up PSMA PET/CT). For inclusion, both baseline and follow-up PET/CT
had to be performed in-house with the same PSMA radioligand (68Ga-
PSMA-11 or 18F-PSMA-1007) but not necessarily on the same PET/CT
scanner. Another inclusion criterion was the availability of survival data.
Patients without a follow-up PET/CT scan (i.e., in cases of clinical progres-
sion) were excluded from the analysis. The local institutional review board
approved this study (approval 251/17), and all subjects gave written
informed consent. PSMA RLT was performed on a compassionate-use
basis according to individual tumor board recommendations (20,21).

Treatment and Imaging Protocol
PSMA RLT was performed according to current guidelines (20). The

standard protocol consisted of infusion of 6.0 GBq of 177Lu-PSMA-617
(n 5 59) or 177Lu-PSMA-I&T (n 5 11) (which are of comparable effi-
cacy (20,22)) at an interval of 6–8 wk, with treatment response assessed
by PSMA PET/CT and laboratory data 6–8 wk after the second cycle.
Depending on the response to therapy, PSMA RLT was either continued
with 2 additional cycles, following the same protocol, or discontinued if
there was a good response or clear progression (based on clinical deci-
sion). Whole-body PSMA PET scans were acquired after 1 h (68Ga-
PSMA-11) or 2 h (18F-PSMA-1007) from mid thigh to skull, typically
using a scan duration of 2 min per bed position. Contrast-enhanced diag-
nostic CT with dose modulation (120 kVp, 100–400 mAs) was per-
formed. Scans were acquired on a Vereos digital PET/CT (Philips), a
Gemini TF 64 PET/CT (Philips), or a Gemini TF 16 Big-Bore PET/CT
(Philips) device. Images were reconstructed with a vendor-specific itera-
tive reconstruction algorithm (blob ordered-subset time-of-flight) with 3
iterations and 9 subsets (relaxation parameter, 0.35) and a voxel size of
2 3 2 3 2 mm (Vereos digital) or with 3 iterations and 33 subsets
(relaxation parameter, 0.35) and a voxel size of 23 2 3 2 mm (Gemini
TF 64 and Gemini TF 16 Big-Bore). The spatial resolution of the recon-
structed PET images was about 5 mm (Vereos) and 7 mm (both Gemini
TF devices) in full width at half maximum, respectively. Prostate-
specific antigen levels were assessed directly before administration of
PSMA RLT and at follow-up PSMA PET/CT.

Semiautomatically Quantified Tumor Volume Assessment
68Ga-PSMA-11 PET/CT and 18F-PSMA-1007 PET/CT scans at base-

line and follow-up were retrospectively analyzed by 2 readers with 2 and

4 y of PSMA PET/CT reader experience. Fiji (23) and the Beth Israel plu-
gin (24) were used to calculate whole-body tumor volume. Autosegmen-
tation was used for automatic delineation of PET-positive lesions, that is,
regions of interest. Regions of interest comprising tissue with physiologic
radioligand uptake were carefully removed manually, whereas regions of
interest for pathologic lesions not detected by autosegmentation were
added manually by the reader. In accordance with Seifert et al. (19), indi-
vidual lesions were volumetrically assessed by applying a lesion-specific
threshold of 50% of the local SUVmax to each region of interest. The
summed volumes of all lesions correspond to the whole-body PSMA
tumor volume (PSMATV50, measured in mL). The change in PSMATV50

at follow-up PSMA PET/CT compared with the baseline assessment
(DPSMATV50, expressed as a ratio) was calculated for all individuals.

Response Assessment Using the PSMA PET/CT Consensus
Statement and RECIP 1.0

PET/CT images were retrospectively analyzed by the readers using
the local PACS system DeepUnity Diagnost (Dedalus HealthCare).
According to RECIP 1.0, the appearance of at least 1 new lesion was
noted. After the assessment of interobserver agreement, a final consen-
sus was reached and used for further comparisons in combination with
DPSMATV50. Since all patients in our cohort were polymetastatic, pro-
gression according to the PSMA PET/CT consensus statement was
based solely on an increase in DPSMATV50 of more than 30% and not
on the appearance of new lesions as well, which is proposed for an
early stage of disease. The definitions of disease progression for the
respective criteria are summarized in Table 1.

Statistical Analysis
SPSS, version 24.0.0.0 (IBM), was used for statistical analyses. Data

are presented as mean 6 SD and range. An unpaired t test was used to
assess differences between the characteristics of the 2 subgroups (68Ga-
PSMA-11 PET/CT and 18F-PSMA-1007 PET/CT). An OS landmark
analysis was performed, monitoring the interval between the follow-up
PSMA PET/CT and either death or last follow-up. OS is presented as
median with the 95% CI. To assess interrater reliability for tumor vol-
ume assessment, intraclass correlation coefficient was used, using single
measures, calculated with a 2-way mixed-effect model (intraclass corre-
lation coefficient(3,1)) for absolute agreement. For qualitative response
assessment, the Cohen k was used to assess interrater reliability. The
association of PSMATV50 and DPSMATV50 with OS for each radio-
tracer, as well as for the sum of all patients, was analyzed by Cox
proportional-hazards regression using hazard ratios (HRs). To assess
and compare the discriminatory strength of response classification sys-
tems, G€onen and Heller concordance probability estimates excluding
ties (25) were calculated using R, version 4.2.1, whereas the x2 test with
Cram#er V was used to assess their cross-table correlation. Correspond-
ing Kaplan–Meier-curves were analyzed by log-rank tests. P values of
less than 0.05 were considered statistically significant.

RESULTS

Between July 2015 and October 2020, 70 of 120 patients receiv-
ing PSMA RLT were included in this retrospective analysis. Mean
age was 73.0 6 8.3 y (range, 53–90 y). In total, 196 treatment
cycles were administered, with 43 patients receiving only 2 cycles
and 27 patients receiving 4 cycles. PSMA RLT was stopped after
2 cycles because of either a clear response (clinical, biochemical,
or PET/CT; n 5 27) or respective progression (n 5 16). The mean
and cumulative administered activity was 5.8 6 0.8 GBq (range,
3.0–7.5 GBq) per cycle and 16.1 6 6.0 GBq (6.1–24.6 GBq),
respectively. Detailed patient characteristics are given in Table 2.
Previous 223Ra-dichloride therapy was significantly more prevalent
among patients examined with the formerly used 68Ga-PSMA-11
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(P 5 0.007), as this treatment has in large part been replaced by
PSMA RLT. Apart from that, no significant differences in age,
time since initial diagnosis, serum prostate-specific antigen level
before PSMA RLT, Gleason score, or other previous treatments

were found for the 2 subgroups (68Ga-PSMA-11 and 18F-PSMA-
1007; P . 0.05). The interval between baseline PSMA PET/CT
and application of the first cycle was 45 6 26 d (range, 2–126 d).
The time from baseline PSMA PET/CT to the end of therapy and

TABLE 1
Response Assessment According to PSMA PET/CT Consensus Statement (10) and RECIP 1.0

Response PSMA PET/CT consensus statement RECIP 1.0

PR Decline in tumor volume . 30% No new lesions* and decline in tumor volume . 30%

SD Change in tumor volume # 630% Change in tumor volume of 230% to 120%, or $1 new
lesion* and decline in tumor volume $ 30%, or no
new lesions* and increase in tumor volume $ 20%

PD Polymetastatic prostate cancer: increase
in tumor volume . 30%

$1 new lesion* and increase in tumor volume . 20%

*On either PET or CT images
SD 5 stable disease.
Lesion and tumor volume assessed on PSMA PET.

TABLE 2
Patient Characteristics at Baseline (n 5 70)

Characteristic
All patients
(n 5 70)

Patients with
68Ga-PSMA-11
PET/CT (n 5 33)

Patients with
18F-PSMA-1007
PET/CT (n 5 37) P*

Age (y) 73 (53–90) 72 (53–88) 74 (57–90) 0.383

Time since initial diagnosis (y) 9.0 (0.7–26.9) 9.4 (0.7–22.2) 8.3 (1.2–26.9) 0.609

Prostate-specific antigen (ng/mL) 338.3 (0.1–3,129) 416.1 (0.1–3,129) 269.0 (5.8–2,980) 0.348

Gleason score 0.695

,8 25 (36) 11 (44) 14 (56)

$8 45 (64) 22 (49) 23 (51)

Previous treatment†

Prostatectomy 38 (54) 22 (66) 16 (43) 0.059

Radiotherapy to
prostate/prostate bed

50 (71) 26 (79) 24 (6) 0.449

Androgen deprivation therapy 70 (100) 33 (100) 37 (100) 0.935

Abiraterone 42 (60) 16 (48) 26 (70) 0.063

Enzalutamide 24 (34) 11 (33) 13 (35) 0.874

Docetaxel 40 (57) 18 (54) 22 (59) 0.678

Cabazitaxel 9 (13) 2 (6) 7 (19) 0.109
223Ra-dichloride 9 (13) 8 (24) 1 (3) 0.007‡

Sites of metastatic disease†

Lymph node 56 (80) 30 (91) 26 (70) 0.062

Bone 61 (87) 30 (9) 31 (84) 0.374

Liver 2 (3) 1 (3) 1 (3) 0.935

Lung 15 (21) 9 (27) 6 (16) 0.26

Local recurrence 22 (31) 9 (27) 13 (35) 0.479

Other 13 (19) 3 (9) 10 (27) 0.054

*Difference between patients with 68Ga-PSMA-11 PET/CT and 18F-PSMA-1007 PET/CT according to independent t test or x2 test.
†Multiple namings possible.
‡Statistically significant.
Nominal data are presented as number and percentage; continuous data are presented as mean and range.
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to follow-up PSMA PET/CT was 195 6 66 d (range, 84–346 d)
and 48 6 9 d (range, 29–69 d), respectively. In 33 patients, PSMA
RLT was monitored using 68Ga-PSMA-11 PET/CT, and 37 pa-
tients were examined using 18F-PSMA-1007 PET/CT. Mean
prostate-specific antigen levels at follow-up PSMA PET/CT were
227.0 ng/mL (range, 0.1–1,111.0 ng/mL) for the 68Ga-PSMA-11
group and 394.5 ng/mL (range, 0.15–5,000.0 ng/mL) for the 18F-
PSMA-1007 group.
Determination of PSMATV50 was technically feasible in all 140

examinations (Fig. 1). Interrater agreement for PSMATV50 at both
baseline and follow-up PSMA PET/CT was high for both 68Ga-
PSMA-11 PET/CT (intraclass correlation coefficient(3,1), 0.92 [95%
CI, 0.87–0.95]; P , 0.001) and 18F-PSMA-1007 PET/CT (intraclass
correlation coefficient(3,1), 0.82 [95% CI, 0.72–0.88]; P , 0.001).
Detailed PSMATV50 and interrater data for both radiopharmaceuti-
cals at all time points are given in Supplemental Table 1 (supplemen-
tal materials are available at http://jnm.snmjournals.org). Interrater
agreement on response assessment was very high for both PSMA
PET/CT consensus statement (98.6%; Cohen k 5 0.97, P , 0.001)
and RECIP 1.0 (95.7%; Cohen k 5 0.93, P, 0.001).
Median follow-up (reverse Kaplan–Meier estimator) was 25.0

mo (95% CI, 12.7–37.3 mo) from follow-up PSMA PET/CT.
Median OS was 9.0 mo (95% CI, 8.0–10.0 mo), with 24 patients
(34%) being alive at the last follow-up. There were no therapy-
related deaths documented.

Association of PSMATV50 and DPSMATV50 with OS
A higher PSMATV50 at baseline PSMA PET/CT was significantly

associated with a shorter OS for patients examined with 68Ga-PSMA-
11 PET/CT (n 5 33; HR, 1.29 [95% CI, 1.05–1.55]; P 5 0.009) and
18F-PSMA-1007 PET/CT (n 5 37; HR, 1.84 [95% CI, 1.13–2.99];
P 5 0.014). An increase in PSMATV50 at the follow-up PSMA
PET/CT, resulting in a higher ratio of DPSMATV50 (.1.0), was
strongly associated with a shorter OS for both 68Ga-PSMA-11
PET/CT (n 5 33; HR, 1.83 [95% CI, 1.08–3.09]; P 5 0.024) and
18F-PSMA-1007 PET/CT (n 5 37; HR, 1.23 [95% CI, 1.04–1.51];
P 5 0.03). Taking both radiopharmaceuticals together, the same

association with OS was found for baseline PSMATV50 (n 5 70; HR,
1.48 [95% CI, 1.16–1.90]; P 5 0.002) and for DPSMATV50 (n 5 70;
HR, 1.23 [95% CI, 1.02–1.49]; P5 0.032).

Integration of DPSMATV50 into the PSMA PET/CT Consensus
Statement and RECIP 1.0 Criteria
The PSMA PET/CT consensus statement classified 56% (n 5 39)

of patients as PD, 24% (n 5 17) as stable disease, and 20% (n 5 14)
as PR. Kaplan–Meier analysis revealed a strong association between
PD and shorter median OS compared with non-PD (PR and stable
disease) in median OS (8.0 mo [95% CI, 6.7–9.3 mo] vs. 21.0 mo
[95% CI, 17.9–40.2 mo], P 5 0.002; Fig. 2A) and risk of death (HR,
2.65 [95% CI, 1.37–5.12]; P 5 0.004). At least 2 new lesions
appeared in 57% of patients (n5 40), but this parameter was not inte-
grated into the response classification because all patients were in the
polymetastatic stage of disease. New lesions were seen predominantly
in patients classified as PD (n 5 31, 78%), were less frequent in
patients with stable disease (n 5 7, 17%), and were seen in only 2
cases of PR (5%). According to RECIP 1.0, 53% (n 5 37) of all
patients were categorized as PD, whereas 31% (n 5 22) and 16%

A B

0 5.0

FIGURE 1. Maximum-intensity projections of 68Ga-PSMA-11 (A) and
18F-PSMA-1007 (B) PET scans of patients with metastasized prostate
cancer before PSMA RLT. PSMA-positive prostate cancer lesions were
delineated semiautomatically and highlighted in blue. Lesion-specific
threshold of 50% was used. Intensity-scale bar is SUV.
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FIGURE 2. Kaplan–Meier curves of OS of all patients (n 5 70) classified
by PSMA PET/CT consensus statement (A) and RECIP 1.0 (B).
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(n 5 11) were classified as stable disease and PR, respectively. Of
the 48 patients with at least 1 new lesion on either PET or CT, 77%
(n 5 37) were classified as PD; the remaining 23% (n 5 11) were
classified as stable disease. Kaplan–Meier analysis again showed a
large difference in median OS for patients with PD compared with
non-PD (8.0 mo [95% CI, 6.2–9.8 mo] vs. 18.0 mo [95% CI,
6.1–19.9 mo], P 5 0.001; Fig. 2B) and a significantly higher risk of
death (HR, 2.69 [95% CI, 1.42–5.11]; P 5 0.002). A Kaplan–Meyer
analysis comparing all 3 response groups for both classification sys-
tems is given in Supplemental Figure 1.
Correlation between both systems was very high (x24 5 90.3, P ,

0.001, Cram#er V 5 0.80). Correspondingly, concordance probability
estimates were high for both the PSMA PET/CT consensus state-
ment, at 0.73 (SE, 0.07), and RECIP 1.0, at 0.74 (SE, 0.06). A corre-
sponding cross table comparison is shown in Table 3.

DISCUSSION

68Ga-PSMA-11 PET/CT evaluation at baseline before PSMA
RLT showed a significant association between an increase in
PSMATV50 and shorter OS, which is in line with the findings of Sei-
fert et al. (19), despite the use of a different software solution. For
18F-PSMA-1007 PET/CT, PSMATV50 before PSMA RLT was also a
prognostic biomarker for OS. PSMATV50 should be validated as a
prognostic biomarker before other systemic treatment options (i.e.,
docetaxel or olaparib) and might serve as a decision support for treat-
ment eligibility of patients. Furthermore, the change in PSMATV50

from baseline to follow-up PSMA PET/CT after the end of PSMA
RLT was strongly associated with OS for both tracers. In summary,
irrespective of the PSMA-targeting radiopharmaceutical used,
PSMATV50 appears to be not only a suitable imaging-based biomarker
for a response prediction before PSMA RLT but also a robust
response assessment parameter after PSMA RLT, independent of the
number of administered cycles. Thus, DPSMATV50 could be inte-
grated into existing response classifications and used for systematic,
quantitative, and reproducible response assessment, comparable to,
for example, RECIST (26) for CT, which is necessary for the use of
PSMA PET/CT in clinical trials. In addition, a lesion-specific percent-
age threshold (and its whole-body summary) may be suitable
for different PSMA-targeting radiopharmaceuticals established in
clinical practice (e.g., 68Ga-PSMA-11, 18F-PSMA-1007, 18F-DCFPyL
PSMA, or 18F-rh-PSMA-7) since it does not depend on the (slightly)
different (27) physiologic distribution of the tracers (28).
DPSMATV50 data of all patients were used to assess end-of-

treatment response to PSMA RLT according to the PSMA PET/CT

consensus statement and RECIP 1.0. The correlation between the
classification systems was high. Both provided strong discriminatory
power for OS between progressive and nonprogressive disease. The
exclusion of laboratory criteria and focus on PET data alone, as well
as the emphasis on change in tumor volume shared by both classifi-
cation systems, allow for a simple and highly predictive risk assess-
ment. Interestingly, the appearance of a new PSMA PET–positive
lesion, which is part of RECIP 1.0, was obviously without impact in
this advanced, polymetastatic disease stage. Further research is nec-
essary to compare these classification systems in an early stage of
disease. Notably, 1 patient with a relatively short survival of 4 mo,
who showed an overall decrease in tumor volume of more than 30%
and 2 new PET-negative liver metastases at follow-up, was subse-
quently categorized as PR according to the PSMA PET/CT consen-
sus statement. Although the overall shift in focus away from the
occurrence of new lesions as a solitary criterion prevents overestima-
tion of PD and appears beneficial (12), a solely PET-based definition
of new lesions seems disadvantageous compared with RECIP 1.0
and should be reviewed.
The present analysis has some limitations. First, it is inherently lim-

ited by its retrospective design. Second, the number of treatment cycles
varied between 2 and 4. However, for each individual patient, the end of
therapy was not defined by a fixed number of cycles but rather was
determined by either disease progression or the maximum achievable
therapy response. Third, the comparison of the 2 subgroups (68Ga-
PSMA-11 PET/CT and 18F-PSMA-1007 PET/CT) is not based on a
matched-pair analysis. However, no significant differences in character-
istics between the 2 subgroups were found, and the groups were thus
considered comparable. Fourth, the software solution used for segmenta-
tion (23,24) was developed for 18F-FDG PET and not for PSMA PET.
Nevertheless, assessment of PSMATV50 by 68Ga-PSMA-11 PET/CT
before PSMA RLT was confirmed to be a prognostic imaging-based
marker in line with the findings by Seifert et al. (19). In addition,
PSMATV50 was found to be valid for 18F-PSMA-1007 PET/CT. Last,
despite the semiautomatic approach of PSMATV50 assessment, the pre-
sent study still relied on manual deletion of physiologic tracer uptake,
resulting in multiple manual adjustments, such as in the delineation
of liver metastases (found in only 3% of patients). Broadly available
software solutions based on, for example, user-independent deep-
learning artificial intelligence could overcome this time-consuming
process ($5–10min per scan), achieve a high repeatability of tumor vol-
ume assessment (17), and facilitate clinical adaptability.

CONCLUSION

This study presents PSMATV50 as a prognostic biomarker for OS
before PSMA RLT, as well as its potential as a quantitative end-of-
treatment response marker for patients undergoing PSMA RLT.
Applying a semiautomatic approach, we found that PSMATV50 and
DPSMATV50 were predictive of OS not only for 68Ga-PSMA-11
but also for 18F-PSMA-1007 PET/CT scans. Subsequent integration
of DPSMATV50 in the PSMA PET/CT consensus statement and
RECIP 1.0 provided an equally high prognostic value for both clas-
sification systems. Further research is necessary to compare the
strength of these classification systems in an early stage of disease.
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TABLE 3
Comparison of Response According to PSMA PET/CT

Consensus Statement (10) and RECIP 1.0

RECIP 1.0

PSMA PET/CT consensus statement

PR SD PD

PR 11 (16) 0 0

SD 3 (4) 15 (21) 4 (6)

PD 0 2 (3) 35 (50)

SD 5 stable disease.
Data are number of patients, with percentage in parentheses.
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KEY POINTS

QUESTION: Is semiautomatic, percentage-threshold–based
whole-body tumor volume assessment in PSMA PET/CT a
feasible and meaningful parameter for systematic response
assessment of PSMA RLT?

PERTINENT FINDINGS: For both 68Ga-PSMA-11 or
18F-PSMA-1007—individually as well as together—PSMATV50 at
baseline and its change at the end of PSMA RLT were significant
prognostic markers for OS. Integration of PSMATV50 in the PSMA
PET/CT consensus statement and RECIP 1.0 provided high
prognostic value for both classification systems.

IMPLICATIONS FOR PATIENT CARE: Response assessment
using change in PSMATV50 can complement and possibly enhance
existing PSMA PET/CT response assessment criteria.
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We aimed to investigate the safety and therapeutic efficacy of radioli-
gand therapy (RLT) of 177Lu-EB-prostate-specific membrane antigen
(PSMA) in patients with metastatic castration-resistant prostate cancer.
Methods: Thirty men with progressive metastatic castration-resistant
prostate cancer previously treated with taxane-based chemotherapy
and second-generation androgen deprivation therapy were enrolled.
All patients received up to 3 cycles of approximately 2.0 GBq (55 mCi)
of 177Lu-EB-PSMA per cycle at 8-wk intervals. The primary endpoint
was therapeutic safety, including changes in hematologic status, liver
function, and renal function. An additional primary endpoint was thera-
peutic efficacy, including prostate-specific antigen (PSA) response
and molecular imaging response. The secondary endpoints were PSA
progression-free survival (PFS) and overall survival (OS). Another end-
point was patient-reported health-related quality of life. Results: From
January 2019 to December 2021, 30, 22, and 11 patients received 1, 2,
or 3 cycles of 177Lu-EB-PSMA RLT, respectively. During the entire
follow-up period, 33.3% of patients experienced grade 3 hematologic
adverse events. Seventeen (56.7%) patients achieved a PSA reduction
of at least 50%. Themedian PSA PFSwas 4.6mo (95% CI, 2.7–6.5mo),
and the median OS was 12.6 mo (95% CI, 8.1–17.1 mo). A higher
whole-body PSMA SUVmean correlated with a better PSA response,
higher baseline alkaline phosphatase and larger total PSMA-positive
tumor volumewere associated with worse PSA PFS, and the existence
of visceral metastases and higher PSA value at baseline were signifi-
cant prognosticators of worse OS. Health-related quality-of-life out-
comes improved significantly after 177Lu-EB-PSMA RLT. Conclusion:
RLT based on approximately 2.0 GBq of 177Lu-EB-PSMA for up to 3
cycles may achieve a PSA response and hematologic toxicity compa-
rable to those from 7.4-GBq doses of 177Lu-PSMA-617 for up to 4–6
cycles. Further studies with more cycles of 177Lu-EB-PSMA RLT are
needed to evaluate the potential benefits in terms of PFS and OS.

Key Words: 177Lu-EB-PSMA; radioligand therapy; metastatic
castration-resistant prostate cancer (mCRPC); Evans blue; albumin
binding
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Treatment of metastatic castration-resistant prostate cancer
(mCRPC) remains a huge challenge for urologists and oncologists.
Radioligand therapy (RLT) targeting prostate-specific membrane
antigen (PSMA) has attracted interest as a potential treatment
modality for mCRPC. The phase 3 VISION trial demonstrated
that RLT based on 177Lu-PSMA-617 plus standard care significantly
extended imaging-based progression-free survival (PFS) and overall
survival (OS) versus standard care alone in patients with advanced
PSMA-positive mCRPC (1). Additionally, some phase 2 trials
revealed that 177Lu-PSMA-617 therapy achieved a better serum
prostate-specific antigen (PSA) response and fewer grade 3–4
adverse events in the treatment of mCRPC than cabazitaxel (2)
and docetaxel (3). Given these remarkable results, PSMA-targeted
radioligand therapy (PRLT) seems to be a promising treatment
modality for mCRPC. On March 23, 2022, the U.S. Food and Drug
Administration approved Pluvicto (177Lu-PSMA-617; Novartis) to
treat men with PSMA-positive mCRPC who have been treated with
androgen receptor pathway inhibition and taxane-based chemother-
apy (4), representing a significant advance in the theranostics of
prostate cancer.
Currently, PRLT is based mainly on small-molecule inhibitors,

such as PSMA-617 and PSMA I&T (5,6). Previous studies have
reported no significant difference in safety and efficacy between
177Lu-PSMA-617 and 177Lu-PSMA I&T (7,8). However, radiola-
beled small molecules targeting PSMA are cleared quickly from
the blood (9). Therefore, PRLT based on both PSMA-617 and
PSMA I&T requires high doses, which may cause obvious sys-
temic toxicity, require more radiation protection, and lead to a
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large financial burden. We conjugated a truncated Evans blue
(EB) molecule and DOTA chelator onto PSMA-617 and labeled it
with 177Lu to obtain a new radiopharmaceutical, 177Lu-EB-PSMA
(10). EB can bind to albumin to slow its plasma clearance rate,
thereby increasing tumor accumulation and reducing the total dose
of 177Lu. Because of the limited supply of 177Lu, 177Lu-EB-PSMA
may be an option to consider by which more patients may benefit.
In a previous dosimetry study, Zang et al. demonstrated that the
tumor-accumulated radioactivity of 177Lu-EB-PSMA was about
3.02-fold higher than that of 177Lu-PSMA-617, and a single low
dose of 177Lu-EB-PSMA RLT revealed that the tumor uptake of
68Ga-PSMA-617 in patients was decreased more significantly than the
same dose of 177Lu-PSMA-617 RLT. However, the red bone marrow
and kidneys also showed higher uptake for 177Lu-EB-PSMA than for
177Lu-PSMA-617 (9). Subsequently, Zang et al. conducted an esca-
lating dose study, which revealed that 2.12 6 0.19 GBq (57.3 6
5.1 mCi) per dose of 177Lu-EB-PSMA exhibited relatively high
efficacy and acceptable side effects (11). All these studies sug-
gested 177Lu-EB-PSMA to be a promising alternative radiopharma-
ceutical in PRLT against mCRPC.
This prospective trial was designed to further assess the safety and

therapeutic efficacy of low-dose 177Lu-EB-PSMA, in doses of approx-
imately 2.0 GBq (55mCi) for up to 3 cycles, in patients with mCRPC.

MATERIALS AND METHODS

The study was approved by the Institutional Review Board of Peking
Union Medical College Hospital, the Chinese Academy of Medical
Sciences, and Peking Union Medical College (approval JS-2105) and
was registered at ClinicalTrials.gov (NCT04996602).

Patients
Participants who met the inclusion criteria (as stated in the supple-

mental materials, available at http://jnm.snmjournals.org) underwent
68Ga-PSMA-617 and 18F-FDG PET/CT within 2 wk before PRLT to
confirm high PSMA expression, which was defined as most tumors’
($80%) having a baseline SUVmax significantly ($1.5 times) greater
than the SUVmean of the normal liver. Patients were excluded if they had
an 18F-FDG–positive tumor without corresponding PSMA uptake (3,12).

PET/CT Imaging
The 68Ga-PSMA-617 and 18F-FDG PET/CT acquisitions were per-

formed as previously described (13).
The images were transferred to MIM software (version 7.1.4; MIM

Software Inc.). The volume of interest for the tumor was segmented
using PET Edge (MIM Software Inc.), a gradient-based segmentation
algorithm with an SUV threshold of at least 3.0. For segmentation of
liver metastases, a threshold of 1.5 times the SUVmean of the normal
liver tissue was used (14–16). Total lesion PSMA (TLP) was calcu-
lated through the summed product of total PSMA-positive tumor volume
(PSMA-VOL) times the SUVmean of all tumors. Whole-body PSMA
SUVmean was calculated through dividing TLP by PSMA-VOL.

Treatment Regimen and Follow-up
The median administered activity per cycle was 2.0 GBq (range,

1.9–2.2 GBq). The radiopharmaceutical was diluted into 100 mL of
normal saline and slowly administered intravenously to the patient
within 30–60 min. Before 177Lu-EB-PSMA administration, all patients
accepted intravenous hydration with normal saline for 30 min, and the
salivary glands were cooled with an ice pack for 30 min to minimize
dry mouth syndrome. Each patient received up to 3 cycles of 177Lu-
EB-PSMA RLT at 8-wk intervals.

Hematologic status was assessed every 2 wk after the injection of
177Lu-EB-PSMA; liver function, renal function, and serum PSA values

were documented every 4 wk. Short-term follow-up ended at 10 wk
after the last cycle of PRLT. Long-term follow-up with laboratory test-
ing ended at the time of death from any cause, the start of another treat-
ment modality, or the latest study visit. 68Ga-PSMA-617 PET/CT
reexaminations were performed 1 wk before the administration of
177Lu-EB-PSMA and 8 wk after the last treatment cycle. In addition,
patient-reported health-related quality of life was assessed using the
European Organization for Research and Treatment of Cancer Quality-
of-Life Questionnaire, which includes 30 items related to functioning
and symptom scales, within 1 wk before each cycle of therapy and at
the 8 wk after the final treatment session.

Outcomes
The first primary endpoint was adverse events, which were catego-

rized according to the Common Toxicity Criteria for Adverse Events,
version 5.0 (11). The second primary endpoint was best PSA response
based on the Prostate Cancer Clinical Trials Working group 3 guide-
lines, which defined a PSA decrease of at least 50% from baseline as
partial response (PR), a PSA increase of at least 25% as progressive dis-
ease (PD), and a PSA increase of less than 25% or a decrease of less
than 50% as stable disease. The third primary endpoint was molecular
imaging response according to the adapted PET Response Criteria in
Solid Tumors (PERCIST), version 1.0, and Response Evaluation Crite-
ria in PSMA PET/CT (RECIP), version 1.0. In the former, a complete
response was defined as complete disappearance of TLP from target
tumors on 68Ga-PSMA-617 PET/CT compared with the baseline scan, a
PR was defined as at least a 30% decrease in the TLP of target tumors
without the appearance of new lesions, a PD was defined as at least a
30% increase in the TLP of target tumors or the appearance of new
lesions, and stable disease was defined as a TLP increase of less than
30% or a TLP decrease of less than 30% and no appearance of new
lesions (15,17). In RECIP, a complete response was defined as absence
of any PSMA ligand uptake, PR was defined as at least a 30% decline in
PSMA-VOL and no appearance of new lesions, PD was defined as at
least a 20% increase in PSMA-VOL and the appearance of new lesions,
and stable disease was defined as any condition but RECIP-PR or
RECIP-PD (18).

The secondary endpoints were PSA PFS andOS. PSA PFSwas defined
as the interval from the date of patient enrollment to PSA progression,
which was defined as an increase of at least 25% and at least 2 ng/mL after
12 wk (2,12,19). OS was defined as the interval from the date of patient
enrollment to death from any cause or the last study visit (1,15). Another
endpoint was health-related quality-of-life assessment (2).

RESULTS

Demographic and Clinical Characteristics
Thirty patients were enrolled. Data on PSA response rate and toxic

side effects for the first 10 patients were previously published (11).
The first cycle of PRLT was performed in January 2019, and the last
177Lu-EB-PSMA therapy session was in December 2021. The date of
the last follow-up was August 20, 2022. In total, 22 and 11 patients
received 2 and 3 cycles of 177Lu-EB-PSMA RLT, respectively. The
reasons for not completing all 3 cycles as scheduled were non–tumor-
related death for 1 patient (3.3%), disease progression for 5 patients
(16.7%), severe side effects for 3 patients (10.0%), withdrawal from
the study for 2 patients (6.6%), and quarantine measures during the
novel coronavirus disease 2019 pandemic for 8 patients (26.7%).
Detailed patient characteristics and flowcharts are shown in Supple-
mental Table 1 and Figure 1, respectively.

Safety
All patients tolerated approximately a 2.0-GBq (55 mCi) dose

of 177Lu-EB-PSMA well; there were no immediate adverse effects
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recorded during administration and no treatment-related deaths.
One death occurred 7 wk after the first cycle of therapy because of
non–treatment-related respiratory aspiration.
The most common toxic effects were fatigue, dry mouth, and nau-

sea, which were recorded in 16 (53.3%), 12 (40.0%), and 12 (40.0%)
patients, respectively. These adverse events, however, were classified
as exclusively grade 1–2 and usually did not require additional inter-
ventions. In addition, 9 (30.0%) patients experienced temporary
ostealgia, 3 (10.0%) patients developed mild diarrhea, and 2 (6.7%)
patients reported temporary appetite loss. There were no noticeable
fluctuations in liver function at any point during the entire follow-up
for any enrolled patients. No patients had renal adverse events during
short-term follow-up. During long-term follow-up, however, 1 patient
had a grade 2 renal adverse event (increased serum creatinine) at
16 wk after the third cycle of 177Lu-EB-PSMA PRLT, 1 patient had a
grade 1 renal adverse event at 18 wk after the second cycle of PRLT,
and 1 patient had a grade 1 renal adverse event at 24 wk after the third
cycle of PRLT.
Hematologic toxicity was the most serious side effect and caused

3 (10.0%) patients to drop out of the clinical trial. During short-term
follow-up, 24 (80.0%) patients developed grade 1–2 adverse events
and 9 (30.0%) patients developed grade 3 adverse events at 4–6 wk
after PRLT. During long-term follow-up, 1 patient had additional
grade 3 thrombocytopenia at 16 wk after the third cycle of PRLT.
No patients experienced grade 4 adverse events. Details are shown
in Supplemental Table 2.

Therapeutic Response
The primary endpoint of a PSA reduction of 50% or more from

baseline was achieved in 17 (56.7%; 95% CI, 37.8%–75.5%)

patients over all cycles of 177Lu-EB-PSMA RLT, with 23 (76.7%;
95% CI, 60.6%–92.7%) patients showing any decline in PSA
level. After the first cycle of 177Lu-EB-PSMA RLT, 10 (33.3%;
95% CI, 15.4%–51.2%) patients demonstrated at least a 50% PSA
decline, with 20 (66.6%; 95% CI, 48.8%–84.6%) patients showing
any decline in PSA level. Supplemental Figure 1 shows the water-
fall plots of the percentage change in PSA response compared
with baseline after the first cycle of 177Lu-EB-PSMA RLT and the
best PSA response rate for all courses.

During the first, second, and third observation cycles of PRLT, 27,
18, and 10 patients, respectively, underwent 68Ga-PSMA PET/CT on
schedule. For adapted PERCIST, after the first cycle of treatment,
14 (51.9%) patients achieved PR, 7 (25.9%) patients had stable disease,
and 6 (22.2%) patients had PD. After the second cycle of PRLT, 11
(61.1%), 4 (22.2%), and 3 (16.7%) patients had PR, stable disease, and
PD, respectively. After the last cycle of PRLT, 6 (60.0%), 3 (30.0%),
and 1 (10.0%) patients had PR, stable disease, and PD, respectively.
Regarding RECIP, after the first cycle of PRLT, 13 (48.1%) patients
achieved PR, 9 (33.3%) patients had stable disease, and 5 (18.5%)
patients had PD. After the second cycle of PRLT, 10 (55.5%),
5 (27.8%), and 3 (16.7%) patients had PR, stable disease, and PD,
respectively. After the third cycle of PRLT, 5 (50.0%), 4 (40.0%),
and 1 (10.0%) patients had PR, stable disease, and PD, respectively.
The baseline TLP had a moderate correlation with baseline serum

PSA level (r5 0.578, P5 0.001), and there was a strong association
between change in (D) TLP and DPSA in patients during the matched
cycle of PRLT (r5 0.709, P, 0.001). Similarly, the baseline PSMA-
VOL also had a moderate correlation with baseline PSA (r 5 0.584,
P 5 0.001), and there was a moderate association between DPSMA-
VOL and DPSA in patients during the matched cycle of PRLT (r 5
0.587, P5 0.001), as shown in Figures 2 and 3. A higher whole-body
PSMASUVmean (odds ratio, 2.085 [95%CI, 1.131–3.843];P5 0.009)
and higher baseline TLP (odds ratio, 1.102 [95% CI, 1.008–1.205];
P5 0.032) were closely associated with the best PSA response. How-
ever, multivariable analysis revealed that only a higher whole-body
PSMASUVmean (odds ratio, 1.977 [95%CI, 1.014–3.855];P5 0.043)
was predictive of the best PSA response.

PSA PFS and OS
At a median follow-up of 23.8 mo, PSA progression occurred in

all 29 (96.7%) patients (except for 1 death), and 22 (73.3%) patients
had died. The median PSA PFS was 4.6 mo (95% CI, 2.7–6.5 mo),
and the median OS was 12.6 mo (95% CI, 8.1–17.1 mo), as shown
in Figure 4.
Univariate analysis of potential predictive factors for PSA PFS

showed that higher baseline alkaline phosphatase (ALP) (hazard
ratio [HR], 1.005 [95% CI, 1.001–1.008]; P 5 0.006) and higher
baseline PSMA-VOL (HR, 1.026 [95% CI, 1.003–1.083]; P 5
0.015) were closely associated with worse PSA PFS. Multivariable
analysis revealed that baseline ALP (HR, 1.006 [95% CI, 1.001–
1.011]; P 5 0.010) and baseline PSMA-VOL (HR, 1.047 [95%
CI, 0.972–1.092]; P 5 0.026) also remained predictive of PSA
PFS, as shown in Figure 5.
The presence of visceral disease (HR, 0.059 [95% CI, 0.011–

0.317]; P 5 0.001), higher baseline PSA (HR, 1.003 [95% CI,
1.001–1.004]; P 5 0.001), and higher baseline TLP (HR, 1.078
[95% CI, 1.025–1.134]; P 5 0.023) were closely associated with
worse OS. Multivariable analysis revealed that the presence of vis-
ceral disease (HR, 0.101 [95% CI, 0.024–0.437]; P 5 0.002) and
baseline PSA (HR, 1.002 [95% CI, 1.000–1.003]; P 5 0.039)
were predictive factors for OS, as shown in Figure 5.

FIGURE 1. Flowchart of patient enrollment process and follow-up.
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Quality of Life
We summarized the health-related quality-of-life scores, as shown

in Supplemental Table 3. The baseline assessment was completed by

all 30 participants. Subsequently, 29, 21, and
11 men completed the same assessments
after 1, 2, and 3 cycles of 177Lu-EB-PSMA
RLT, respectively.
Overall, physical functioning and global

health status improved significantly after 2
cycles of PRLT, and the mean pain severity
score decreased from baseline. After the first
cycle of 177Lu-EB-PSMA RLT, there was a
transient increase in fatigue and appetite loss
scores, but no statistically significant differ-
ence was found between baseline and cycles
2 or 3.

DISCUSSION

We conducted a clinical study to verify the
safety and therapeutic efficacy of 177Lu-EB-
PSMA at approximately 2.0 GBq (55 mCi)
per cycle in a 30-person cohort with mCRPC.
Our study exhibited a 50% or higher PSA
decline from baseline in 56.7% of patients
undergoing 177Lu-EB-PSMA RLT, as well
as exhibiting significantly improved health-
related quality-of-life scores, whereas a
high rate of hematologic toxicity was also
observed.

Sartor et al. conducted a phase 3 trial
to assess the efficacy and safety of 177Lu-

PSMA-617 RLT (7.4 GBq every 6 wk for 4–6 cycles) in patients
with mCRPC and reported that adverse events of grade 3 or above
occurred in 52.7% of patients (1). Another clinical trial (TheraP), con-
ducted by Hofman et al., compared 177Lu-PSMA-617 (6.0–8.5 GBq

FIGURE 2. Correlations of baseline TLP with baseline PSA (A), DTLP and DPSA in patients during
matched cycle of PRLT (B), baseline PSMA-VOL and baseline PSA (C), and DPSMA-VOL and DPSA
in patients during matched cycle of PRLT (D).

FIGURE 3. Representative molecular imaging and PSA responses in 2
patients before and 8 wk after 177Lu-EB-PSMA therapy. FIGURE 4. Kaplan–Meier curves of PSA PFS (A) and OS (B).
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every 6 wk for up to 6 cycles) with cabazitaxel in patients with
mCRPC and showed that 32 of 98 (32.7%) patients had grade 3–4
adverse events in the 177Lu-PSMA-617 group (2). Previous studies
have confirmed that the kidney- and red bone marrow–accumulated
radioactivities of 177Lu-EB-PSMA were about 6.51-fold and 6.13-
fold higher, respectively, than those of 177Lu-PSMA-617. On the
basis of the dosimetry of 177Lu-EB-PSMA to red bone marrow and
kidneys, as well as the respective maximum tolerated doses of
2 Gy and 23–29 Gy (9,20), respectively, similar mCRPC patients
can accept up to 5–6 cycles of 177Lu-EB-PSMA RLT with approxi-
mately 2.0 GBq (55 mCi) per cycle. In our study, no renal adverse
event was observed during short-term follow-up, and 3 grade 1–2
adverse events occurred at long-term follow-up. Importantly, 33.3%
of patients had grade 3 hematologic events within up to 3 cycles
of PRLT, which was comparable to 7.4-GBq (200 mCi) doses of
177Lu-PSMA-617 for up to 4–6 cycles; this result suggests that
future studies with larger samples and more cycles ($4) of treat-
ment must be carefully performed.
Regarding PSA response, the clinical trial conducted by Sartor

et al. reported a PSA decrease of at least 50% in 177 of 385 (46.0%)
patients (1). A systematic review also reported that approximately
46.0% of mCRPC patients achieved a PSA decrease of at least 50%
after at least 1 cycle of RLT (177Lu-PSMA-617 or 177Lu-PSMA-I&T)
(21). It is encouraging that 177Lu-EB-PSMA at a third or fourth of
the dose of 177Lu-PSMA-617 can achieve a comparable best PSA
response rate (56.7%). A previous study reported that more PRLT
cycles may be associated with a higher proportion of patients who

achieve the best PSA responses (21). In this study, we performed
an average of only 2 cycles of PRLT, which may reduce the real
therapeutic efficacy of 177Lu-EB-PSMA. In addition, the median
PSA PFS and OS in our study were 4.6 mo (95% CI, 2.7–6.5 mo)
and 12.6 mo (95% CI, 8.1–17.1 mo), respectively. Hofman et al. (12)
revealed a median PSA PFS of 7.6 mo (95% CI, 6.3–9.0 mo) and
a median OS of 13.5 mo (95% CI, 10.4–22.7 mo) in their 177Lu-
PSMA trial (177Lu-PSMA-617, 7.4 GBq every 6 wk for up to 4
cycles). Satapathy et al. compared 177Lu-PSMA-617 (6.0–7.4 GBq
every 8 wk for up to 4 cycles) with docetaxel in patients with
mCRPC and reported a median PFS of 4.0 mo (95% CI, 1.8–6.2 mo)
(3). In addition, Sartor et al. revealed a median OS of 15.3 mo (1).
Quite a few studies confirmed that prior chemotherapy and visceral
metastasis correlated with worse time-to-event outcomes after PRLT
(22–24). In our study, all patients received chemotherapy before
PRLT, and 30.0% of patients were diagnosed with visceral metasta-
sis, which may partly contribute to relatively shorter PSA PFS and
OS. Another important reason may be that some patients did not
complete their established treatment plans because of the coronavirus
disease 2019 pandemic. Of course, these speculations need to be fur-
ther confirmed in subsequent studies.
We analyzed the possible predictors of treatment response and

prognosis and found that whole-body PSMA SUVmean was an
independent predictor of the best PSA response, and this was con-
firmed by some previous studies (14,25,26). At present, most clini-
cal trials on PRLT use PSMA PET/CT to screen participants, and
the SUVmax of the tumor is the most common evaluation parame-
ter. However, whole-body PSMA SUVmean may be more suitable
than SUVmax to assess the heterogeneity of PSMA expression in
mCRPC patients. In addition, a previous dosimetry study demon-
strated that whole-body PSMA SUVmean was associated with the
average absorbed radiation dose and therapeutic response (27).
Hence, we suggest that whole-body PSMA SUVmean may be a
better biomarker for guiding enrollment screening in future stud-
ies. A higher baseline ALP and larger PSMA-VOL correlated
with worse PSA PFS, as is consistent with other studies (14,28).
A higher ALP and larger PSMA-VOL indicate a higher tumor
burden, especially bone metastases. Therefore, it is biologically
plausible that ALP and PSMA-VOL are significant prognostica-
tors of PSA PFS. Finally, visceral metastasis and baseline PSA
were negative predictive factors for OS, as also agrees with previ-
ous studies (22,29–32). All these findings are valuable in guiding
future PRLT.
In this study, the molecular imaging response was assessed by

68Ga-PSMA-617 PET/CT based on adapted PERCIST and RECIP.
We observed that baseline TLP and PSMA-VOL had a moderate
correlation with baseline PSA. In addition, we found a strong cor-
relation between DTLP and DPSA and a moderate association
between DPSMA-VOL and DPSA in patients during the matched
cycle of PRLT. Recently, some researchers confirmed that evaluating
PSMA response with PET had value even better than that of RECIST
and the adapted Prostate Cancer Clinical Trials Working Group 3
Criteria (33–35). In our study, some parameters derived from PSMA
PET, such as whole-body PSMA SUVmean and PSMA-VOL, also
correlated significantly with therapeutic response evaluation and
PSA PFS. Hence, we believe that PSMA PET should be used not
only for screening patients based on the inclusion criteria but
also for restaging disease during the course of PRLT to standardize
PSMA-driven response assessments in patients with mCRPC.

FIGURE 5. Kaplan–Meier curves of PSA PFS and OS using log-rank
comparison. Patients with higher baseline ALP (A) and larger baseline
PSMA-VOL (B) showed worse PSA PFS. Patients with visceral metastasis
(C) and higher baseline PSA (D) showed worse OS.
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Our study had some limitations. The most notable issue was the
limited number of participants and treatment cycles. In particular,
more than half the patients did not complete the established 3 cycles
of treatment for various reasons. The second limitation is the lack of
a control group for standard RLT with 177Lu-PSMA-617, as com-
paring the therapeutic value of 177Lu-EB-PSMA with the published
literature might lead to some bias. Larger studies are needed to val-
idate these results.
Even so, this prospective study demonstrated the potential value

of 177Lu-EB-PSMA in the treatment of mCRPC. In other words, it
is feasible to reduce the dose of each injection and optimize the
use of 177Lu by improving the internal pharmacokinetics of the
therapeutic drug, although the resulting systemic toxicity should
be closely monitored.

CONCLUSION

Our study demonstrated that 177Lu-EB-PSMA may be an alter-
native radiopharmaceutical in the therapy of mCRPC. A low dose
($2.0 GBq) of 177Lu-EB-PSMA for up to 3 cycles may reach a
PSA response rate and hematologic toxicity comparable to those
from 7.4 GBq per cycle of 177Lu-PSMA-617 for up to 4–6 cycles.
In our study, shorter PFS and OS may be attributed partly to fewer
cycles of 177Lu-EB-PSMA RLT. Further studies with increased
numbers of patients and more cycles of treatment are warranted.
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KEY POINTS

QUESTION: Is RLT based on a low dose of 177Lu-EB-PSMA safe
and efficacious?

PERTINENT FINDINGS: A 2.0-GBq (55 mCi) dose of
177Lu-EB-PSMA for up to 3 cycles achieved acceptable side
effects and therapeutic response.

IMPLICATIONS FOR PATIENT CARE: RLT based on low-dose
177Lu-EB-PSMA may be a promising therapeutic option for
patients with mCRPC.
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A growing family of 68Ga-fibroblast activation protein inhibitor (FAPI)
PET probes has shown promise in imaging a variety of medical condi-
tions. 68Ga-FAPI-46, in particular, has emerged as unique for both its
diagnostic and its theranostic applications; however, the optimal tim-
ing of PET remains unclear. Therefore, we evaluated uptake at 3 time
points after 68Ga-FAPI-46 administration in a spectrum of tumor types.
Methods: The cohort consisted of 43 patients with diverse cancer
diagnoses undergoing 68Ga-FAPI-46 PET/CT at 3 time points (10min,
1 h, and 3 h). We determined the tracer uptake based on SUVmean

and SUVmax and on tumor-to-background-ratios (TBRs) (SUVmax/
SUVmean). Results: There were 171 lesions in the 43 patients. Com-
paring all lesions at different time points, the mean SUVmax was maxi-
mal at 10min (8.2) and declined slightly at 1h (8.15) and 3h (7.6) after
tracer administration. Similarly, the mean SUVmax log still had a
similar pattern in primary lesions at 10min, 1 h, and 3h (n530; 0.98,
1.01, and 0.98, respectively), lymph node metastases (n537; 0.82,
0.84, and 0.81, respectively), and distant metastases (n5 104; 0.81,
0.79, and 0.74, respectively). TBR also showed nonsignificant differ-
ences at the 3 times. Conclusion: 68Ga-FAPI-46 PET/CT imaging
revealed remarkably stable tumor and background uptake as deter-
mined by SUVmetrics andmaintained high TBRs within 3h of injection.
Thus, it may be possible to scan with 68Ga-FAPI-46 within 10–20min of
injection, improvingworkflow and decreasing patient wait times. Confir-
mation of these findings in a larger cohort is under way.

Key Words: FAPI; fibroblast activation protein; PET; PET/CT; 3-time-
point

J Nucl Med 2023; 64:618–622
DOI: 10.2967/jnumed.122.264941

Reliable staging tools are vital for oncologic management.
Molecular imaging probes have been advancing rapidly and are capa-
ble of detecting cancer with high sensitivity. Fibroblast activation
protein (FAP) is expressed by cancer-associated fibroblasts in many
cancer types and is implicated in tumor cell migration, invasion, cell

TABLE 1
Various Tumor Entities in 43 Patients

Tumor type Patients (n)

Sarcoma 2

Anal cancer 4

Colorectal cancer 6

Lung cancer 11

Pancreatic cancer 5

Esophageal cancer 2

Head and neck cancer 3

Adrenocortical carcinoma 3

Breast cancer 2

Ovarian cancer 1

Bladder cancer 1

Lymphoma 1

Prostate cancer 1

Neuroblastoma 1

FIGURE 1. Biodistribution SUVmax of
68Ga-FAPI-46 PET at 3 time points

in normal organs vs. all tumor lesions.
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signaling, and tumor angiogenesis (1–3). FAP therefore represents an
interesting target for new molecular imaging and therapeutic agents.
The development of a quinoline-based FAP inhibitor (FAPI) with
high affinity for FAP represents an opportunity to exploit this target
for PET imaging (4). Such radiolabeled quinoline-based ligands have
shown promising results in previous studies (5–7).
By convention, most molecular imaging agents are scanned 1 h

after injection. Likewise, for FAP imaging, most of the previously
published studies involved acquiring static PET images 1 h after
injection (7). However, there are conflicting reports in the litera-
ture about optimal incubation times for FAPI agents, and no con-
clusive data have been published (8–12). In this investigation, we
compared different incubation times of the agent 68Ga-FAPI-46 in
different cancers at 3 time points: 10min, 1 h, and 3 h.

MATERIALS AND METHODS

Patient Cohort
This was a retrospective study of 43 patients with various malignan-

cies who underwent 68Ga-FAPI-46 PET/CT. The tumor types are sum-
marized in Table 1. All imaging was performed at a single center, and all
patients were referred by their attending oncologist or radiation oncolo-
gist for 1 of 3 reasons: to improve delineation of the target volume for

radiotherapy planning, to restage because of ambiguous findings on con-
ventional imaging, or to follow up. All patients gave written informed
consent to undergo 68Ga-FAPI PET/CT on an individual-patient basis
following national regulations and the declaration of Helsinki. The
radiopharmaceutical was synthesized and labeled according to the Ger-
man Pharmaceutical Act, §13(2b). The data were analyzed retrospec-
tively with the approval of the local ethics committee (S016/2018).

Radiopharmaceuticals and 68Ga-FAP-46 PET/CT Imaging
68Ga-FAPI-46 was synthesized and labeled as previously described

(13). A non–contrast-enhanced low-dose CT scan (130 keV, 30 mAs,
CareDose; reconstructed with a soft-tissue kernel to a slice thickness of
5 mm) and a Biograph mCT Flow scanner (Siemens) were used for
imaging. All PET scans were acquired in 3-dimensional mode (matrix,
200 3 200). Each patient underwent PET/CT imaging at 3 time points
after radiotracer injection: 10min, 1 h, and 3 h. Patients were evaluated
for adverse effects at several times during the examination, and vital
signs were monitored until 30min after the end of the examination.

Image Evaluation
Tracer uptake and biodistribution were quantified by SUVmax and

SUVmean at 10min, 1 h, and 3 h after injection of 68Ga-FAPI-46 (Fig. 1).
For SUV calculation, e.soft software (Siemens) was used to manually
draw circular volumes of interest around tumor lesions on transaxial
slices at 1 h and were automatically transferred to the images obtained at
10min and 3 h, using a 3-dimensional volume of interest at a 60% iso-
contour. Normal organs were evaluated with a 1-cm-diameter (for small
organs: thyroid, parotid gland, myocardium, oral mucosa, spinal cord,
and ovary) or 2-cm-diameter (brain, muscle, liver, pancreas, spleen, kid-
ney, fat, aortic lumen content, lung, mammary gland, and endometrium)
spheric region of interest (ROI) placed completely inside the organ
parenchyma. For quantification of image contrast, tumor-to-background
ratios (TBRs) were calculated. The formula was calculated using the geo-
metric mean of the quotients of lesion tissue (SUVmax) to background tis-
sue (SUVmean). Liver tissue, oral mucosa, fat, and gluteal muscle were
chosen as background tissue. The 68Ga-FAPI PET/CT scans were ana-
lyzed in consensus by a board-certified radiologist, a board-certified radi-
ation oncologist, and 2 board-certified nuclear medicine physicians.

Statistics
Descriptive analyses of patients and their tumors were performed.

We determined SUVs using the median, arithmetic mean, SD and loga-
rithm of SUVs to minimize potential mistakes during arithmetic mean
calculations. The SUVs and SUV logs were distributed normally; there-
fore, a 2-sided t test with paired samples was used to compare 68Ga-
FAPI-46 SUVs in primary cancer, lymph node metastases, and distant
metastases at the 3 time points. A P value of less than 0.05 was defined

FIGURE 2. Tumor uptake (SUVmax log) through time points (10 min, 1 h,
and 3 h) in all lesions (n5 171), primary lesions (n5 30), lymph node
metastases (n537), and distant metastases (n5 104).
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FIGURE 3. Box plot of 68Ga-FAPI-46 PET distribution through time points (10 min, 1 h, and 3 h), with uptake (SUVmax log) by primary lesions (A), lymph
node metastases (B), and distant metastases (C).
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as statistically significant. All statistical analyses were performed using
Excel (version 16.16; Microsoft) for Mac (Apple).

RESULTS

Study Population
Our data consisted of 43 patients with various malignancies, who

are summarized in Table 1. Lesions consisted of primary cancers or
tumor relapse (n5 30), lymphatic metastases (n5 37), and distant
metastases (n5 104). The following tumor entities were included:
lung cancer (n5 11); colorectal cancer (n5 6); pancreatic cancer
(n5 5); anal cancer (n5 4); adrenocortical carcinoma (n5 3); head
and neck cancer (n5 3); sarcoma, breast cancer, and ovarian cancer
(n5 2); and bladder cancer, neuroblastoma, lymphoma, and pros-
tate cancer (n5 1) (Table 1).

Biodistribution in Normal Organs
The biodistribution of 68Ga-FAPI-46 in normal organs is shown in

Figure 1, with stable low background activity; a mean SUVmax of 1.6,
1.3, and 1.2, at 10 min, 1 h, and 3 h, respectively; and a mean SUVmean

of 1.2, 1.0, 0.9, at 10 min, 1 h, and 3 h, respectively.
Biodistribution in normal organs decreased slightly from the

10-min to 3-h time points; however, no significant difference in
SUVmax was observed among all normal organs (10min vs. 3 h;
P5 5.5, n5 806). The highest uptake in normal organs was always
obtained on the first (10 min) scan, except for fat tissue. The overall

highest uptake was in the oral mucosa and
thyroid tissue. Thus, within the oral mucosa,
the mean SUVmax at 10 min, 1 h, and 3 h
was 2.7, 2.2, and 1.6, respectively, whereas
for thyroid tissue it was 2.6, 1.9, and 1.6,
respectively. The lowest tracer uptake was
in the brain, where mean SUVmax was 0.1,
0.1, and 0.1, respectively (Fig. 1).

Tumor Uptake
There were 171 lesions detected. All

lesions were detected at all time points. At
10 min, 1 h, and 3 h, the mean SUVmax log
was 0.98, 1.0, and 0.98, respectively, for
primary lesions and local relapse (n5 30);
0.82, 0.84, and 0.80, respectively, for lymph
node metastases (n5 37); and 0.81, 0.78,
and 0.74, respectively, for distant metasta-

ses (n5 104). No significant difference was seen. The analysis of
primary lesions or local relapse showed no significant difference in
SUVmax at the 3 time points in 2-way comparisons (10min vs. 1 h,
P5 0.2; 10min vs. 3 h, P5 0.98; and 1 h vs. 3 h, P5 0.2). The analy-
sis of lymph node metastases (n5 37) showed increased tumor uptake
at 1 h compared with the other 2 time points, with a significant differ-
ence for the comparison between 1 and 3h (P5 0.02). There were no
significant differences in SUVmax at other time points (10min vs. 1 h,
P5 0.26; 10min vs. 3 h, P5 0.66). The analysis of distant metastases
showed a significant decrease in tumor uptake through the time points.
The highest tumor uptake was observed at 10min (10min vs. 1 h,
P5 0.02; 10min vs. 3 h, P5 3.05E25; 1 h vs. 3 h, P5 1.27E25)
(Figs. 2 and 3). Two examples of patients with tumors with similar
uptake on 68Ga-FAPI-46 scans at the 3 time points are shown in Fig-
ures 4 and 5.

TBRs
Most background tissues showed a decrease in SUVmax and

SUVmean at longer incubation times, with the exception of fat tissue,
which, at 10 min, 1 h, and 3 h, had a low SUVmax of 0.32, 0.44, and
0.44, respectively, and brain parenchyma, with an SUVmax of 0.09,
0.13, and 0.1, respectively. As expected, the primary and local
relapse lesions demonstrated excellent contrast with normal tissue,
and this contrast increased through the time points except for TBR
versus fat tissue. Increased TBR could also be measured in lymph

nodes and distant metastases except for
tumor-to-fat ratios, which slightly
decreased (Fig. 6). High TBRs were seen in
primary and local relapse lesions versus fat
tissue even after 3 h.

Quantifying 68Ga-FAPI-46 Uptake in
Different Types of Tumors
The highest average SUVmax (.20) in

68Ga-FAPI-46 scans was in primary lesions.
The highest SUVmaxwas in esophageal can-
cer (27.5; 3 h) and primary bladder cancer
(29.2; 3 h). The highest SUVmax among all
lymph node metastases was in esophageal
lymph node metastases (19.5; 3 h). Among
the distant metastases, breast cancer metas-
tases demonstrated the highest SUVmax

(15.7; 10 min) (Fig. 7).

10 min p.i. 1 h p.i. 3 h p.i.

10 min
SUVmax 17.8

SUVmean 12.8

1 h
SUVmax 23.4

SUVmean 16.6

3 h
SUVmax 27.5

SUVmean 19.6

0

9

SU
V

FIGURE 4. Case example of 63-y-old patient with esophageal cancer. 68Ga-FAPI-46 PET/CT was
performed for irradiation planning before definitive radiochemotherapy. 68Ga-FAPI-46 PET was per-
formed (10 min, 1 h, and 3 h) after injection (p.i.).

10 min p.i. 1 h p.i. 3 h p.i.

10 min
SUVmax 21.7

SUVmean 16.6

1 h
SUVmax 17.2

SUVmean 12.4

3 h
SUVmax 14.0

SUVmean 10.0

9

0

SU
V

FIGURE 5. Case example of 60-y-old patient with pancreatic cancer. 68Ga-FAPI-46 PET/CT was
performed because of suspected recurrent mass in pancreatic head on ultrasound. 68Ga-FAPI-46
PET was performed (10 min, 1 h, and 3 h) after injection (p.i.).
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DISCUSSION

The aim of this study was to evaluate the optimal uptake time for
68Ga-FAPI-46 based on time points between 10min and 3 h after
injection. The SUVmax for

68Ga-FAPI-46 was remarkably stable at
all 3 time points, although the 10-min time point generally had a
slightly higher SUVmax. The detection rate of tumors was equal at all
time points, implying that a diagnostic study can be achieved by
10min after injection, which will have implications for patient
throughput and decreased patient waiting times in the nuclear medi-
cine department. Our study had findings similar to a previous analysis
of 68Ga-FAPI PET acquisitions at 5 time points earlier than 60min
regarding the best time for diagnostic imaging (14). However, because
of the similar detection rate between 10min and 1h after injection and
a slightly higher tumor uptake at the 10min time point, we recom-
mend 10–20min after injection as the best time point for diagnostic
imaging acquisition instead of 30–40min after injection (14).
The steady uptake of 68Ga-FAPI-46 also has implications for its

use as a targeted theranostic agent for which high dose delivery
will be achieved early and will be maintained over at least several
hours (15). Meanwhile, background uptake, largely responsible for
toxicity in targeted treatments, appears to clear rapidly over 3 h,
resulting in high TBRs consistent with prior reports (4,13).

68Ga-FAPI-46 is one of many FAPI derivatives but appears to
have several desirable features, including high affinity for the target

and biologic stability (13,16). 68Ga-FAPI-46 showed no significant
washout between 10min and 3 h, in comparison to other FAPI
derivatives such as FAPI-02 and FAPI-04, which in a previous
study showed 75% and 25% washout at 3 h after injection, respec-
tively (17), making 68Ga-FAPI-46 more valuable. Although that
study (17) had a limited patient cohort, all 3 FAPI derivatives
showed similar biodistributions und high TBRs between 10min
and 3 h.

68Ga-FAPI-46 uptake was compared in primary lesions, lymph
node metastases, and distant metastases in a spectrum of cancer types.
The SUVmax log decreased over time in all stages of disease, and the
TBR commensurately increased over the same period because of
background washout. The findings were consistent regardless of the
stage of the cancer lesion. These findings confirm prior studies show-
ing similar results in a variety of cancers (8,11,18–20). It is expected
that there will be minor differences in various single-institution stud-
ies because of differences in the composition of the patient cohort
and types of tumor. Hu et al. found similar results using 2 related
derivatives of FAPI: 18F-FAPI-42 and 68Ga-FAPI-04 (9).
The TBRs obtained in this study were based on various background

tissues including muscle, oral mucosa, and liver. In each case, the
TBR increased as expected through time. This finding is in line with
similar previous studies (11,18). The highest TBR is seen with com-
parisons of the tumor to fat tissue, resulting in very high values even
up to 3h after injection. The highly favorable TBR obtained with

FIGURE 6. TBR through time points (10 min, 1 h, and 3 h) for tumor (primary/release; n 5 30) (A), lymph node metastases (n 5 37) (B), and distant
metastases (n5 104) (C). LN5 lymph node; M5 distant metastases.
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FIGURE 7. 68Ga-FAPI-46 mean SUVmax in various tumor entities: primary/relapse tumors (n5 30) (A), lymph node metastases (n5 37) (B), and distant
metastases (n 5 104) (C). ACC 5 adrenocortical carcinoma; BC 5 bronchial carcinoma; CA 5 cancer; CRC 5 colorectal cancer; mama 5 mammary
gland.
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FAPI agents in general and 68Ga-FAPI-46 specifically stands in con-
trast to the highly variable TBR obtained with 18F-FDG PET scans.
This study had several limitations. Because of the limited num-

ber of patients, no reliable comparisons among tumor types was
possible. False-positive findings in nontumorous lesions or inflam-
mation, such as in the pancreas, could have influenced the results
since histologic validation was not possible for all lesions. How-
ever, all patients were known to have extensive cancer based on
conventional imaging, and it is highly likely that most lesions
measured in this study were cancers.

CONCLUSION

We found that 68Ga-FAPI-46 is a robust FAPI-targeting mole-
cule that is highly reliable for diagnostic imaging as early as
10min after injection. This result might have important implica-
tions for improving workflow and decreasing wait times in nuclear
medicine departments, compared with more traditional PET agents
such as 18F-FDG PET. The results also suggest that 68Ga-FAPI-46
might be an excellent theranostic agent, as it binds to its target
soon after injection and maintains a high level of uptake over sev-
eral hours while steadily decreasing background activity.
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KEY POINTS

QUESTION: What is the tumor residence of 68Ga-FAPI-46 from
10min to 3h after injection in various cancers?

PERTINENT FINDINGS: 68Ga-FAPI-46 is characterized by rapid
and persistent tumor residence from 10min to up to 3 h, enabling
robust TBRs.

IMPLICATIONS FOR PATIENT CARE: 68Ga-FAPI-46 has rapid
uptake in different tumor entities and is retained in the tumor for
3h after injection, findings that impact imaging procedures and
also possible future theranostic applications of FAP ligands.
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The predominant radiotracer in oncologic PET is 18F-FDG, to
the point that many clinicians refer to 18F-FDG PET scans simply as
“PET scans.” Numerous other radiotracers have been studied but
only somatostatin receptor–targeted agents and prostate-specific mem-
brane antigen (PSMA) have been widely adopted, specific tracers
largely used in neuroendocrine and prostate cancers, respectively.

18F-FDG uptake is not simply a marker of tumor glucose metab-
olism but also reflects a complex interplay of metabolism in the
stroma and immune infiltrate, hypoxic microenvironment, and
other dysregulated metabolic pathways. Despite the complex and
variable etiology of 18F-FDG uptake, 18F-FDG PET has a definite
place in the staging, prognostication, and treatment response assess-
ment in a broad range of malignancies. With precision medicine and
molecularly targeted therapies, an unmet need exists for functional
imaging techniques to provide biologic insights beyond glucose
metabolism. Several malignancies have intrinsically low 18F-FDG
avidity or are poorly imaged with 18F-FDG PET due to high back-
ground uptake, for example, in the brain.
Malignant tissues are complex and heterogeneous, consisting of

neoplastic cells and tumor microenvironment comprising stroma
(including several types of fibroblasts), neovasculature, and immu-
nomodulatory cells. Tumor microenvironment may play a vital
role in invasiveness, metastatic potential, and evading immune reg-
ulation. Imaging stromal components of tumors is very attractive,
not only in overcoming some limitations of 18F-FDG PET, but also
in providing complementary or new biologic insights. Among targets
that image tumor microenvironment, a particularly exciting one is
fibroblast activation protein (FAP), a quinolone-based compound
that is overexpressed in a subpopulation of cancer-associated fibro-
blasts (CAFs) in a wide range of malignancies (1).
There are several FAP inhibitor (FAPI) compounds available. A

comparison among a few of these showed that FAPI-46 showed
higher tumor-to-background ratio and higher uptake in malignant
and inflammatory lesions (2). In the recent study, Naeimi et al. (3)

performed FAPI-46 PET in various tumor types and confirmed
early uptake of FAPI-46. Uptake in malignant lesions occurred
early but also demonstrated some heterogeneity, with no signifi-
cant difference in the SUVmax log at 10min and 3 h for uptake in
primary but nodal uptake increased at 1 h, and uptake in the metas-
tases was highest at 10min. The rapid FAPI uptake in a variety of
tumors with low background tissue uptake leads to the attractive
possibility that FAPI PET may potentially complement or replace
conventional 18F-FDG PET in the future.
Another practical advantages to FAPI PET over conventional

18F-FDG PET is lack of dietary requirements and uptake indepen-
dent of blood glucose levels, a particular advantage for imaging of
diabetic patients. The possibility of early imaging if combined with
simultaneous whole-body PET technology is attractive for patient
convenience and throughput with a favorable dosimetry (4).

FAPI may have a major complementary role in tumor types and
anatomic sites at which 18F-FDG is known to have reduced sensi-
tivity, not least in the diagnostic setting in which lesion detection
is of paramount importance. High FAPI radiopharmaceutical uptake
has been demonstrated in certain tumors of the gastrointestinal tract
(5,6), peritoneal disease (7), and biliary tract tumors (8) in contrast
to 18F-FDG. A significant strength of FAPI imaging is low physio-
logic uptake in most organs, leading to high target to background
even if these lesions do not show absolute higher avidity for FAP
than 18F-FDG. This is especially true for cerebral lesions where
physiologic uptake limits lesion detection with 18F-FDG PET.
FAPI imaging is not without pitfalls. There is high uptake and

similar retention of FAPI in inflammatory and malignant pro-
cesses, leading to potential false-positive interpretations without
careful attention to the clinical context and accompanying anatomic
information of the CT component of the scan. With 18F-FDG, this
could be partly overcome with delayed imaging where inflamma-
tory processes show washout and in general lower avidity. FAPI
uptake in inflammatory lesions appears mostly stable over time (2).
A crucial aspect that needs to be addressed is the extent and dura-
tion of FAPI uptake after surgery or radiation. Differentiation of
viable tumor from inflammatory or fibrotic processes could be chal-
lenging when undertaking FAPI posttherapy assessments.
There is vast literature supporting 18F-FDG PET, particularly in

treatment response assessment and prognosis. There are early data
on the prognostic value of FAPI avidity (9), but clearly larger
studies in multiple tumor types are needed. Response assessment
on 18F-FDG PET is a major prognostic factor and guides adaptive
management in many conditions such as lymphomas. There are a
dearth of response assessment data with FAPI.
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Oncologic 18F-FDG PET is broadly accepted in the clinical com-
munity and reimbursed by health-care providing agencies. It would
be meaningful to generate evidence for FAP-targeted PET to better
characterize tumor biology or in areas in which 18F-FDG has short-
comings rather than replicating the entire volume of data available
with 18F-FDG. The economics of FAP-based tracers is bound to have
an influence in its acceptance in routine practice. There is currently
no literature on cost-benefit analysis of FAPI-based imaging.
Interestingly, FAP-targeted imaging is also being evaluated in

nonmalignant cardiac, pulmonary, and rheumatologic conditions
and early data appear promising.
Unlike 18F-FDG, FAP-targeting radiopharmaceuticals have thera-

nostic potential. The newer cyclic peptide compound FAP-2286 has
higher affinity, retention, and internalization than linear compound
FAPI-46 (10). Interestingly, a study by Fendler et al. (11) shows that
only a minority of tumors demonstrate high FAPI avidity (SUVmax

. 10 in 18%) if this were considered as a predictor of dose delivered
by radionuclide therapy. G3/4 hematologic toxicities, possibly related
to the isotope, occurred in more than 30% with 90Y-FAPI–mediated
therapy partly attributable to the isotope (11,12). An early study with
177Lu-FAP-2286 showed G3 toxicities in 3 of 11 patients and no G4
toxicity (13). The safety profile of 177Lu-FAP-2286 is being evalu-
ated further in clinical trials (14).
Simultaneous targeting of both tumor cells and CAFs (15), or

delivering a cocktail of isotopes are areas for future research. Bi-
specific agents could offer simultaneous targeting of tumor and
microenvironment. Clinical translation is awaited.
In conclusion, FAP-targeted imaging raises exciting opportunities

with ease of patient preparation and favorable radiation dosimetry.
Rapid uptake and high tumor-to-background ratio allow early im-
aging. Given the large volume of evidence with 18F-FDG in diagno-
sis, prognostication, and response assessment, FAP-based imaging
may be better approached, at least initially, as an agent comple-
mentary to 18F-FDG, with specific applications. FAP-based therapy
could substantially broaden the theranostics landscape.
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This prospective study examinedwhether imaging results obtained using
the tracer 18F-AlF-NOTA-fibroblast activation protein inhibitor (FAPI)-04
(denoted as 18F-FAPI-04) in PET/CT can predict the short-term outcome
in patients with locally advanced esophageal squamous cell carcinoma
(LA-ESCC) treated with concurrent chemoradiotherapy (CCRT).
Methods: The 18 enrolled LA-ESCC patients underwent 18F-FAPI-04
PET/CT scanning before CCRT. The SUVmax, SUVmean, SUVpeak, meta-
bolic tumor volume, and total lesion fibroblast activation protein expres-
sion of the primary tumor were recorded. Additionally, the SUVmax of the
primary tumor and SUVmean of normal tissue (muscle and blood) were
measured, and their ratios were denoted as target-to-background ratios
(TBRmuscle and TBRblood). Patients were classified as responders or non-
responders according to RECIST (version 1.1), and variables were com-
pared between the 2 groups. Results: The TBRblood, TBRmuscle, and
SUVmean were significantly higher in nonresponders than in responders
(all P , 0.05). Receiver-operating-characteristic curve analysis identified
TBRblood (area under the curve [AUC], 0.883; P 5 0.008), TBRmuscle

(AUC, 0.896; P5 0.006) and SUVmean (AUC, 0.870; P5 0.010) as sig-
nificant predictors of the response to CCRT, with cutoffs of 10.68,
10.95, and 6.88, respectively. The sensitivity, specificity, positive pre-
dictive value, negative predictive value, and accuracy were also deter-
mined for TBRblood (100.0%, 72.7%, 66.7%, 88.9%, and 77.8%,
respectively), TBRmuscle (100.0%, 72.7%, 66.7%, 88.9%, and 77.8%,
respectively), and SUVmean (85.7%, 81.8%, 75.0%, 90.0%, and
83.3%, respectively). On univariate logistic regression analysis,
TBRblood (P5 0.026), TBRmuscle (P5 0.036), SUVmean (P5 0.045), and
tumor site (P5 0.032) were significantly correlated with the short-term
outcome. On multivariable logistic regression analysis, TBRblood (P 5

0.046) was an independent prognostic factor for short-term outcome.
Conclusion: A higher baseline TBRblood on

18F-FAPI-04 PET/CT scans
was associated with a poor response to CCRT in LA-ESCC patients,
and thus, TBRblood may be useful for screening LA-ESCC patients
before CCRT treatment.

Key Words: fibroblast activation protein; PET; concurrent chemora-
diotherapy; esophageal squamous cell carcinoma
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Esophageal cancer is one of the most common malignant
tumors of the digestive system in the world, ranking seventh in
terms of incidence and sixth in mortality overall in 2020 (1,2).
Squamous cell carcinoma is the main histologic type of esophageal
cancer in central and southeast Asia (3), and radical concurrent che-
moradiotherapy (CCRT) has been recognized by the Radiation
Therapy Oncology Group as the first-line treatment for locally
advanced esophageal squamous cell carcinoma (LA-ESCC) (4).
Fibroblast activation protein (FAP) is a member of the dipeptidyl

peptidase 4 protein family and has both endopeptidase and dipeptidyl
peptidase activities. FAP is highly expressed in the stromal fibro-
blasts of more than 90% of epithelial carcinomas (5–7). Research
has shown that high expression of FAP in the stromal fibroblasts of
breast cancer, colon cancer, esophageal cancer, and other malignant
tumors is related to poor prognosis (8–11). As a means of visualizing
FAP expression, a previous study demonstrated that uptake of FAP
inhibitor (FAPI) can accurately reflect the biologic distribution of
FAP (12). In addition, use of a FAPI-based tracer, 68Ga-DOTA-
FAPI-04, in PET/CT was able to clearly identify 12 types of malig-
nant tumors with favorable tumor-to-background contrast (12). We
previously performed a pilot clinical study in which 18F-FAPI-04, a
novel tracer, was proven to be safe and to offer high specificity for
FAP imaging (13). Accordingly, to some extent, parameters on 18F-
FAPI-04 PET/CT are expected to predict the outcome of CCRT.
However, the efficacy of 68Ga-FAPI/18F-FAPI-04 PET/CT for the
prediction of treatment response needed to be verified by prospective
studies.
The aim of the present study was to identify imaging parameters

that can predict tumor response to CCRT by comparing 18F-FAPI-
04 PET/CT parameters between LA-ESCC patients classified as
responders and nonresponders. The ability to identify patients with
a poor prognosis in advance via imaging will help to realize indi-
vidualized treatment of tumors.

MATERIALS AND METHODS

Patient Cohort
Potentially eligible LA-ESCC patients were recruited in Shandong Can-

cer Hospital and Institute from June 2021 to February 2022 (Table 1). All
patients volunteered to participate in this prospective study and gave writ-
ten informed consent. The study was approved by the local ethics commit-
tee of Shandong Cancer Hospital and Institute.
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Patients were enrolled according to the following criteria: histopathol-
ogically confirmed esophageal squamous cell carcinoma (T3$4N0$
2M0$1); an age of at least 18 y; an Eastern Cooperative Oncology
Group score of no more than 1; the presence of measurable primary
tumors according to RECIST (version 1.1); readiness to undergo CCRT
without prior surgery, chemotherapy, or radiotherapy for thoracic tumors;
and 18F-FAPI-04 PET/CT scanning performed before CCRT. The exclu-
sion criteria included pregnancy or breastfeeding and unwillingness to
participate. A flowchart of the study design is shown in Figure 1.

CCRT
Patients were scanned within 1 wk before the start of CCRT. The

total radiotherapy dose ranged from 50.4 to 60 Gy, and intensity-
modulated radiotherapy was delivered to all patients with megavoltage
equipment (6 MV). Radiotherapy was given as the conventionally

fractionated regimen, 1.8–2.0 Gy for 5 d per week. The specific che-
motherapy regimens that followed are listed in Supplemental Table 1
(supplemental materials are available at http://jnm.snmjournals.org).

18F-FAPI-04 PET/CT Scanning
18F-FAPI-04 was synthesized as described previously (14). Patients

were not required to fast or undergo blood glucose measurement before
scanning. After receiving an intravenous injection of 18F-FAPI-04
(4.81 MBq/kg), the patients rested for approximately 1 h. Scanning was
then performed with an integrated in-line PET/CT system (Gemini TF
Big Bore; Philips Healthcare). Whole-body CT scans were obtained
using a low-dose protocol (300 mAs, 120 kV, 512 3 512 matrix, rota-
tion time of 1.0 s, and pitch index of 0.688; reconstructed with a soft-
tissue kernel to a slice thickness of 2 mm) for attenuation correction.
PET data were acquired in 3-dimensional mode using a 200 3 200
matrix with an imaging time of 1 min per bed position. During image
acquisition, the patients maintained normal shallow breathing. Subse-
quently, after attenuation correction (Body-ctac-SB. Lstcln, Biograph
3-dimensional iterative reconstruction software, time-of-flight correc-
tion), we reviewed the PET, CT, and PET/CT images.

Imaging Analysis
The attenuation-corrected PET images, CT images, and PET/CT

images, displayed as coronal, sagittal, and transaxial slices, were
viewed and analyzed on a Nuclear Medicine Information System (Bei-
jing Mozi Healthcare Ltd.). Two experienced nuclear medicine physi-
cians visually assessed the 18F-FAPI-04 PET/CT images and reached
consensus on interpretations for primary and metastatic tumors.
Regions of interest were drawn around tumor lesions with higher uptake
in transaxial sections, and 18F-FAPI-04 PET/CT parameters were gener-
ated by an automated 3-dimensional contouring program with a 30% iso-
contour. The uptake values within regions of interest were normalized to
the injected dose per kilogram of patient body weight to derive the
SUVs, according to the following formula: [measured activity concentra-
tion (Bq/mL) 3 body weight (g)]/injected activity (Bq). Regions of
interest were drawn around the primary tumor lesion, and the obtained
parameters, including SUVmax, SUVmean, SUVpeak, metabolic tumor
volume (MTV), and total lesion FAP expression, were generated by an
automated contouring program provided by the vendor. We also measured
the SUVmean of 1-cm

3 areas in the pulmonary aortic trunk and erector spi-
nae. Then, the ratio of the SUVmax of the primary tumor to the SUVmean

TABLE 1
Characteristics of Enrolled LA-ESCC Patients (n 5 18)

Characteristic Patients (n)

Age (y)

.60 12 (66.67%)

#60 6 (33.33%)

Sex

Male 12 (66.67%)

Female 6 (33.33%)

Eastern Cooperative Oncology Group score

0 11 (61.11%)

1 7 (38.89%)

T stage

T2 1 (5.56%)

T3 14 (77.78%)

T4 3 (16.67%)

N stage

N0 5 (27.78%)

N1 8 (44.44%)

N2 5 (27.78%)

Tumor site

Cervical 3 (16.67%)

Upper 4 (22.22%)

Middle 2 (11.11%)

Lower 9 (50.00%)

Concomitant chemotherapy

Docetaxel 1 carboplatin/nedaplatin 2 (11.11%)

Paclitaxel 1 nedaplatin/carboplatin/cisplatin 5 (27.78%)

Paclitaxel 7 (38.89%)

Capecitabine 1 (5.56%)

Tegafur 1 (5.56%)

None 2 (5.56%)

Short-term outcome (RECIST)

Complete response 0

Partial response 11 (61.11%)

Stable disease 7 (38.89%)

Progressive disease 0

Potentially eligible patients, n = 22

1 patient was excluded due
to abandonment of treatment

3 patients were excluded due to
changes in treatment regimen

Short-term response was assessed according
to the RECIST criteria (v. 1.1) using chest CT

18F-FAPI-04 PET/CT, n = 18Baseline

Responders, n = 11 Non-responders, n = 7

FIGURE 1. Research flowchart.
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of normal tissue (blood and muscle) was calculated, denoted as tumor-
to-background ratio (TBRblood and TBRmuscle). For controversial lesions,
discussion among the imaging experts with consideration of the results
from other imaging modalities proceeded until a final consensus was
reached.

Response Evaluation and Survival Assessments
Two imaging specialists independently reviewed the contrast-

enhanced CT images obtained at baseline and at 4 wk of follow-up.
The specialists knew that all patients had pathologically confirmed can-
cer but not the clinical, laboratory, or follow-up results. The reviewers
recorded the primary tumor location and size in the axial plane. Short-
term outcome was assessed at 4 wk after CCRT according to the
revised RECIST using thoracic CT. According to RECIST, patients
with an outcome of complete response or partial response were classi-
fied as responders, and patients with an outcome of stable disease or
progressive disease were classified as nonresponders.

Statistical Analysis
Statistical analysis was performed using SPSS Statistics (version 25.0;

IBM) for Microsoft Windows. Quantitative data for SUVmax, SUVmean,
SUVpeak, MTV, total lesion FAP expression, TBRblood, and TBRmuscle

were expressed as mean6 SD. Mann–Whitney U tests were used to com-
pare the 18F-FAPI-04 PET/CT parameters between responders and nonre-
sponders. Logistic regression analyses were performed to identify the
relationships between tumor site, degree of differentiation, and 18F-FAPI-
04 PET/CT parameters and short-term outcomes. Receiver-operating-
characteristic curve analysis was used to determine the thresholds with the
maximum Youden index as well as the predictive accuracy of 18F-FAPI-
04 PET/CT parameters for treatment response. Spearman rank correlation

coefficients were calculated to assess the rela-
tionships between biomarkers. All tests were
2-sided, and a P value of less than 0.05 was
considered statistically significant.

RESULTS

Characteristics and Outcomes of
Enrolled Patients
From June 2021 to March 2022, 18 pa-

tients diagnosed with LA-ESCC on the
basis of histologic examinations at Shan-
dong Cancer Hospital and Institute were
enrolled in this study. The characteristics
of the patients are presented in Table 1.

Among all patients, 11 were classified as responders and 7 as non-
responders (Table 1). Figure 2 shows representative 18F-FAPI-04
PET/CT imaging results for a responder and a nonresponder.

Quantitative 18F-FAPI-04 PET/CT Parameters
The quantitative baseline 18F-FAPI-04 PET/CT parameters

SUVmax, SUVmean, SUVpeak, MTV, total lesion FAP expression,
TBRblood, and TBRmuscle are shown in Table 2 for all patients,
responders, and nonresponders. TBRblood, TBRmuscle, and SUVmean

were significantly higher in nonresponders than in responders
(12.536 1.11 vs. 10.29 6 1.54, P5 0.008; 12.246 1.08 vs. 9.816
1.62, P 5 0.006; and 14.30 6 8.83 vs. 6.30 6 4.25, P 5 0.010,
respectively) (Table 2). None of the other parameters showed a signif-
icant difference between responders and nonresponders.

Correlations Between 18F-FAPI-04 PET/CT Parameters and
Short-Term Outcome
Receiver-operating-characteristic curves were generated to eval-

uate the predictive accuracy of 18F-FAPI-04 PET/CT parameters
for identifying responders and nonresponders (Table 3; Fig. 3).
The area under the curve (AUC) for TBRblood (AUC, 0.883) was
higher than those for TBRmuscle (AUC, 0.896) and SUVmean

(AUC, 0.870) (Table 4), and the AUCs for all 3 parameters were
significant (P 5 0.008, P 5 0.006, and P 5 0.010, respectively)
(Table 3). The cutoffs for TBRblood, TBRmuscle, and SUVmean,
based on the Youden indices, were 10.68, 10.96, and 6.88, respec-
tively (Table 4). The calculated values for the sensitivity, speci-
ficity, positive predictive value, negative predictive value, and
accuracy of these 3 parameters also are presented in Table 4.

TABLE 2
Parameters Calculated from Pretreatment 18F-FAPI-04 PET/CT Scans

Parameter All patients (n 5 18) Nonresponders (n 5 11) Responders (n 5 7) P

SUVmax 15.31 6 11.31 20.33 6 15.38 12.11 6 6.81 0.085

SUVmean* 9.41 6 7.37 14.30 6 8.83 6.30 6 4.25 0.010

SUVpeak 11.23 6 8.53 14.44 6 11.79 9.18 6 5.33 0.298

MTV 13.55 6 11.74 13.94 6 13.53 13.30 6 11.15 0.892

TLF 140.84 6 159.61 217.40 6 219.29 92.12 6 88.00 0.221

TBRblood* 11.16 6 1.76 12.53 6 1.11 10.29 6 1.54 0.008

TBRmuscle* 10.76 6 1.86 12.24 6 1.08 9.81 6 1.62 0.006

*P , 0.05.
TLF 5 total lesion FAP expression (18F-FAPI-04).

FIGURE 2. 18F-FAPI-04 PET/CT and CT images of LA-ESCC patients with outcome classified as
partial response (A) and stable disease (B).
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Correlations Between Biomarkers
The observed correlations between 18F-FAPI-04 PET/CT bio-

markers, extracted from tumor lesions and variables of interest,
are presented in Figure 4. TBRblood, TBRmuscle, and SUVmean

showed significant correlations with each other. However, none of
the 18F-FAPI-04 parameters correlated with any clinical variables.

Associations Between Baseline 18F-FAPI-04 PET/CT
Parameters, Clinical Variables, and Short-Term
Treatment Response
According to univariate logistic regression analyses, TBRblood

(P 5 0.026), TBRmuscle (P 5 0.036), SUVmean (P 5 0.045), and
tumor site (P 5 0.032) were independently associated with the

short-term treatment response in LA-ESCC patients. Because of
the significantly positive correlation among TBRblood, TBRmuscle,
and SUVmean, we included only TBRblood and tumor site in the
multivariate analysis. Finally, only TBRblood (P 5 0.046) remained
significant as a prognostic factor for short-term outcome in these
patients (Table 5).

DISCUSSION

The results of the present study indicate that certain parameters
derived from baseline 18F-FAPI-04 PET/CT scans, specifically the
baseline TBRblood, TBRmuscle, and SUVmean, as well as the tumor
site, are potentially valuable for predicting the response to CCRT
in patients with LA-ESCC. Moreover, TBRblood was an indepen-
dent predictor of short-term CCRT efficacy in these patients by
multivariable logistic regression analysis.
In clinical practice, we observed different outcomes in patients

with LA-ESCC treated with CCRT—differences that may be related
to the heterogeneity of the tumor microenvironment (15,16). Previ-
ous studies reported that FAP is expressed mainly by interstitial cells
of the tumor microenvironment, including cancer-associated fibro-
blasts and tumor-associated macrophages (17,18). It has been con-
firmed that FAP plays a key role in chemotherapy resistance
(19–21), radiotherapy resistance (22), and immune escape (23–25).
Furthermore, FAP can promote tumor cell invasion, migration, and
tumor angiogenesis (26–28). In a previous report of 2 cases, 1 patient
with peritoneal carcinomatosis who experienced disease progression
after 4 mo of chemotherapy showed an increase in the average
SUVmax compared with before chemotherapy, whereas the other
patient, who achieved partial remission after 5 mo of treatment,
showed a decrease in the average SUVmax relative to baseline (29).
Accordingly, 18F-FAPI-04 uptake within the tumor was considered
potentially valuable for predicting the short-term response to CCRT
in patients with LA-ESCC.
A series of studies found that in esophageal cancer patients treated

with chemoradiotherapy, the metabolic parameters on pretreatment
18F-FDG PET are reliable predictors of prognosis and survival
(30–32). However, at present, the value of 18F-FDG PET/CT

TABLE 3
Areas Under Curve for Ability of SUVmax, SUVmean, SUVpeak, MTV, TLF, TBRblood, and TBRmuscle to Predict

LA-ESCC Tumor Response to CCRT

Parameter Area SE* Asymptotic significance†

Asymptotic 95% CI

Lower bound Upper bound

SUVmax 0.747 0.120 0.085 0.512 0.981

SUVmean
‡ 0.870 0.088 0.010 0.698 1.000

SUVpeak 0.649 0.143 0.298 0.369 0.929

MTV 0.481 0.144 0.892 0.198 0.763

TLF 0.675 0.134 0.221 0.414 0.937

TBRblood
‡ 0.883 0.080 0.008 0.725 1.000

TBRmuscle
‡ 0.896 0.074 0.006 0.750 1.000

*Under nonparametric assumption.
†Null hypothesis: true area 5 0.5.
‡P , 0.05.
TLF 5 total lesion FAP expression (18F-FAPI-04).

FIGURE 3. Receiver-operating-characteristic curves for ability of 18F-
FAPI-04 PET/CT parameters to predict short-term response to CCRT.
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parameters for predicting tumor prognosis remains controversial.
Caresia Aroztegui et al. found that the evidence for the prognostic
value of SUVmax in axillary lymph nodes derived from 18F-FDG
PET/CT is limited, although higher values have been associated with
higher recurrence rates (33). Research also has demonstrated that the
application of 18F-FDG PET parameters in breast cancer prognosis is

still limited, and the criteria for these parameters have not been estab-
lished (34). Thus, the urgent need to find a new imaging agent with
higher diagnostic and predictive efficiency persists.
Several studies have demonstrated that high tumor MTV and

total lesion glycolysis, derived from 18F-FDG PET/CT scans, are
independent predictors in patients with esophageal cancer treated

with chemoradiotherapy (32) and definitive
chemoradiotherapy (31). However, in our
cohort, the baseline tumor MTV and total
lesion FAP expression from 18F-FAPI-04
PET/CT did not provide significant prog-
nostic information. We consider that this
difference between the results for 18F-
FAPI-04 PET/CT and 18F-FDG PET/CT
may be related to the imaging principle of
18F-FDG PET/CT, which is based on the
level of glucose metabolism within tumor
cells.
The main limitations of the present study

included its single-center design and relatively
small sample size. Further large-scale, multi-
center clinical studies are needed to confirm
our findings before clinical application. Addi-
tionally, the fact that this study included a het-
erogeneous population consisting of patients
treated with total radiation doses of 50 and
60 Gy might affect the outcome. However,
Xu et al. reported no significant difference
in survival endpoints between groups that
received 60 and 50 Gy (35), and Minsky et al.
reported that higher radiotherapy doses do not
lead to better outcomes (36). Additionally, the
ARTDECO study found that increasing the
radiation dose from 50.4 to 60 Gy did not
improve local control in esophageal cancer
(37). Overall, further prospective trials are
required to confirm the role of 18F-FAPI-04
PET/CT in the treatment of patients with
LA-ESCC.

FIGURE 4. Correlations between 18F-FAPI-04 PET/CT parameters and clinical or biologic variables
(Spearman coefficient). Those with P , 0.05 are marked by circles. Blue represents positive correla-
tion between 2 variables, and red represents negative correlation. The stronger the correlation, the
darker the color. Those with P . 0.05, indicating no correlation, are recorded as X. As example,
SUVmax showed positive correlation with MTV. ECOG 5 Eastern Cooperative Oncology Group;
TLF5 total lesion FAP expression (18F-FAPI-04).

TABLE 4
Specificity, Sensitivity, PPV, NPV, and Accuracy of SUVmax, SUVmean, SUVpeak, MTV, TLF, TBRblood, and TBRmuscle for

Predicting LA-ESCC Tumor Response to CCRT

Parameter Threshold
Sensitivity

(%)
Specificity

(%)
PPV
(%)

NPV
(%)

Accuracy
(%)

SUVmax 14.86 71.4 81.8 71.4 81.8 77.8

SUVmean 6.88 85.7 81.8 75.0 90.0 83.3

SUVpeak 9.57 71.4 72.7 62.5 80 72.2

MTV 5.91 85.7 36.4 46.2 80 55.6

TLF 103.20 71.4 63.6 55.6 77.8 66.7

TBRblood 10.68 100.0 72.7 66.7 88.9 77.8

TBRmuscle 10.95 100.0 72.7 66.7 88.9 77.8

PPV 5 positive predictive value; NPV 5 negative predictive value; TLF 5 total lesion FAP expression (18F-FAPI-04).
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CONCLUSION

The baseline TBRblood on
18F-FAPI-04 PET/CT was associated

with the short-term response to CCRT in patients with LA-ESCC.
Combined with clinical prognostic factors, including tumor site,
pretreatment 18F-FAPI-04 PET/CT can potentially improve the
selection of candidates for CCRT and identify patient groups with
markedly different prognoses.
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KEY POINTS

QUESTION: Can 18F-FAPI-04 PET/CT parameters predict the
short-term response to CCRT in patients with LA-ESCC?

PERTINENT FINDINGS: Baseline TBRblood on 18F-FAPI-04
PET/CT was associated with short-term outcome in patients with
LA-ESCC treated with CCRT.

IMPLICATIONS FOR PATIENT CARE: On the basis of the
encouraging results of this analysis, 18F-FAPI-04 PET/CT may
offer a standardized and reproducible technique for identifying
LA-ESCC patients most likely to respond to CCRT.
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18F-AlF-NOTA-Octreotide Outperforms 68Ga-DOTATATE/
NOC PET in Neuroendocrine Tumor Patients: Results from a
Prospective, Multicenter Study
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18F-labeled somatostatin analogs (SSAs) could represent a valid alterna-
tive to the current gold standard, 68Ga-labeled SSAs, for somatostatin
receptor imaging in patients with neuroendocrine tumors (NETs), given
their logistic advantages. Recently, 18F-AlF-NOTA-octreotide (18F-AlF-
OC) has emerged as a promising candidate, but a thorough comparison
with 68Ga-DOTA-SSA in large patient groups is needed. This prospec-
tive, multicenter trial aims to demonstrate noninferiority of 18F-AlF-OC
compared with 68Ga-DOTA-SSA PET in NET patients (ClinicalTrials.gov,
NCT04552847). Methods: Seventy-five patients with histologically con-
firmed NET and routine clinical 68Ga-DOTATATE (n5 56) or 68Ga-DOTA-
NOC (n 5 19) PET, performed within a 3-mo interval of the study scan
(median, 7 d; range, 230 to 132 d), were included. Patients underwent
a whole-body PET 2 h after intravenous injection of 4 MBq/kg of 18F-AlF-
OC. A randomized, masked consensus read was performed by 2 experi-
enced readers to count tumor lesions. After unmasking, the detection
ratio (DR) was determined for each scan, that is, the fraction of lesions
detected on a scan compared with the union of lesions of both scans.
The differential DR (DDR; difference in DR between 18F-AlF-OC and
68Ga-DOTATATE/NOC) per patient was calculated. Tracer uptake was
evaluated by comparing SUVmax and tumor-to-background ratios in con-
cordant lesions. Results: In total, 4,709 different tumor lesions were
detected: 3,454 with 68Ga-DOTATATE/NOC and 4,278 with 18F-AlF-OC.
The mean DR with 18F-AlF-OC was significantly higher than with 68Ga-
DOTATATE/NOC (91.1% vs. 75.3%; P , 1025). The resulting mean
DDR was 15.8%, with a lower margin of the 95% CI (95% CI,
9.6%–22.0%) higher than215%, which is the prespecified boundary for
noninferiority. ThemeanDDRs for the 68Ga-DOTATATE and 68Ga-DOTA-
NOC subgroups were 11.8% (95% CI, 4.3–19.3) and 27.5% (95% CI,
17.8–37.1), respectively. The mean DDR for most organs was higher
than zero, except for bone lesions (mean DDR, 22.8%; 95% CI, 217.8
to 12.2). No significant differences in mean SUVmax were observed (P5

0.067), but mean tumor-to-background ratio was significantly higher with

18F-AlF-OC than with 68Ga-DOTATATE/NOC (31.7 6 36.5 vs. 25.1 6

32.7; P5 0.001). Conclusion: 18F-AlF-OC is noninferior and even supe-
rior to 68Ga-DOTATATE/NOC PET in NET patients. This validates
18F-AlF-OC as an option for clinical practice somatostatin receptor PET.

Key Words: 18F-AlF-NOTA-octreotide; 68Ga-DOTATATE; 68Ga-DOTA-
NOC; neuroendocrine tumor; somatostatin receptor

J Nucl Med 2023; 64:632–638
DOI: 10.2967/jnumed.122.264563

Neuroendocrine tumors (NETs) are part of a heterogeneous
group of relatively rare tumors that develop from cells of the diffuse
neuroendocrine system and are mainly found in the gastrointestinal
and respiratory tracts. Many NETs show an overexpression of the
somatostatin receptor (SSTR), a G-protein–coupled membrane recep-
tor that makes an excellent target for molecular imaging and therapy
with radiolabeled somatostatin analogs (SSAs) (1). SSTR imaging
plays a crucial role in the diagnostic work-up, treatment selection, fol-
low-up, and recurrence detection of NETs (1). 68Ga-DOTATATE,
68Ga-DOTATOC, and 68Ga-DOTANOC, which can be collectively
referred to as 68Ga-DOTA-SSAs, are considered as the current gold
standard for SSTR imaging (1,2). However, their widespread clinical
implementation faces challenges inherent to the use of 68Ge/68Ga gen-
erators, such as limited availability, high associated costs, and low
activity yield per elution (3). These challenges can be largely over-
come by an 18F-labeled alternative. In particular, the high activity
yield in combination with a favorable half-life of 109.8 min enables
centralized production of 18F-labeled tracers followed by distribution
to distant PET centers without cyclotron access (3). Furthermore, 18F
has a shorter positron range than 68Ga and is therefore more suitable
for high-spatial-resolution imaging on modern PET cameras (3).
Recently, 18F-AlF-NOTA-octreotide (18F-AlF-OC) has emerged

as a promising 18F-labeled SSA for SSTR imaging (4,5). 18F-AlF-
OC is synthetized using the chelator-based Al18F-method (6).
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To allow clinical implementation, a fast and robust automated good-
manufacturing-practice–compliant process was recently developed
(7). Two independently performed first clinical translations of 18F-
AlF-OC in healthy volunteers and NET patients have reported favor-
able dosimetry, biodistribution, tracer kinetics, and lesion targeting
(4,5). First comparisons of 18F-AlF-OC with 68Ga-DOTATATE in
2 small NET patient groups (n 5 6 and n 5 20) have shown similar
lesion detection rates and tumor uptake (5,8). However, a thorough
head-to-head comparison with 68Ga-DOTA-SSA PET in large patient
groups is still lacking.
This prospective multicenter trial aimed to demonstrate that the

diagnostic performance of 18F-AlF-OC PET is equivalent or supe-
rior to the current gold standard, 68Ga-DOTA-SSA PET, in NET
patients (noninferiority trial).

MATERIALS AND METHODS

A full version of the Materials and Methods section is provided in
the supplemental information (supplemental materials are available at
http://jnm.snmjournals.org).

Study Population
In the main part (part A) of this prospective multicenter trial, 75

NET patients, 18 y of age or older, were included. The main inclusion
criteria were as follows: histologically or cytologically confirmed NET
of all grades of gastroenteropancreatic, pulmonary, neural crest, or
unknown primary origin; routine clinical 68Ga-DOTA-SSA PET/CT
scheduled within 3 mo before or after the study scan; and at least 1
known tumor lesion below the level of the submandibular and parotid
glands, with either a minimum size of 1 cm in at least 1 dimension on
morphologic imaging (CT, MRI, or ultrasound) or an SUVmax of at
least 10 on 68Ga-DOTA-SSA PET. The main exclusion criterion was
previous or ongoing recurrent or chronic disease at high risk to interfere
with the performance or evaluation of the trial. The PET/MRI part
(part B) of the trial in 10 NET patients will be presented elsewhere.

The study was performed at University Hospitals Leuven in collab-
oration with University Hospital Antwerp and University Hospital
Ghent after approval by the Ethics Committee of all 3 institutes, and
all subjects gave written informed consent (ClinicalTrials.gov identi-
fier, NCT04552847; EudraCT, 2020-000549-15).

PET/CT Acquisition
We previously identified 2 h after injection to be the optimal time

point for imaging (5). Patients underwent whole-body PET (from mid
thigh to vertex) 2 h after intravenous injection of 4 MBq/kg of 18F-
AlF-OC, preceded by a low-dose CT scan for attenuation correction
and anatomic information.

For both the routine and study scans, patients were asked to avoid
long-acting SSA treatment, except in cases of uncontrolled hormonal
symptoms, for 4–6 wk before the scan.

Image Analyses
All image analyses were done using MIM, version 7.1.5 (MIM Soft-

ware Inc.). Tumor lesions were counted in consensus by 2 experienced
readers, and the patient data and radiopharmaceutical that was used were
masked from the reader. Routine and study scans were randomized per
group of 20 patients (40 scans per group), and information regarding
patient and radiopharmaceutical was removed from the Digital Imaging
and Communications in Medicine headers. Furthermore, since normal
salivary gland uptake is markedly higher with 68Ga-DOTATATE than
with 18F-AlF-OC (5,8), all PET datasets were trimmed by an independent
operator to remove the head region. A positive lesion was defined as a
volume of increased tracer uptake, compared with background, that was
deemed to be caused by the presence of NET cells and was unlikely to

be attributed to a physiologic or benign etiology (e.g., inflammation,
blood pool retention, or excretion). A detailed description of the consen-
sus read is provided in the supplemental information.

After unmasking, the detection ratio (DR) was determined for each
scan, that is, the fraction of lesions detected on that scan, using the
union of lesions detected by both tracers (68Ga-DOTATATE/NOC and
18F-AlF-OC) in a patient as the reference. Finally, the differential DR
(DDR), which is the difference in DR between 18F-AlF-OC and 68Ga-
DOTATATE/NOC, was calculated for each patient. The DR at organ
level was determined as the number of lesions detected with 1 tracer
divided by all lesions detected by both tracers in a specific organ.

For each lesion, the SUVmax was measured, and the tumor-to-back-
ground ratio (TBR) was calculated by dividing the SUVmax of that
lesion by the SUVmean of relevant background tissue (liver for liver
lesions, bone for bone lesions, and gluteal muscle for all other lesions).
In patients for whom no healthy liver (n 5 1) or bone tissue (n 5 2)
could be delineated, the mean background value of all other patients
was used instead to determine TBRs. Lesions with incorrect attenuation
correction because of PET/CT misregistration were excluded from
semiquantitative analysis.

TABLE 1
Patient and Clinical Characteristics (n 5 75)

Characteristic Data

Age (y) 65 (37–84)

Sex

Male 46 (61.3%)

Female 29 (38.7%)

Primary tumor

Intestine 45 (60.0%)

Pancreas 18 (24.0%)

Lung 7 (9.3%)

CUP 4 (5.3%)

Paraganglioma 1 (1.3%)

Tumor grade

Grade 1 35 (46.7%)

Grade 1/2 (i.e., Ki-67 , 5%) 2 (2.7%)

Grade 2 34 (45.3%)

Grade 3 2 (2.7%)

NA 2 (2.7%)

Ki-67 (%) 2.5 (0.4–29)

Ongoing therapies

SSA 44 (58.7%)

SSA and everolimus 10 (13.3%)

Everolimus 2 (2.7%)

Sunitinib 2 (2.7%)

None 17 (22.7%)

Interval between 18F-AlF-OC and
68Ga-DOTA-TATE/NOC scan (d)

7 (230 to 32)

CUP 5 cancer of unknown primary; NA 5 not available; Ki-67 5

Ki-67 proliferation index.
Qualitative data are number and percentage; continuous data

are median and range.
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Outcomes
The primary outcome measure was the DDR. The primary objec-

tive, that is, noninferiority of 18F-AlF-OC compared with 68Ga-
DOTATATE/NOC, would be met if the lower margin of the 95% CI
for the mean DDR was higher than 215%.

Secondary outcome measures included the following: lesion uptake in
matched pairs of lesions (SUVmax and TBR), DR and DDR at organ level,
DDR in function of the specific 68Ga-DOTA-SSA used (68Ga-DOTA-
TATE or 68Ga-DOTANOC) and tumor grade, and impact of 18F-AlF-OC
administration on blood pressure and heart rate. A post hoc analysis
according to primary tumor site (for n. 10) was performed as well.

Lesion uptake was assessed, first, at the patient level; second, for 2
subsets of hottest lesions (i.e., 20 lesions per patient and a maximum of
5 lesions per organ, at the patient level); and third, at the lesion level.
For secondary outcome measures, tumor lesions in the head region,
identified through a nonmasked consensus read, were added in the anal-
yses. The safety evaluation is provided in the supplemental information.

RESULTS

Patients and 18F-AlF-OC Administration
Patient and clinical characteristics are shown in Table 1. The

median time between the 18F-AlF-OC and routine 68Ga-DOTATATE/
NOC scan was 7 d (range, 230 to 32 d), with 52 patients (78.7%)

having both scans within a 15-d interval (Supplemental Fig. 1). No
therapeutic changes occurred between the scans, except in 3 patients:
in 1 patient, everolimus was added 2 d before the second scan (18F-
AlF-OC); in 1 patient, everolimus was added 7 d before the second
scan (18F-AlF-OC); and in 1 patient, SSA treatment was reinitiated
13 d before the second scan (18F-AlF-OC). The mean injected activity
and peptide mass of 18F-AlF-OC were 295 6 60 MBq and 11.2 6

6.8 mg, respectively.

Detection Rate Analysis
During the masked consensus read, 4,709 different tumor lesions

were counted: 3,454 with 68Ga-DOTATATE/NOC and 4,278 with
18F-AlF-OC. In 48 patients, 18F-AlF-OC detected more lesions than
68Ga-DOTATATE/NOC, whereas 68Ga-DOTATATE/NOC detected
more lesions in only 15 patients. The mean DR with 18F-AlF-OC
was significantly higher than with 68Ga-DOTATATE/NOC (91.1%
vs. 75.3%; P , 1025). The resulting mean DDR was 15.8% (95%
CI, 9.6%–22.0%). As the lower margin of the 95% CI was higher
than215%, the primary objective of the trial was met. DDRs ranged
from 274.2% to 77.5% (interquartile range, 0.0%–32.7%; Supple-
mental Fig. 2).
In the head region, 214 additional lesions were counted. A

summary of results for the most relevant organs is provided in

TABLE 2
Comparison Between Mean DR with 68Ga-DOTATATE/NOC (DRGa) and 18F-AlF-OC (DRF) and Mean DDR with

95% CI for Most Relevant Organs

Organ Mean DRGa (%) Mean DRF (%) P Mean DDR (%) 95% CI (%)

Liver 60.3 93.3 ,1025 33.1 21.7–44.4

Bone 79.8 77.0 0.78 22.8 217.8–12.2

Lymph nodes 74.1 96.0 ,1025 21.9 14.0–29.8

Lung 73.6 98.1 0.027 24.6 3.3–45.8

Peritoneum 55.5 89.3 0.008 33.8 11.7–55.9

Pancreas 84.6 100.0 0.10 15.4 23.7–34.4

All* 75.3 91.1 ,1025 15.8 9.6–22.0

*Lesions in head region are not included.

TABLE 3
Comparison Between Mean DR with 68Ga-DOTATATE/NOC (DRGa) and 18F-AlF-OC (DRF) and Mean DDR with 95% CI for
Different Subgroups of Patients According to Routine 68Ga-DOTA-SSA Tracer, Tumor Grade, and Primary Tumor Site

Subgroup n Mean DRGa (%) Mean DRF (%) P Mean DDR (%) 95% CI (%)

68Ga-DOTATATE 56 77.5 89.4 0.002 11.8 4.3–19.3
68Ga-DOTANOC 19 68.9 96.4 ,1023 27.5 17.8–37.1

Grade 1 35 75.0 89.9 0.003 14.9 6.0–23.8

Grade 2 34 75.5 92.1 0.002 16.6 6.3–27.0

Grade 3 2 62.0 97.4 NA 35.4 NA

Intestine 45 72.6 90.4 ,1023 17.8 9.2–26.4

Pancreas 18 84.2 92.7 0.087 8.4 21.2–18.0

NA 5 not applicable.
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Table 2. A full analysis at the organ level is shown in Supplemen-
tal Table 1. Organs where most lesions were observed were bone
(2,012 lesions in 50 patients), followed by liver (1,739 lesions in
54 patients), lymph nodes (602 lesions in 63 patients), peritoneum
(275 lesions in 28 patients), and lung (195 lesions in 18 patients).
The mean DR for these sites was significantly higher with 18F-
AlF-OC than with 68Ga-DOTATATE/NOC, with mean DDRs
well above zero, except for bone, where the DR with both tracers
was similar (79.8% vs. 77.0%; mean DDR, 22.8%; 95% CI,
217.8 to 12.2).
Both within the 68Ga-DOTATATE and within the 68Ga-DOTA-

NOC subgroups, the mean DR with 18F-AlF-OC was significantly
higher than with 68Ga-DOTATATE/NOC (Table 3). The mean DDR
for the 68Ga-DOTATATE subgroup was 11.8% (95% CI, 4.3–19.3)
versus 27.5% (95% CI, 17.8–37.1) for the 68Ga-DOTANOC sub-
group. The detailed analysis is shown in Supplemental Tables 2 and 3.
Subgroup analysis according to tumor grade showed a similar

mean DDR for grade 1 and grade 2 tumors (14.9% [95% CI,
6.0–23.8] vs. 16.6 [95% CI, 6.3–27.0], respectively; Table 3). The
mean DDR for the grade 3 subgroup was 35.4%. However,
because this group contained only 2 patients, no statistics could be
applied. No significant correlation was observed between Ki-67
proliferation index and DDR (Spearman correlation coefficient
[r] 5 0.075, P 5 0.54; Supplemental Fig. 3).
Finally, the mean DR for patients with a NET from intestinal

origin was significantly higher with 18F-AlF-OC than with 68Ga-
DOTATATE/NOC (mean DDR, 17.8%; 95% CI, 9.2–26.4), whereas
no significant differences were observed for patients with a pancre-
atic NET (Table 3).
The forest plot in Figure 1 summarizes the results of the DR

analysis. Head-to-head comparisons with examples of missed le-
sions are shown in Figures 2 and 3.

Lesion Uptake
Mean SUVmax at the patient level showed a trend toward lower val-

ues with 18F-AlF-OC than with 68Ga-DOTATATE/NOC, but this was
not statistically significant (20.0 vs. 22.4; P 5 0.067). Conversely,
TBR was significantly higher with 18F-AlF-OC (31.7 vs. 25.1; P 5
0.001; Table 4; Fig. 4). Of note, background uptake was significantly
lower with 18F-AlF-OC than with 68Ga-DOTATATE/NOC (4.2 6
1.7 vs. 6.3 6 2.5 [P , 1027], 0.7 6 0.2 vs. 1.2 6 0.5 [P , 1027],
and 0.4 6 0.1 vs. 0.6 6 0.2 [P , 1027]) for healthy liver, bone, and
muscle, respectively; Supplemental Table 4). At the lesion level,

SUVmax was significantly lower and TBR
was significantly higher with 18F-AlF-OC
than with 68Ga-DOTATATE/NOC (mean dif-
ference, 22.21 [95% CI, 24.28 to 20.15;
P 5 0.036] and 8.47 [95% CI, 3.46–13.49;
P 5 0.001] for SUVmax and TBR, respec-
tively). Similar results were observed for a
subset of a maximum of the 20 hottest lesions
per patient and 5 hottest lesions per organ
(Table 4). Of note, considerable variation in
lesion uptake was also observed within the
same patient, with a higher SUVmax with
18F-AlF-OC in some lesions and a higher
SUVmax with 68Ga-DOTATATE/NOC in
others. Lesion uptake (at the patient level) per
organ is shown in Table 4 and Supplemental
Table 5. For the 3 most common metastatic
sites (liver, bone, and lymph nodes), TBR was

significantly higher with 18F-AlF-OC than with 68Ga-DOTATATE/
NOC. However, only bone lesions showed a significantly lower
SUVmax with 18F-AlF-OC. Lesion uptake at the patient level for
patient subgroups according to routine 68Ga-DOTA-SSA tracer,
tumor grade, and primary is summarized in Table 5 and (per organ
analysis) Supplemental Table 6. Most strikingly, mean SUVmax with
68Ga-DOTANOC was significantly lower than with 18F-AlF-OC
overall and also for liver, lymph node, and peritoneal lesions. Other
subgroup results were in line with results for the whole patient group.

FIGURE 1. Forest plot summarizing mean DDR and 95% CI overall and for different subgroups
of lesions and patients. Dashed vertical line represents prespecified boundary (215%) for noninfer-
iority for lower margin of 95% CI. G15 grade 1; G25 grade 2.

FIGURE 2. 68Ga-DOTATATE (A) and 18F-AlF-OC (B) images (from top to
bottom: maximum-intensity projection PET, transversal PET, and fused
PET/CT images) of 64-y-old male patient with pancreatic NET and liver,
lymph node, and peritoneal metastases. Multiple lesions in all 3 sites were
missed by 68Ga-DOTATATE. Arrows indicate missed liver lesions. Lookup
tables apply to PET images (SUV). Intensity scale bars indicate SUVs.

18F-ALF-OC VERSUS
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The Bland–Altman plot showed fair agreement between mean
SUVmax with 18F-AlF-OC and 68Ga-DOTATATE/NOC, with a
bias toward an increased SUVmax in the 68Ga-DOTATATE

subgroup and a decreased SUVmax in the 68Ga-DOTANOC sub-
group compared with 18F-AlF-OC (Supplemental Fig. 4).

DISCUSSION

This prospective trial aimed to demonstrate noninferiority
of 18F-AlF-OC compared with 68Ga-DOTA-SSA PET in NET
patients. The objective would be met if the lower margin of the
95% CI for the mean DDR were higher than 215%. We observed
a mean DDR of 15.8% (95% CI, 9.6%–22.0%), demonstrating
superiority of 18F-AlF-OC compared with 68Ga-DOTATATE/
NOC. Per-organ analysis showed that 18F-AlF-OC outperforms
68Ga-DOTATATE/NOC, with DRs of around 90% or higher for
most sites and with bone being the most important exception.
Overall, lesions missed by 18F-AlF-OC were mainly situated in
bone, in line with our previous findings (5). Nevertheless, the
diagnostic performance for bone lesions of 18F-AlF-OC was simi-
lar to that of 68Ga-DOTATATE/NOC (DR, $80%; mean DDR,
22.8%). Results for the 68Ga-DOTATATE and 68Ga-DOTANOC
subgroups were more or less in line with the results for the total
patient group, except for bone lesions, for which 68Ga-DOTA-
TATE showed a significantly higher DR than did 18F-AlF-OC
whereas 68Ga-DOTANOC had a significantly lower DR. The
DDR was higher in the 68Ga-DOTANOC subgroup than in the

TABLE 4
68Ga-DOTATATE/NOC Mean SUVmax (SUVmax_Ga) and TBR (TBRGa) and 18F-AlF-OC Mean SUVmax (SUVmax_F) and TBR

(TBRF) at Patient Level for All Concordant, Quantifiable Lesions (n 5 3,034) and Different Subsets of Lesions

Organ SUVmax_Ga SUVmax_F P TBRGa TBRF P

Liver 22.4 6 11.4 21.5 6 12.4 0.76 4.8 6 3.8 6.7 6 5.2 ,1024

Bone 11.4 6 8.3 8.6 6 6.3 0.001 10.1 6 7.3 13.8 6 9.9 ,1023

Lymph nodes 20.9 6 14.3 19.9 6 16.9 0.19 36.5 6 24.2 49.9 6 40.8 0.001

Lung 24.8 6 29.5 16.9 6 17.0 0.088 44.0 6 61.2 42.7 6 50.4 0.95

Peritoneum 16.3 6 11.9 14.9 6 9.9 0.87 29.2 6 24.4 33.7 6 25.6 0.091

Pancreas 51.1 6 38.6 51.9 6 45.6 0.94 90.3 6 65.4 141.1 6 113.8 0.006

Maximum 20 per patient 27.7 6 16.9 24.7 6 16.3 0.036 29.2 6 33.1 37.6 6 40.0 0.001

Maximum 5 per organ 28.9 6 17.9 25.3 6 16.2 0.032 33.0 6 33.1 42.3 6 40.0 0.002

All 22.4 6 15.6 20.0 6 14.5 0.067 25.1 6 32.7 31.7 6 36.5 0.001

Data are mean 6 SD.

FIGURE 3. 68Ga-DOTATATE (A) and 18F-AlF-OC (B) images (from top to
bottom: maximum-intensity projection PET, transversal PET, and fused
PET/CT images) of 74-y-old female patient with intestinal NET and bone,
liver, lymph node, and peritoneal metastases. Multiple lesions in all 3 sites
were missed by 18F-AlF-OC. Blue and green arrows indicate missed bone
and lymph node lesions, respectively. Lookup tables apply to PET images
(SUV). Intensity scale bars indicate SUVs.

FIGURE 4. Mean SUVmax (A) and TBR (B) at patient level with 18F-AlF-
OC as function of mean SUVmax and TBR with 68Ga-DOTATATE/NOC.
Gray line represents unity line.
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68Ga-DOTATATE subgroup, implying that 18F-AlF-OC outper-
forms 68Ga-DOTANOC even more than 68Ga-DOTATATE. The
grade 1 and grade 2 subgroups had a similar DDR (insufficient
data for grade 3 tumors), and no associations between the Ki-67
proliferation index and DDR were observed. The DR analysis for
patients with a NET from intestinal origin was similar to that
for the whole patient cohort, whereas for patients with a pancre-
atic NET, 18F-AlF-OC and 68Ga-DOTATATE/NOC performed
equally well.
Lesion uptake in terms of TBR, which is the most important

parameter for lesion detectability, was significantly higher for 18F-
AlF-OC than for 68Ga-DOTATATE/NOC, both at the patient level
and at the lesion level, as well as for most organs, including bone.
This is reflected in the overall higher DRs for 18F-AlF-OC. Con-
versely, in comparison with SUVmax with 68Ga-DOTATATE/
NOC, SUVmax with 18F-AlF-OC was either significantly lower
(e.g., at the lesion level, for subsets of hottest lesions per patient
and for bone lesions) or similar (e.g., at the patient level and for
most organs). These results are in line with our previous findings
(5) but slightly differ from those of Hou et al. (8) because they
observed not only higher TBRs but also a higher SUVmax with
18F-AlF-OC than with 68Ga-DOTATATE, although the latter was
not statistically significant. Nevertheless, higher TBRs for 18F-
AlF-OC are mainly explained by significantly lower background
uptake. In particular, the lower background uptake with 18F-AlF-
OC in the liver significantly improves detection of liver metastases
as reflected by the high DDR of 33.1% (95% CI, 21.7%–44.4%),
which is consistent with previous observations (5,8). Tracer clear-
ance may partly explain the lower background values for 18F-AlF-
OC, as 18F-AlF-OC imaging was done at a later time point (2 h
after injection) than was 68Ga-DOTATATE (45–60 min after
injection) or 68Ga-DOTANOC (45–60 min after injection) imag-
ing. However, Hou et al. (8) also reported a 1.5 times lower liver
background with 18F-AlF-OC at 60 min after injection than with
68Ga-DOTATATE at 50 min after injection, as well as signifi-
cantly lower bone background.
Lesion uptake for the 68Ga-DOTATATE subgroup was similar

to that for the whole patient cohort. Conversely, in the 68Ga-
DOTANOC subgroup the mean SUVmax was significantly lower
with 68Ga-DOTANOC than with 18F-AlF-OC, in line with find-
ings from a head-to-head comparison between 68Ga-DOTANOC

and 68Ga-DOTATATE, where a significantly lower lesion SUVmax

was reported with 68Ga-DOTANOC (9). This can most likely be
explained by differences in the SSTR affinity profile, because
68Ga-DOTATATE has an almost 10-fold higher affinity for
SSTR2, which is the SSTR subtype that is most frequently
expressed in NETs, than does 68Ga-DOTANOC (9–11).
In accordance with Hou et al. (8), we observed considerable

variability in lesion uptake both between and within patients. Dif-
ferences in SSTR affinity profile between 18F-AlF-OC and 68Ga-
DOTATATE/NOC (to our knowledge, the exact affinity profile
for 18F-AlF-OC is still unknown) in combination with NET het-
erogeneity may lie at the basis of this finding. Of note, this vari-
ability has also been reported in a head-to-head comparison
between 68Ga-DOTATATE and 68Ga-DOTATOC (12). In particu-
lar, the Bland–Altman plot of mean differences in mean SUVmax

with 68Ga-DOTATATE and 68Ga-DOTATOC showed a similar
range between the limits of agreement, as we observed for mean
SUVmax with 18F-AlF-OC and 68Ga-DOTATATE (12). As 68Ga-
DOTATATE and 68Ga-DOTATOC are considered equivalent in
clinical practice, we believe that the uptake variability for 18F-
AlF-OC will also be of limited relevance for implementation in
routine practice. Furthermore, especially in cases of disseminated
disease, it is likely that 18F-AlF-OC and 68Ga-DOTATATE/NOC
could be used interchangeably without clinical impact. A popula-
tion that might benefit from 18F-AlF-OC is patients with confined
liver disease in whom liver-directed therapies are considered.
The most important limitation of this trial is the lack of histo-

logic confirmation of all detected lesions; such confirmation was
not possible for ethical and practical reasons. Therefore, we did
not have a perfect reference for evaluation of diagnostic perfor-
mance because some lesions may have been false-positive. How-
ever, false-positive lesions are considered rare, because in most
cases, additional lesions with 1 tracer compared with the other
were observed in organs already known to be metastatically
involved. Furthermore, in some cases, additional lesions observed
with 18F-AlF-OC in previously unknown disease sites were later
confirmed on 68Ga-DOTATATE/NOC follow-up imaging (Sup-
plemental Fig. 5). Second, for practical reasons, it was not possible
to organize the study scan within a day of the routine scan.
Although the interval between scans was kept to a minimum, in
about 20% of patients the interval was more than 15 d (#32 d).

TABLE 5
68Ga-DOTATATE/NOC Mean SUVmax (SUVmax_Ga) and TBR (TBRGa) and 18F-AlF-OC Mean SUVmax (SUVmax_F) and
TBR (TBRF) at Patient Level for Different Subgroups of Patients According to Routine 68Ga-DOTA-SSA Tracer,

Tumor Grade, and Primary

Subgroup SUVmax_Ga SUVmax_F P TBRGa TBRF P

68Ga-DOTATATE 23.3 6 16.9 19.0 6 14.8 0.002 26.6 6 36.4 31.8 6 38.9 0.12
68Ga-DOTANOC 19.6 6 11.2 23.1 6 13.7 ,1023 20.7 6 17.7 31.2 6 29.2 ,1023

Grade 1 22.9 6 16.8 17.9 6 11.5 0.008 26.7 6 41.4 27.9 6 36.1 0.20

Grade 2 22.1 6 14.5 22.4 6 17.7 0.90 23.3 6 22.5 35.8 6 39.2 0.003

Grade 3 15.2 6 4.2 19.0 6 0.6 NA 10.3 6 9.5 15.3 6 8.7 NA

Intestine 17.8 6 6.0 16.3 6 9.4 0.18 17.8 6 13.0 22.6 6 20.2 0.008

Pancreas 28.0 6 16.7 26.9 6 19.9 0.40 26.3 6 26.6 40.7 6 43.9 0.043

Data are mean 6 SD.
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However, as most patients had stable disease, especially those
with a longer time between scans, the influence of the scan interval
on the results of the trial is deemed negligible. Third, the time
between long-acting SSA intake and the scan was not standard-
ized. However, a recent prospective study reported no significant
changes in tumor uptake depending on the time since last SSA
intake (13). Fourth, in 3 patients, a therapeutic change occurred
between the 2 scans. Because the same number of, or more,
lesions were observed on the second scan, this will have no signifi-
cant impact on the results of the study.
Finally, it is important to note the differences in imaging param-

eters, for example, the increased administered activity and time
between tracer administration and imaging with 18F-AlF-OC com-
pared with 68Ga-DOTATATE/NOC, because these most likely
benefit the diagnostic performance of 18F-AlF-OC. However, these
are examples of the advantages of 18F-labeled tracers over 68Ga-
labeled tracers that should be exploited, because the ultimate aim
is to provide an alternative tracer for clinical practice with benefi-
cial manufacturing properties and increased cost-effectiveness
compared with the current gold standard. Of note, the effective
dose per injected activity is similar for 18F-AlF-OC and 68Ga-
DOTA-SSAs (22.4 vs. 21 mSv/MBq, respectively) (3,5). Future
trials may focus on identifying the optimal activity in combination
with PET acquisition time for 18F-AlF-OC.

CONCLUSION

18F-AlF-OC demonstrated an excellent diagnostic performance,
meeting our prespecified criterion for noninferiority, and
showed superiority compared with 68Ga-DOTATATE/NOC in
NET patients. This validates 18F-AlF-OC as an option for clinical
practice SSTR PET.
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KEY POINTS

QUESTION: Is the diagnostic performance of 18F-AlF-OC
PET equivalent or superior to the current gold standard,
68Ga-DOTA-SSA PET, in NET patients?

PERTINENT FINDINGS: In this prospective, multicenter study in 75
NET patients, a randomized, masked consensus read was performed
to count tumor lesions on 18F-AlF-OC and 68Ga-DOTATATE/NOC
PET/CT scans of each patient. The mean DDR between 18F-AlF-OC
and 68Ga-DOTATATE/NOC was 15.8% (95% CI, 9.6%–22.0%),
meeting the primary noninferiority objective of the trial and even
demonstrating superiority of 18F-AlF-OC PET.

IMPLICATIONS FOR PATIENT CARE: 18F-AlF-OC is a validated
alternative for clinical practice SSTR PET. These results could
facilitate widespread implementation of this tracer and increase
accessibility for patients.
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avb6-Targeting Radiotheranostic Peptides

Tanushree Ganguly1, Nadine Bauer2, Ryan A. Davis1, Cameron C. Foster3, Rebecca E. Harris2, Sven H. Hausner2,
Emilie Roncali1,3, Sarah Y. Tang2, and Julie L. Sutcliffe1,2,4

1Department of Biomedical Engineering, University of California Davis, Davis, California; 2Division of Hematology/Oncology,
Department of Internal Medicine, University of California Davis, Sacramento, California; 3Division of Nuclear Medicine, Department
of Radiology, University of California Davis, Sacramento, California; and 4Center for Molecular and Genomic Imaging, University of
California Davis, Davis, California

The integrin avb6, an epithelium-specific cell surface receptor, is over-
expressed on numerous malignancies, including the highly lethal pan-
creatic ductal adenocarcinomas. Here, we developed and tested a
novel avb6-targeting peptide, DOTA-5G (1) radiolabeled with 68Ga, for
PET/CT imaging and 177Lu for treatment. With the goal to develop a
radiotheranostic, further modifications weremade for increased circula-
tion time, renal recycling, and tumor uptake, yielding DOTA-albumin-
binding moiety-5G (2). Methods: Peptides 1 and 2 were synthesized
on solid phase, and their affinity for avb6 was assessed by enzyme-
linked immunosorbent assay. The peptides were radiolabeled with
68Ga and 177Lu. In vitro cell binding, internalization, and efflux of 68Ga-1
and 177Lu-2were evaluated in avb6-positive BxPC-3 human pancreatic
cancer cells. PET/CT imaging of 68Ga-1 and 68Ga-2 was performed on
female nu/nu mice bearing subcutaneous BxPC-3 tumors. Biodistribu-
tion was performed for 68Ga-1 (1 and 2 h after injection), 68Ga-2 (2 and
4 h after injection), and 177Lu-1 and 177Lu-2 (1, 24, 48, and 72 h after
injection). The 177Lu-2 biodistribution data were extrapolated for human
dosimetry data estimates using OLINDA/EXM 1.1. Therapeutic efficacy
of 177Lu-2 was evaluated in mice bearing BxPC-3 tumors. Results:
Peptides 1 and 2 demonstrated high affinity (,55 nM) for avb6 by
enzyme-linked immunosorbent assay. 68Ga-1, 68Ga-2, 177Lu-1, and
177Lu-2 were synthesized in high radiochemical purity. Rapid in vitro
binding and internalization of 68Ga-1 and 177Lu-2 were observed in
BxPC-3 cells. PET/CT imaging and biodistribution studies demon-
strated uptake in BxPC-3 tumors. Introduction of the albumin-binding
moiety in 177Lu-2 resulted in a 5-fold increase in tumor uptake and
retention over time. Based on the extended dosimetry data, the dose-
limiting organ for 177Lu-2 is the kidney. Treatment with 177Lu-2 pro-
longed median survival by 1.5- to 2-fold versus controls. Conclusion:
68Ga-1 and 177Lu-2 demonstrated high affinity for the integrin avb6

both in vitro and in vivo, were rapidly internalized into BxPC-3 cells, and
were stable in mouse and human serum. Both radiotracers showed
favorable pharmacokinetics in preclinical studies, with predominantly
renal excretion and good tumor–to–normal-tissue ratios. Favorable
human dosimetry data suggest the potential of 177Lu-2 as a treatment
for pancreatic ductal adenocarcinoma.

Key Words: integrin avb6;
68Ga; 177Lu; theranostics; albumin-binding

moiety
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Despite exhaustive testing and some encouraging advances in
first- and second-line treatments, pancreatic ductal adenocarci-
noma (PDAC) remains the fourth leading cause of cancer-related
deaths, with a 5-y survival below 10% (1,2). This dire reality is
also in part due to diagnosis at an advanced stage of the disease
and the poor reliability of current standard imaging approaches.
Therefore, there clearly remains an urgent unmet clinical need for
more effective molecularly targeted diagnostics and therapeutics.
The heterodimeric transmembrane receptor integrin avb6 has

been identified as a potential molecular target; it is an epithelium-
specific cell surface receptor that is undetectable in healthy adult
epithelium but is significantly upregulated in a wide range of
epithelium-derived cancers, including PDAC (3–10). In fact, avb6

was initially identified in PDAC with nearly uniform high expres-
sion among patient samples screened; moreover, metastatic lesions
demonstrate further highly upregulated expression of avb6 when
compared with the primary tumor, and avb6 is undetectable in nor-
mal pancreas (11). These traits further underscore the potential of
avb6 as an attractive target for both early detection and targeted
delivery of a therapeutic payload in PDAC.
Radiotheranostics combines molecular imaging with targeted

radionuclide therapy, often using the same targeting ligand, and has
shown efficacy in several cancers (12,13). Over the last few years,
we have seen an exponential growth in the development and accep-
tance of radiotheranostics for applications in oncology. For example,
68Ga-DOTATATE for imaging of neuroendocrine tumors and 177Lu-
DOTATATE for peptide receptor radionuclide therapy were the first
radiotheranostic peptides to be approved by the Food and Drug
Administration, in 2018 (14). More recently, 18F-DCFPyL and 68Ga-
PSMA-11 gained approval for imaging, as did 177Lu-PSMA-617 for
treatment of prostate-specific membrane antigen–positive metastatic
castration-resistant prostate cancer (15).
Several groups, including our own, have developed molecular

imaging agents to target the integrin avb6, and several promising
agents have advanced to clinical trials for imaging cancer and fibrosis
(16–20). Building on over a decade of work by the Sutcliffe labora-
tory to develop avb6-targeted molecular imaging agents (17,21,22),
we now propose to address the clear unmet need for new therapies
for PDAC using a radiotheranostic strategy. We present a novel
molecularly targeted radiotheranostic approach via the integrin
avb6 for peptide receptor radionuclide therapy. DOTA-5G (1) was
designed to selectively target the integrin avb6; in addition, with
the goal to increase blood residence time, tumor uptake, and renal
recycling, an albumin-binding moiety (ABM) was incorporated in
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the peptide to yield DOTA-ABM-5G (2) (Fig. 1). The peptides were
synthesized on solid phase, labeled with 68Ga (half-life, 68 min;
Eb

1 [max], 900 keV [23%]) for imaging and 177Lu (half-life, 6.7 d;
Eb

2 [max], 490 keV; Eg, 208 keV [11%]) for therapy, and evalu-
ated in vitro (for cell binding, internalization, and efflux) in avb6-
expressing BxPC-3 human pancreatic cancer cells. Albumin binding
and stability in mouse and human serum were determined. In vivo
PET/CT imaging and biodistribution studies were performed on
mice bearing BxPC-3 tumors xenografts, and avb6-specific target-
ing was confirmed by blocking studies. Human dosimetry was esti-
mated from the extended biodistribution data, and therapeutic
efficacy was evaluated in mice bearing BxPC-3 tumors.

MATERIALS AND METHODS

Chemistry and Radiochemistry
Peptide synthesis on solid phase (23) and radiolabeling and formulation

of 68Ga- and 177Lu-labeled peptides are described in Supplemental Section
2 (supplemental materials are available at http://jnm.snmjournals.org).

In Vitro Experiments
Enzyme-linked immunosorbent assays (ELISA) (23,24) and cell

binding and internalization, albumin binding (23), and serum stability
(25) tests followed previously published procedures as described in
Supplemental Section 3.

In Vivo Imaging, Biodistribution, and Targeted
Radionuclide Therapy

All animal studies were performed according to procedures approved
by the University of California Davis Institutional Animal Care and
Use Committee. BxPC-3 cells (5 3 106) were implanted subcutane-
ously into the left shoulder of 6- to 8-wk-old female nu/nu nude mice
(Charles River Laboratories) and allowed to grow for 3 wk (imaging
and biodistribution) or approximately 2 wk (therapy).

For imaging, the radiotracer (68Ga-1 or 68Ga-2, 7.4–9.25 MBq) in
phosphate-buffered saline (PBS) solution (150 mL, pH 7.2) was injected
into the tail vein of mice (n5 3/time point/radiotracer) anesthetized with
3% isoflurane in medical-grade oxygen. After conscious uptake periods
of 1 and 2 h, the animals were anesthetized and imaged 2 at a time, side
by side in a feet-first prone position as previously described (26).

For biodistribution, the radiotracer (3–3.7 MBq in 100 mL of PBS)
was injected into the tail vein, followed by conscious uptake periods of

1 and 2 h (68Ga-1), 2 and 4 h (68Ga-2), or 1, 24, 48, and 72 h (177Lu-1
and 177Lu-2). For blocking studies, the respective peptides 1 and 2
(48 mg/kg, 16 mg/mL solution in PBS) were injected 10 min before the
radiotracer. At each time point, the mice (n 5 3/time point/radiotracer)
were anesthetized and sacrificed, tissues were collected and rinsed with
PBS, and the radioactivity was measured with a g-counter. Radioactiv-
ity concentrations were calibrated, decay-corrected, and expressed as
percentage injected dose per gram of tissue (%ID/g).

An extended biodistribution study was performed for 177Lu-2. In
100 mL of PBS, 3.7–5.55 MBq were injected into the tail vein of male
(n 5 4/time point) and female (n 5 4/time point) mice, followed by
conscious uptake periods of 24 h, 48 h, 72 h, 1 wk, and 2 wk. The dosim-
etry values for 177Lu-2 were computed using OLINDA/EXM1.1 using a
female or male model with organ mass scaling, and effective doses were
reported as mSv/MBq.

For the therapeutic efficacy study, mice were randomly chosen and
divided into 4 treatment groups: control saline (group 1, n 5 5), con-
trol peptide 2 (group 2, n 5 6), 74 MBq of 177Lu-2 (group 3, n 5 10),
and 2 3 37 MBq of 177Lu-2 (group 4, n 5 7). Tumor volumes at the
start of the treatment ranged from 14 to 218 mm3. Group 2 received
20 mg of peptide 2, group 3 received a single dose of 74 MBq (20 mg
of peptide 2) on day 14 after tumor implantation (treatment day 0),
and group 4 received 1 dose of 37 MBq (10 mg of peptide 2) on days
14 and 21 after tumor implantation (treatment days 0 and 7). Body
weights and tumor volumes were measured the day before treatment
and twice a week after treatment throughout the study.

Statistical Analysis
All statistical data are reported as mean 6 SD. Paired, 2-tailed Student

t tests were used to evaluate statistical significance, with a P value of less
than 0.05 being considered statistically significant.

RESULTS

Synthesis of 1 and 2 and Respective natGa and natLu Analogs
Peptides 1 and 2 were synthesized by solid-phase peptide syn-

thesis and obtained in high purity (.98%) after high-performance
liquid chromatography purification, and natGa-1, natGa-2, natLu-1,
and natLu-2 were obtained in at least 98% purity. The analytic data
are provided in Supplemental Section 2. natGa-1, natGa-2, natLu-1,
and natLu-2 were used in an ELISA for half-maximal inhibitory
concentration determination and as reference standards for high-
performance liquid chromatography coinjection to confirm the iden-
tity of the 68Ga- and 177Lu-labeled peptides.

Radiochemical Synthesis
68Ga-1 and 68Ga-2 were obtained in at least 98% radiochemical

purity after semipreparative high-performance liquid chromatogra-
phy purification. 177Lu-1 and 177Lu-2 were obtained in at least
97% radiochemical purity.

Half-Maximal Inhibitory Concentration Determinations
The half-maximal inhibitory concentration of natGa-1, natGa-2,

natLu-1, and natLu-2 for integrin avb6 determined by ELISA were
33.26 1.5 nM, 37.2 6 3.5 nM, 50.0 6 4.4 nM, and 29.06 0.6 nM,
respectively. The binding affinities for integrin avb3 were more
than 100 mM for all peptides.

Cell Binding, Internalization, and Efflux
For 68Ga-1, 16.1% 6 0.3% of total radioactivity bound to the

BxPC-3 cells, of which 71.5% 6 0.6% internalized into the cells.
For 177Lu-2, 31.5% 6 0.6% bound, of which 72.3% 6 1.0% inter-
nalized, and minimal efflux was observed for 177Lu-2 at 1 h
($20% of internalized radioactivity) (Fig. 2).
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FIGURE 1. Chemical structures of 1 and 2. The peptide is indicated in
red, DOTA chelator in green, and ABM in blue.
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Albumin Binding
Albumin binding of 177Lu-2 was 54.4% 6 2.8% and 58.1% 6

0.4% for mouse and human serum, respectively, compared with
18.1% 6 0.2% and 16.2% 6 0.4%, respectively, for 177Lu-1.

Serum Stability
68Ga-1 and 68Ga-2 were 100% intact at 2 h in both mouse and

human serum. At 24 h, 177Lu-1 and 177Lu-2 were 72% and 78%
intact, respectively, in mouse serum and at least 97% intact (both)
in human serum.

In Vivo Imaging and Biodistribution
Imaging and Biodistribution of 68Ga-1 and 68Ga-2. Imaging

and biodistribution were performed in the subcutaneous BxPC-3
tumor model at 1 and 2 h after injection for 68Ga-1 and at 2 and 4 h
after injection for 68Ga-2 (Fig. 3; Supplemental Table 1). Uptake
and retention in the tumor were evident at all time points for both
68Ga-1 and 68Ga-2. However, whereas 68Ga-1 cleared from key
organs such as the kidneys by 2 h, uptake of 68Ga-2 continued to
trend upward. Tumor uptake was 2.6% 6 0.8% at 1 h and 2.0% 6

0.6% at 2 h after injection for 68Ga-1 and 9.4% 6 1.9% at 2 h and
10.4% 6 2.6% at 4 h after injection for 68Ga-2.
Renal uptake of 68Ga-1 was 23 6 3 %ID/g at 1 h, dropping to

14 6 4 %ID/g at 2 h (P 5 0.032). For 68Ga-2, renal uptake was
20 6 3 %ID/g at 2 h, increasing to 26 6 2 %ID/g at 4 h (P 5

0.039). As depicted in Figure 3D, tumor-to-organ ratios at 2 h after
injection for 68Ga-1 and 68Ga-2, respectively, were 0.75 6 0.23
and 0.88 6 0.25 for stomach, 1.6 6 0.5 and 1.3 6 0.3 for small
intestine, 0.98 6 0.26 and 1.2 6 0.3 for large intestine, 20 6 7

and 6 6 0.9 for liver, 21 6 2 and 7.2 6

2.5 for pancreas, and 22 6 3.9 and 1.1 6

0.2 for blood. Collectively, these data sug-
gest that 68Ga-1 has the most favorable bio-
distribution properties for a PDAC imaging
agent, clearing rapidly from key organs
while being retained by the tumor.
Biodistribution of 177Lu-1 and 177Lu-2.

Uptake and retention in the BxPC-3 tumor
were at least 4-fold greater for 177Lu-2
than for 177Lu-1, with 177Lu-2 remaining at
5 6 0.8 %ID/g at 72 h (Figs. 4 and 5; Sup-
plemental Tables 2 and 3). Both 177Lu-1
and 177Lu-2 demonstrated washout from
key organs over time, resulting in tumor-to-
kidney ratios for 177Lu-1 of 0.08 6 0.05 at
1 h and 0.14 6 0.05 at 72 h; for 177Lu-2, the
ratios were 0.22 6 0.05 at 1 h and 0.60 6

0.02 at 72 h (Fig. 5B). For the same time
points, tumor-to-stomach ratios were, re-
spectively, 0.31 6 0.06 and 0.87 6 0.28 for
177Lu-1 and 0.50 6 0.08 and 1.16 6 0.30
for 177Lu-2 (Fig. 5C). Likewise, tumor-to-
pancreas ratios were 5 6 3 and 9 6 1.4 for
177Lu-1 and 5 6 0.06 and 16 6 5 for 177Lu-
2 (Fig. 5D); tumor-to-large intestine ratios
were 0.31 6 0.02 and 1.74 6 0.39 for
177Lu-1 and 0.77 6 0.25 and 1.77 6 0.26
for 177Lu-2. Collectively, these data suggest
that 177Lu-2 has the most favorable phar-
macokinetics to advance to therapeutic effi-
cacy studies.
Blocking Studies. Preadministration of the

respective blocking peptide (1 or 2) 10 min
before administration of 68Ga-1, 177Lu-1, or
177Lu-2 resulted in reduced tumor uptake.
Tumor uptake dropped from 2.66 0.8%ID/g
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(unblocked) to 0.276 0.02 %ID/g for 68Ga-1 (1 h,286% change);
for 177Lu-1, tumor uptake dropped from 1.26 0.2 %ID/g to 0.36
0.02 %ID/g (1 h, 275% change); and for
177Lu-2, tumor uptake dropped from 7.2 6
3.0%ID/g to 4.1%ID/g (4 h,242% change;
Supplemental Figs. 1–3).

Therapeutic Efficacy
A significant delay in tumor growth was

observed in treatment groups 3 (74 MBq
177Lu-2) and 4 (23 37 MBq 177Lu-2) versus
control groups 1 and 2 (Fig. 6A). All mice in
groups 1 and 2 had met the endpoint criteria
(tumor $ 2 cm in any direction or ulcera-
tion) by days 63 and 68 from the start of
treatment, respectively. In contrast, the mice
in groups 3 and 4 had 30% and 43% survival
rates, respectively, at the end of the study
(120 d; Fig. 6B). The median survival was
56 d for mice in groups 1 and 2, versus 82 d
for group 3 and 113 d for group 4. No treat-
ment-related adverse effects (weight loss or
signs of distress) were evident during the
course of the study (Supplemental Fig. 4).

Dosimetry
The highest estimated dose, as expected

from the imaging and biodistribution data,
was to the kidneys. On the basis of the

extrapolated values obtained in OLINDA, the effective dose
from 177Lu-2 to the kidneys would be 1.31 mSv/MBq and
1.14mSv/MBq for a woman and man, respectively (Supplemental
Tables 4 and 5).

DISCUSSION

There has been increasingly rapid growth in the field of radio-
theranostics, fueled in part by the many successful clinical out-
comes, significant investments by the pharmaceutical industry, and
recent regulatory approvals (27). Numerous novel radiotheranos-
tics for a wide range of clinically relevant targets are now under
investigation (28). Here, we describe the development of peptide-
based radiotheranostics to target the integrin avb6, an epithelium-
specific receptor that has been identified as a relevant molecular
target for both the detection and the treatment of cancer (29). Sev-
eral avb6-targeting imaging agents have demonstrated utility in
the clinic for a range of carcinomas, including breast, colon, head
and neck, lung, and pancreas (16–19). In view of the functional
relevance of the integrin avb6, it is anticipated to become an
important target for future radiotheranostics (30).
Building on over a decade of research and development of

avb6-targeted peptides for imaging by our group, we designed and
report here a radiotheranostic strategy using 68Ga for PET imaging
and 177Lu for both treatment and imaging with SPECT. We devel-
oped DOTA-5G (1), a peptide with high affinity and selectivity
for the integrin avb6 and, with the goal to increase tumor uptake
and reduce renal retention, further incorporated a 4-(p-iodophenyl)
butyryl–containing ABM—based on prior literature showing
favorable pharmacokinetics for targeting ligands such as folates,
octreotides, and PSMA-targeting phosphoramidates (31–33)—to
yield DOTA-ABM-5G (2). Given the notable presence of the
integrin avb6 in PDAC, we evaluated 1 and 2 in a pancreatic
mouse model (11,34,35).

A

B

Blood
Live

r
Hea

rt
Lung

Kidney
s

Pan
cre

as

Stomac
h

Sm
Intes

tin
es

Lg Intes
tin

es

Musc
le

BxP
C-3

0

5

10

15

20
Up

ta
ke

(%
ID

/g
)

177Lu-1

1 h
24 h
48 h
72 h

Blood
Live

r
Hea

rt
Lung

Kidney
s

Pan
cre

as

Stomac
h

Sm
Intes

tin
es

Lg Intes
tin

es

Musc
le

BxP
C-3

0

5

10

15

20

25

30

Up
ta

ke
(%

ID
/g

)

177Lu-2

1 h
24 h
48 h
72 h

FIGURE 4. Biodistribution showing uptake (%ID/g) of 177Lu-1 (A) and
177Lu-2 (B) in selected organs and avb6-positive BxPC-3 tumors (n 5 3/
group/time point). Lg5 large; sm5 small.

0 8 16 24 32 40 48 56 64 72
0
1
2
3
4
5
6
7
8

Time (h)

Tu
m

or
up

ta
ke

(%
ID

/g
)

177Lu-1
177Lu-2

A

0 8 16 24 32 40 48 56 64 72
0.0

0.2

0.4

0.6

0.8

1.0

Time (h)

Ra
tio

177Lu-1
177Lu-2

Tumor-to-KidneyB

C

0 8 16 24 32 40 48 56 64 72
0

5

10

15

20

25

Time (h)

Ra
tio

177Lu-1
177Lu-2

Tumor-to-Pancreas
D

0 8 16 24 32 40 48 56 64 72
0.0

0.5

1.0

1.5

2.0

Time (h)

Ra
tio

177Lu-1
177Lu-2

Tumor-to-Stomach

FIGURE 5. Uptake of 177Lu-1 and 177Lu-2 in BxPC-3 tumor (A) and tumor-to-organ ratios for
kidney (B), stomach (C), and pancreas (D) derived from biodistribution data.

642 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 64 ! No. 4 ! April 2023



natGa-1, natGa-2, natLu-1, and natLu-2 demonstrated high affinity
and selectivity for the integrin avb6, similar to our previously pub-
lished avb6-targeting peptides (23,26). Tumors were clearly
detected with 68Ga-1 and 68Ga-2 by PET (Fig. 3A) and showed
uptake similar to other 68Ga-peptides reported in the literature
(19,36). Both 68Ga-1 and 68Ga-2 show predominantly renal excre-
tion, as commonly reported for radiolabeled peptides (37,38). Com-
pared with 68Ga-2, 68Ga-1 was cleared rapidly from the blood and
other nontarget tissues, including healthy pancreas (Fig. 3D), result-
ing in improved contrast. These data reaffirmed our previous reports
that although the inclusion of an ABM into targeting ligands
increases circulation and tumor uptake, this might not be desirable
for short-lived (diagnostic) radioisotopes such as 68Ga (39) or 18F
(23). Overall, 68Ga-1 compared favorably to other noteworthy
examples, including 68Ga-cycratide (36), 68Ga-DOTA-SFITGv6
(16), and 68Ga-trivehexin (19), and was therefore chosen as the
clinical candidate for PET imaging.
In vitro studies showed avb6-targeted cell binding and internali-

zation with minimal efflux of the 177Lu-2 from cells. 177Lu-2 also
demonstrated good stability (.97% at 24 h) in human serum.
Compared with 177Lu-1, the addition of the ABM expectedly
resulted in longer circulation of 177Lu-2, which, in combination
with the long half-life of 6.7 d for 177Lu, was highly beneficial as
demonstrated by the biodistribution studies (Fig. 5). Lu-2 was rap-
idly taken up by and retained in the tumor over the 72-h window,
along with significant washout from all key organs over this time
frame. By the 72-h time point, only the kidneys showed higher
uptake of 177Lu-2 than the tumor; notably, no renal clearing agents
were used in this preclinical study. To further mitigate the high
kidney activity, other complementary approaches such as coinjection
of positively charged amino acids such as lysine and arginine and
pretargeting will be explored. Biodistribution data were extrapolated
to obtain estimated human dosimetry using OLINDA/EXM1.1,
showing the highest dose to be to the kidney—as expected from
the imaging and biodistribution data—at 1.31mSv/MBq (female)
and 1.14mSv/MBq (male). These values are considerably lower
than those reported for other 177Lu-compounds currently under
investigation in the clinic (e.g., CTT1403, an agent for the treatment
of prostate cancer, was reported as 5.18 mSv/MBq (40)). For
177Lu-2, the estimated dose would equate to approximately a 1.21-
Gy (female) and a 1.05-Gy (male) dose to the kidneys, based on a
925 MBq (25 mCi) starting injected dose for our proposed clinical
trial, and is significantly lower than the current 23-Gy threshold.
On the basis of the in vitro and in vivo data, it was hypothesized

that significant tumor killing could be achieved from selective

uptake and retention of 177Lu-2 in avb6-posi-
tive cells; therefore, the therapeutic efficacy
of 177Lu-2 was evaluated in the BxPC-3
tumor xenograft model. Two treatment doses
were tested, a high single dose of 74 MBq
and a fractioned dose of 2 times 37 MBq,
7 d apart. Both cohorts showed significantly
increased survival above the control groups.
While all mice in the control groups had
reached endpoint criteria by day 68, the mice
in the treatment groups had 80%–86% sur-
vival rates at that time point and showed 1.5-
to 2.0-fold increased median survival times
compared with the controls. Importantly,
mice in both treatment groups maintained
a healthy weight during the study, confirm-

ing no adverse effects from either the single dose (74 MBq) or the
fractionated double dose (2 3 37 MBq) of 177Lu-2 (Supplemental
Fig. 4). These results were highly encouraging and were contrary
to the recently published data by Huynh et al., who reported severe
weight loss and death due to kidney toxicity within the first 14 d
in mouse cohorts receiving a 37 MBq dose of 177Lu-IBA-DOTA-
(PEG28)2-A20FMDV2 (35).
Overall, the relevance of integrin avb6 in cancer, the high bind-

ing of 177Lu-2 to the integrin avb6, and its excellent stability in
human serum, along with the therapeutic efficacy and favorable
estimated dosimetry, collectively suggest the utility of 177Lu-2 as
a therapeutic. 177Lu-2 was therefore selected as the treatment can-
didate for our first-in-humans radiotheranostics study alongside
68Ga-1 as the imaging agent (NCT04665947).

CONCLUSION

68Ga-1 and 177Lu-2 demonstrated high affinity (low nM) and
selectivity for the integrin avb6 in both in vitro assays and in vivo
mouse models, were rapidly internalized, and were stable in
human serum. Both radiotracers showed favorable pharmaco-
kinetics in preclinical studies, with predominantly renal excretion
and good tumor-to-organ ratios. Favorable human dosimetry data
calculated from the murine biodistribution data for 177Lu-2 suggest
the potential for this treatment. On the basis of these data, a first-
in-humans study in patients with locally advanced or metastatic
pancreas cancer is under way.
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KEY POINTS

QUESTION: Can 68Ga- and 177Lu-radiolabeled integrin avb6-targeting
peptides detect and treat avb6-positive cancers?

PERTINENT FINDINGS: 68Ga-radiolabeled integrin avb6-targeting
peptides could detect avb6-positive tumors, and the
177Lu-radiolabeled avb6-targeting peptide 177Lu-2 demonstrated
therapeutic efficacy in a pancreas cancer mouse model.

IMPLICATIONSFORPATIENTCARE:This 68Ga-/177Lu-radiolabeled
avb6-targeting theranostic pair holds significant promise for patients
with locally advanced ormetastatic pancreas cancer or other
avb6-positive solid tumors.
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Myocardial External Efficiency in Asymptomatic Severe
Primary Mitral Regurgitation Using 11C-Acetate PET
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Subjects with asymptomatic moderate-to-severe or severe primary
mitral regurgitation are closely observed for signs of progression or
symptoms requiring surgical intervention. The role of myocardial meta-
bolic function in progression of mitral regurgitation is poorly understood.
We used 11C-acetate PET to noninvasively measure myocardial mech-
anical external efficiency (MEE), which is the energetic ratio of external
cardiac work and left ventricular (LV) oxygen consumption. Methods:
Forty-seven patients in surveillance with mitral regurgitation and no or
minimal symptoms prospectively underwent PET, echocardiography,
and cardiac MRI on the same day. PET was used to simultaneously
measure cardiac output, LVmass, and oxygen consumption to establish
MEE. PET findings were compared between patients and healthy volun-
teers (n 5 9). MEE and standard imaging indicators of regurgitation
severity, LV volumes, and function were studied as predictors of time to
surgical intervention. Patients were followed amedian of 3.0 y (interquar-
tile range, 2.0–3.8 y), and the endpoint was reached in 22 subjects
(47%). Results:MEE in patients reaching the endpoint (23.8% 6 5.0%)
was lower than in censored patients (28.5% 6 4.5%, P 5 0.002) or
healthy volunteers (30.1% 6 4.9%, P5 0.001). MEE with a cutoff lower
than 25.7% was significantly associated with the outcome (hazard ratio,
7.5; 95% CI, 2.7–20.6; P , 0.0001) and retained independent signifi-
cance when compared with standard imaging parameters.Conclusion:
MEE independently predicted time to progression requiring valve sur-
gery in patients with asymptomatic moderate-to-severe or severe pri-
mary mitral regurgitation. The study suggests that inefficient myocardial
oxidative metabolism precedes clinically observed progression in mitral
regurgitation.

KeyWords:myocardial efficiency; mitral regurgitation; cardiovascular
MR; PET
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Primary mitral valve regurgitation affects close to 2% of the
overall population, increasing to 10% among the elderly. Surgical
repair or replacement are the treatments of choice (1). Assessment
of mitral regurgitation is an important task of cardiac imaging. In
clinical routine, this is usually accomplished by integrating echo-
cardiographic findings with the clinical picture (2,3). To determine

the impact of moderate or severe mitral regurgitation on left ventric-
ular (LV) structure and function, the current recommendation is eval-
uation of LV diameters or volumes and LV ejection fraction
(LVEF), with cardiovascular MRI (CMR) being considered the gold
standard for such evaluations (4). A novel and theoretically attractive
measure of LV performance in valvular heart disease is myocardial
mechanical external efficiency (MEE), based on PET. MEE relates
the mechanical energetic output of the left ventricle, measured as for-
ward cardiac output times mean arterial blood pressure, to its chemi-
cal input from oxidative acetate metabolism, measured by PET (5).
MEE decreases in heart failure (6) and in symptomatic primary and
secondary mitral regurgitation (7–9), but data are scarce.
Given the increasing prevalence of moderate and severe mitral

regurgitation, and the increasing complexity of therapeutic options
(valve replacement and surgical and different types of interventional
repair, including percutaneous edge-to-edge repair), the need to detect
an adverse impact on LV performance early has gained urgency. We
therefore set out to evaluate the impact of severe asymptomatic
primary mitral regurgitation on MEE, its relation to quantitative mea-
sures of mitral regurgitation magnitude and LV remodeling by echo-
cardiography and CMR (the standard imaging techniques in mitral
regurgitation), and the role of myocardial metabolic integrity in pre-
dicting time to progression mandating surgical intervention.

MATERIALS AND METHODS

In total, 47 asymptomatic or mildly symptomatic patients (class I or
II according to New York Heart Association Functional Classification)
confirmed by bicycle exercise testing to have severe degenerative and
chronic primary mitral regurgitation by echocardiographic criteria (2)
were evaluated and included in the study between October 2013 and
March 2018 at the Department of Cardiology, Uppsala University
Hospital. Patients with other concomitant moderate or severe valve
disease, nonsinus rhythm, a history of coronary artery disease, chronic
renal disease, symptomatic or severe lung disease, and method-
specific contraindications were excluded. All patients underwent 11C-
acetate PET, echocardiography, and CMR on the same day. CMR and
PET were performed 1 h apart with no intake of food or fluids between
scans to avoid hemodynamic alterations. Additionally, a group of
healthy volunteers (n 5 9) underwent same-day 11C-acetate PET and
echocardiography. The healthy volunteers had no signs or symptoms
of cardiovascular disease or other chronic diseases. The study was
approved by the Regional Ethical Review Board at Uppsala University
(diarienummer 2012/543), and all subjects provided written informed
consent.
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PET
PET/CT scanning was performed with a GE Healthcare Discovery

ST16 or DMI20. After a scout CT scan, a low-dose CT scan (120kV,
20mAs) was performed. After this, a 27-min list-mode emission scan
was performed, starting simultaneously with automated injection of a
5-MBq dose of 11C-acetate per kilogram of body weight as a 5-mL bolus
(1mL s21) in an antecubital vein, followed by a 30-mL saline flush
(2.0mL s21). The collected list-mode emission data were used to create
a dynamic image series consisting of 29 time frames using all data with
5-s frame lengths during the first minute. PET data were analyzed using
software developed in-house (8) with full automation (Fig. 1).

MEE was calculated by a standard formula (incorporating caloric
conversion factors) as proposed by Bing et al. in 1949 (10):

MEEð%Þ5 MAP3 forward SV3HR3 1:333 1024

MVO2 3LVM3 20
;

where MAP is mean arterial pressure (mm Hg), SV is stroke vol-
ume (mL/beat), HR is heart rate (beats/min), MVO2 is mean myo-
cardial oxygen uptake (mL/g/min), and LVM is LV mass (g).

The dynamic PET dataset was used to measure forward cardiac out-
put (aortic flow) with an indicator dilution approach, as previously
described (8,11). Heart rate and blood pressure were measured non-
invasively at the time of PET scanning. Heart rate was used to calcu-
late forward stroke volume from forward cardiac output. The full
dynamic dataset was used to obtain the denominator of the MEE equa-
tion, mean myocardial oxygen uptake, and LV mass, as previously
described (8,12). PET postprocessing was fully automated and pro-
duced identical results when iterated. Test–retest results using this

technique were previously published, showing a 9% coefficient of var-
iance for MEE in healthy volunteers (13).

Echocardiography
Echocardiography (Vivid-7; GE Vingmed Ultrasound AS) was per-

formed according to current guidelines. All studies were performed by
experienced sonographers and interpreted by a single experienced
physician.

LV end-diastolic volume, LV end-systolic volume, and LVEF were
assessed using the biplane Simpson method. Left atrial volume was
calculated by the biplane area length method. LV end-diastolic vol-
ume, LV end-systolic volume, and left atrial volume were indexed to
the body surface area. Total stroke volume was calculated as the dif-
ference between LV end-diastolic and end-systolic volumes. Aortic
forward stroke volume was calculated using the Doppler velocity time
integral method, using the aortic annulus diameter for LV outflow tract
diameter. Mitral regurgitant volume was estimated by both the proxi-
mal isovelocity surface area method and the volumetric method (total
stroke volume – forward stroke volume). LV global longitudinal strain
was measured by strain rate imaging.

Cardiovascular Mitral Regurgitation (CMR)
CMR studies were performed using an Ingenia 3-T whole-body

scanner (Philips Healthcare) with an 80mT%m21 gradient system.
Short- and long-axis cine images were acquired using a steady-state
free-precession pulse sequence. LV volumes and mass were manually
segmented from short-axis stack images using long-axis images to
define the basic slice. End-diastolic endocardial and epicardial contours
were propagated, with manual readjustments performed as required.
Papillary muscles and adnexal muscle tissue were included in LV
mass. Phase-contrast images were acquired perpendicular to the proxi-
mal ascending aorta to quantify aortic flow (forward stroke volume),
using a semiautomated algorithm. Images were analyzed using com-
mercial software (CVI42; Circle Cardiovascular Imaging). Mitral regur-
gitant volume was calculated by subtracting aortic forward stroke
volume from total LV stroke volume. End-systolic wall stress was esti-
mated using the thick-wall sphere model (14), for which end-systolic
cavity pressure was substituted with systolic brachial pressure obtained
at PET. A CMR-based MEE (MEECMR/PET) was constructed using aor-
tic forward stroke volume and LV mass from CMR with mean arterial
pressure, HR, and mean myocardial oxygen uptake from PET.

Outcomes
For outcome analysis, patients were followed regularly at our clinic

or affiliated hospitals until March 2021. Time from inclusion to mitral
valve intervention was recorded. The decision for mitral valve inter-
vention was at the discretion of a multidisciplinary conference and in
most cases (19 of 22) triggered by a combination of echocardiographic
progression of mitral regurgitation and heart failure symptoms.

Statistical Methods
Categoric variables are presented as number and frequency. Contin-

uous variables are presented as mean 6 SD or as median and inter-
quartile range. Correlations were assessed using linear regression. The
agreement of corresponding parameters from PET and CMR was stud-
ied using Bland–Altman plot analyses, and the significance of bias
was studied with paired t tests.

PET results were compared between patients and healthy volunteers
using t tests. The relation of outcome data toward MEE and standard
imaging parameters was analyzed by univariate Cox proportional
hazards. Multivariate Cox models were experimentally performed
using the best MEE cutoff and significant univariate predictors from
echocardiography (end-systolic volume, mitral regurgitant volume,
maximum tricuspid jet velocity) or CMR (end-diastolic volume, end-
systolic volume, mitral regurgitant volume).

FIGURE 1. Automatic postprocessing of cardiac 11C-acetate PET/CT
images. (A) First-pass analysis after intravenous bolus injection of a few
micrograms of 11C-acetate. Arterial clusters (red) indicate left atrium, left ven-
tricle, and aorta, whereas venous clusters (blue) indicate vena cava, right
atrium, right ventricle, and pulmonary artery. (B) Time–activity curves of clus-
ters for arterial and venous blood, and corresponding isolated first-pass
peaks, from which cardiac output and external work (cardiac output3 mean
arterial pressure) are calculated as in reference 11. (C) LV mass is measured
by delineating LV endo- and epicardial contours by thresholding myocardium
on parametric image representing myocardial blood flow (12). (D) Kinetics
of radioactive content over time in myocardium is measured from region in
C (8). 11C-acetate is trapped intracellularly as 11C-acetyl-coenzyme A and
converted to 11C-CO2 by myocardial mitochondriae; washout rate of radio-
activity is directly proportional to mean myocardial oxygen uptake. Total LV
oxygen consumption is measured as mean myocardial oxygen uptake3 LV
mass. External work and total LV mean myocardial oxygen uptake are con-
verted to Joules, the ratio of both yields MEE (8).
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P values of less than 0.05 were considered significant. Statistical
analyses were performed using JMP, version 16 (SAS Institute Inc.),
and Prism, version 9 (GraphPad Software).

RESULTS

Clinical and laboratory findings are shown in Table 1. The mean
age of the study population was 59.46 11.0 y, and 91% (n 5 44)

were men. All patients met echocardiographic criteria for severe
degenerative mitral regurgitation at the time of inclusion. The most
common valve defect was an isolated or dominant P2-segment pro-
lapse of the posterior leaflet (78%, n 5 39), followed by Barlow
disease (14%, n 5 7)
A history of hypertension was present in 60% (n 5 28). Symp-

toms were categorized as New York Heart Association class I in
89% (n 5 42) and class II in 11% (n 5 5) at referral. One patient
did not complete the CMR scan because of claustrophobia; this
patient did undergo PET. Healthy volunteers (n 5 9, 546 8 y,
3 men) had no history of cardiac disease and had normal echocar-
diographic findings.

Myocardial Efficiency
Table 2 shows the results of MEE and associated PET measure-

ments in healthy volunteers, compared with mitral regurgitation
patients. There were significant differences in age and sex distribu-
tion between the groups. Average MEE in patients (26.3% 6

5.3%) was significantly reduced compared with healthy volunteers
(30.1% 6 5.0%, P 5 0.048; Table 2). MEE in patients who
reached an endpoint was lower than in censored patients (mean
difference, 24.6%; 95% CI, 27.4 to 21.8; P 5 0.002), whereas
MEE in censored patients was similar to that in healthy volunteers
(mean difference, 21.7%; 95% CI, 25.4% to 2.1; P 5 0.37), as
shown in Figure 2.
The results of linear correlation analyses of MEE with para-

meters from echocardiography and CMR are given in Table 3,
showing inverse weak but significant correlations with indices
associated with regurgitation, remodeling severity, and LV global
longitudinal strain. Notably, MEE did not correlate with LVEF or
end-systolic wall stress.
The MEE equation includes forward stroke volume and LV mass,

here obtained by PET by an automated image analysis procedure.
Both these parameters were also available from the same-day CMR

TABLE 1
Baseline Patient Characteristics (n 5 47)

Characteristic Data

Age (y) 62 6 10

Male (n) 43 (91%)

Body surface area (m2) 2.0 6 0.2

Body mass index (kg/m2) 25 6 3

History of hypertension (n) 28 (60%)

N-terminal pro–brain natriuretic
peptide* (ng/L)

Median 99

Interquartile range 67–183

Medication at inclusion

Renin-angiotensin-aldosterone
system inhibitors

25 (53%)

b-receptor inhibitors 9 (19%)

Calcium channel inhibitors 7 (15%)

Diuretics 4 (9%)

Digoxin 2 (4%)

*Upper reference limit , 230.

TABLE 2
11C-Acetate PET/CT Comparison of Healthy Controls and Patients with Asymptomatic Severe Primary Mitral Regurgitation

Characteristic Healthy controls Patients P

N 9 47

Sex (n) 0.0002

Male 3 43

Female 6 4

Age (y) 55 6 8 62 6 10 0.03

Heart rate (min21) 62 6 10 59 6 10 0.50

Mean arterial pressure (mm Hg) 97 6 11 100 6 13 0.42

PET parameters

Cardiac index (L/m2) 2.8 6 0.4 2.5 6 0.3 0.054

Forward stroke volume index (mL/m2) 45 6 5 43 6 7 0.29

MVO2 (mL/min/100 g) 10 6 2 10 6 2 0.50

LV mass index (g/m2) 55 6 8 83 6 16 ,0.0001

External work (J/min/m2) 35 6 3 34 6 8 0.32

LV energy consumption (J/min/m2) 114 6 22 163 6 45 ,0.0001

MEE (%) 30 6 5 26 6 5 0.048

MVO2 5 mean myocardial oxygen uptake.
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in mitral regurgitation patients, and cross-modality correlations and
agreement were good (forward stroke volume: r 5 0.88 [95% CI,
0.79–0.93; P , 0.0001] and bias 5 2168mL [P 5 0.52]; LV
mass: r 5 0.91 [95% CI, 0.84–0.95; P , 0.0001] and bias 5
0615g [P 5 0.9]). When CMR-based forward stroke volume and
LV mass were inserted into the MEE equation, the correlation
remained good (r 5 0.76; 95% CI, 0.61–0.86; P , 0.0001), but
MEE values from PET alone were higher (bias 5 4.6% 6 3.5%,

P, 0.0001). A residual analysis showed that differences in both for-
ward stroke volume and LV mass contributed significantly to MEE
variance. Use of 2 different PET scanners in the study did not impact
bias toward CMR-based MEE.

Clinical Outcomes
The median duration of follow-up was 2.7 y (interquartile range,

1.9–3.2 y). The endpoint of surgical intervention was reached in 21
subjects. One subject experienced disease progression and devel-
oped characteristic symptoms. Intervention was recommended, but
the patient rejected surgery; cardiovascular death occurred 5 y after
inclusion, and the time point of recommendation for surgery was
used as an endpoint surrogate. Thus, the final number of subjects
considered reaching the endpoint in statistical analyses was 22.
The indication for intervention was at the discretion of the treat-

ing physicians and followed guidelines available at the time of
the study (15). Occurrence of symptoms during surveillance was
noted in 17 of 22 (77%) in whom surgery was eventually
recommended.
Univariate analysis showed that MEE as a continuous variable

predicted outcome; a decrease in MEE by 1% increased the rela-
tive hazard of the outcome within the next year by 19% (hazard
ratio, 0.84; 95% CI, 0.75–0.93; P 5 0.0004). ROC analysis pro-
vided an MEE cutoff for event prediction at 25.7%, close to the
lower limit of normalcy, which was associated with a risk ratio of

FIGURE 2. (A) Plots of MEE comparing healthy controls (HC) and study
patients who were followed without (censored) or with (event) progression
mandating surgical intervention. (B) Kaplan–Meier plot showing that
patients with MEE below 25.7% at inclusion required valvular surgery sig-
nificantly sooner than patients with MEE above 25.7%.

TABLE 3
Echocardiography and CMR: Mean Values, Linear Correlations with MEE, and Univariate Cox Proportional-Hazards

Analysis

Parameter Mean 6 SD
Pearson correlation

with MEE (r) Hazard ratio* P

Echocardiography

LV end-diastolic diameter (cm) 5.5 6 0.5 20.35 (P 5 0.02) 2.9 (1.3–6.9) 0.01

LV end-systolic diameter (cm) 3.4 6 0.4 20.24 (P 5 0.10) 3.0 (1.0–9.6) 0.05

Left atrial volume index (mL/m2) 35 (interquartile
range, 31–52)

20.53 (P 5 0.0001) 1.01 (1.00–1.03) 0.08

Maximum tricuspid jet velocity (m/s) 2.6 6 0.4 20.51 (P 5 0.0003) 6.2 (2.5–15.2) 0.0002

EROA (cm2) 0.65 6 0.39 20.40 (P 5 0.005) 2.2 (0.89–4.6) 0.09

Regurgitant volume by PISA (mL) 106 6 60 20.37 (P 5 0.01) 1.01 (1.00–1.01) 0.07

LV end-diastolic volume index (mL/m2) 98 6 18 20.51 (P 5 0.0003) 1.05 (1.02–1.07) 0.0002

LV end-systolic volume index (mL/m2) 34 6 7 20.35 (P 5 0.01) 1.13 (1.06–1.21) 0.0001

LVEF (%) 66 6 4 20.13 (P 5 0.35) 0.97 (0.88–1.07) 0.48

Regurgitant volume volumetric (mL) 51 6 31 20.44 (P 5 0.002) 1.02 (1.01–1.04) 0.001

LV global longitudinal strain (%) 221.5 6 2.6 0.44 (P 5 0.003) 0.93 (0.79–1.09) 0.37

Cardiac MRI

LV end-diastolic volume index (mL/m2) 122 6 26 20.53 (P 5 0.0002) 1.03 (1.01–1.04) 0.001

LV end-systolic volume index (mL/m2) 39 6 11 20.47 (P 5 0.001) 1.08 (1.04–1.12) 0.0004

Regurgitant volume (mL) 81 6 35 20.47 (P 5 0.001) 1.02 (1.00–1.03) 0.01

Regurgitant fraction (%) 47 6 12 20.54 (P 5 0.0001) 1.08 (1.03–1.13) 0.001

LVEF (%) 68 6 4 0.09 (P 5 0.57) 0.91 (0.82–1.02) 0.1

End-systolic wall stress (kPa) 20 6 4 20.10 (P 5 0.53) 1.08 (0.96–1.22) 0.21

MEECMR/PET (%) 22 6 5 0.76 (P , 0.0001) 0.85 (0.77–0.93) 0.0002

*Data in parentheses are 95% CIs.
EROA 5 effective regurgitant orifice area; PISA 5 proximal isovelocity surface area.
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7.5 (95% CI, 2.7–21; P , 0.0001) in a univariate Cox model. A
Kaplan–Meyer plot is shown in Figure 2B.
Table 3 shows univariate baseline predictors of outcome by Cox

proportional-hazards analysis from echocardiography and CMR.
MEECMR/PET performed similarly to MEE from PET alone, both
as a continuous variable (hazard ratio, 0.85; 95% CI, 0.77–0.93)
and as a binary cutoff, established as an MEECMR/PET of less than
22.2% (hazard ratio, 5.9; 95% CI, 2.0–17.8).
The echocardiographic and CMR-based severity of mitral regur-

gitation were also predictive (P , 0.05) in univariate Cox analyses
(Table 3). Furthermore, and likely mediated by guideline-based
management, LV volumes by standard imaging were significantly
predictive of outcomes. LVEF, end-systolic wall stress, and global
longitudinal strain had no significant association with outcome.
MEE remained a significant independent predictor when adjusted

for any of the standard imaging parameters—more pronounced when
a cutoff MEE of less than 25.7% was used. Table 4 shows the results
of 2 experimental Cox multivariate models, in which an MEE of less
than 25.7% was adjusted for the parameters with the highest univari-
ate predictive capacity from either echocardiography or CMR. In a
Cox model of MEE corrected for anamnestic presence of hyperten-
sion, MEE remained highly predictive (P5 0.0002), whereas history
of hypertension did not reach statistical significance (P5 0.9).

DISCUSSION

Our study shows for the first time, to our knowledge, the rela-
tion of MEE to mitral regurgitation severity, LV remodeling, and
progression requiring surgical intervention in asymptomatic severe
primary mitral regurgitation. Importantly, the predictive value of
MEE was proportional and persisted after correction for standard
objective estimators of mitral regurgitation severity, suggesting
that MEE offers information that is orthogonal to the estimators
recommended in current guidelines. These observations suggest
that reduction of myocardial efficiency precedes progression to
symptomatic mitral regurgitation requiring intervention.
MEE predicted outcome independently of standard clinical, lab-

oratory, echocardiographic, and CMR parameters collected at the
time of PET. This result can be partially explained by the fact that
MEE is calculated from parameters that are typically not part of

standard guideline-oriented mitral regurgitation evaluation, such
as cardiac forward work and myocardial oxygen consumption.
However, none of the functional parameters used in the MEE
equation were significant predictors of outcome on their own.
Clinically, our data confirm the prognostic impact of well-

established regurgitation parameters such as mitral regurgitant volume
and LV volumes for both echocardiography and CMR. LVEF did not
correlate with MEE in this cohort and was not predictive, probably
because LVEF was within the reference range in all subjects.
Maximum tricuspid jet velocity and left atrial volume, the echocar-

diographic estimates of backward volume loading recommended in
guidelines, were both significantly correlated with MEE and significant
predictors in univariate analyses. Both, however, lost predictive signifi-
cance when adjusted for MEE in multivariate models. A potential
explanation for these results is that a poorer metabolic efficiency might
have a culprit role in reducing diastolic LV function, which drives the
backward failure and results in earlier symptom occurrence.
The experimental multivariate Cox analyses showed that end-

systolic volume from echocardiography, but not from CMR, had
independent predictive capacity. This is confusing, since CMR is
the gold standard. A potential explanation could be that treating
physicians had access to serial echocardiography data according to
guidelines but were masked to CMR and PET.
Although MEE showed independent predictive value for out-

comes, the modest size of our cohort, as well as the limited avail-
ability of 11C-acetate PET, does not allow us to predict the
potential future role of MEE in the routine management of patients
with asymptomatic severe mitral regurgitation. Still, the orthogonal
perspective on progression offered by MEE might be useful for
research into optimizing decision-making algorithms based on clin-
ical data and for developing surrogate markers of MEE from stan-
dard imaging modalities. One such opportunity could be to study
MEE in mitral regurgitation patients with concomitant cardiovascu-
lar or metabolic diseases to see if comorbidities contribute to mitral
regurgitation progression by augmenting disturbances in oxidative
metabolism beyond what is caused by volume overload. Hyperten-
sion is common in mitral regurgitation, and patients who have
both disease entities are potentially prone to more rapid symptom-
atic progression, but there is no clear evidence for benefit of

TABLE 4
Experimental Multivariate Cox Proportional-Hazards Models of MEE with Adjustments for Standard Outcome Parameters

from Either Echocardiography or CMR

Parameter Hazard ratio P

MEE and echocardiography (whole-model P , 0.0001)

MEE , 25.7% 3.7 (1.1–12.8) 0.03

Regurgitant volume volumetric (mL) 1.37 (0.17–13.8) 0.77

LV end-systolic volume index (mL/m2) 1.08 (1.01–1.17) 0.03

Maximum tricuspid jet velocity (m/s) 2.2 (0.70–6.64) 0.17

MEE and CMR (whole-model P 5 0.0002)

MEE , 25.7% 5.9 (1.7–20.3) 0.005

LV end-diastolic volume index (mL/m2) 1.00 (0.93–1.07) 0.94

LV end-systolic volume index (mL/m2) 1.04 (0.95–1.14) 0.39

Regurgitant volume (mL) 1.00 (0.97–1.03) 0.87

Data in parentheses are 95% CIs.
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antihypertensive therapy (16). The fact that MEE is lowered in
hypertension with LV hypertrophy (17) suggests that a history of
hypertension might predispose a reduction of MEE in mitral regur-
gitation and contribute to the more rapid symptomatic progression
in a subset of patients found in this study. On the basis of this
hypothesis, we tested the association of hypertension and MEE
for predicting progression but found no significant interaction in
this cohort.
In patients with overt heart failure, MEE is significantly associ-

ated with LV hypertrophy and end-systolic wall stress (6). Among
the individual parameters used in the MEE equation, LV mass was
the only one that was significantly increased in mitral regurgitation
patients, compared with healthy controls in our study. The hyper-
trophy seen in mitral regurgitation is generally regarded as an
adaptive mechanism that reduces wall stress, secondary to LV
dilatation. We did not find any association of end-systolic wall
stress toward MEE or outcome, probably because the hypertrophic
adaptation matched the dilatation sufficiently overall. However,
this adaptation is apparently not sustainable in a subset of mitral
regurgitation patients and causes a lowered metabolic efficiency
even before major adverse changes in wall stress and systolic
function occur. This may relate to metabolic alterations found in
failing myocardium, including in the setting of mitral regurgitation
(18), and points to a poorly understood variation in phenotypic
susceptibility. MEE was in the reference range in mitral regurgita-
tion subjects that did not experience early progression despite LV
hypertrophy, suggesting that early adaptations to chronic volume
overloading in subjects without increased susceptibility include a
potentially improved efficiency of oxidative metabolism. This is
analogous to previous findings in subjects with LV hypertrophy
due to aortic stenosis and pressure overload, where MEE was in
the reference range until symptom occurrence (19).

11C-acetate PET has been used to study MEE at a later stage in
mitral regurgitation progression in small studies of symptomatic
primary (7) and secondary (9) mitral regurgitation, showing MEE
improvements after surgery in parallel with normalization of for-
ward stroke volume. In the current study, external cardiac work
and forward stroke volume in patients who reached the endpoint
was not significantly different from that in patients who were cen-
sored or healthy volunteers, and symptom burden was minimal,
suggesting that our cohort was studied at an earlier disease state
than in previous 11C-acetate PET studies on mitral regurgitation.
Moreover, it is difficult to draw conclusions from comparisons
between our study and previous knowledge because guideline cri-
teria for recommending surgical intervention have become more
aggressive in the recent decade. Hence, studies with serial PET
measurements might be required to understand the dynamics of
myocardial metabolic efficiency, during progression leading to an
intervention and during recovery after surgery, and to what extent
the presumably distinct predictive value of MEE found in this
study can be used for therapeutic decision making or as an out-
come surrogate in drug trials. For such studies, PET-MEE has the
advantage of simultaneous acquisition and automated analysis of
all required parameters. The data show, however, that combined
CMR and PET with careful avoidance of hemodynamic alterations
between scans is not inferior to PET alone for predictive purposes,
but MEE quantification appear to be method-dependent.
Several limitations of our study should be recognized. The number

of patients included was modest, but nevertheless this was potentially
the largest study evaluating primary mitral regurgitation severity
with same-day PET, echocardiography, and CMR. Most importantly,

this was a study on patients with moderate-to-severe or severe pri-
mary mitral regurgitation, which does not address lesser degrees of
mitral regurgitation or secondary mitral regurgitation.
An important fundamental limitation was the nature of our end-

point, which was mitral valve intervention. The decision to proceed
with intervention followed current guidelines at the time of the
study and thus was triggered by the emergence of symptoms or
N-terminal pro–brain natriuretic peptide increase, progressive LV
dilatation, reduction in LVEF exceeding guideline-specified echo-
cardiographic limits, or some combination of these features. Hence,
it is not surprising that volumetric indices such as mitral regurgitant
volume and LV end-diastolic volume were prognostic of outcomes.
One patient was recommended for surgery but declined and died of
cardiovascular causes. Of interest, this patient had the lowest MEE
(15.7%) of all subjects in the cohort. Removal of this patient from
outcome analyses did not change results or conclusions.
We acknowledge that MEE is a simplified approach to measuring

myocardial efficiency and that comparisons to invasive approaches
with pressure–volume loop analyses and direct measurement of mean
myocardial oxygen uptake are relevant for future studies. Pump work
did not include the product of regurgitant volume and end-systolic
left atrial pressure; it is unclear whether this addition would alter the
predictive value of MEE.

CONCLUSION

MEE by 11C-acetate PET was reduced in asymptomatic chronic
degenerative mitral valve in proportion to the severity of mitral
regurgitation measured by multiparametric echocardiography and
CMR, and MEE predicted time to progression triggering surgical
intervention, independently of standard imaging parameters of
mitral regurgitation severity, LV function, and size.
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KEY POINTS

QUESTION: What is the role of MEE measured with 11C-acetate
PET in progression of asymptomatic moderate-to-severe or severe
primary mitral valve insufficiency?

PERTINENT FINDINGS: MEE was proportional to standard
imaging indicators of regurgitation severity and volume overload.
MEE was independently predictive of time to progression requiring
surgical intervention.

IMPLICATIONS FOR PATIENT CARE: MEE might provide
an objective and early indication of deteriorating myocardial
energetics in mitral valve disease.
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Deep Learning Coronary Artery Calcium Scores from
SPECT/CT Attenuation Maps Improve Prediction of Major
Adverse Cardiac Events
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Low-dose ungated CT attenuation correction (CTAC) scans are com-
monly obtained with SPECT/CT myocardial perfusion imaging. Despite
the characteristically low image quality of CTAC, deep learning (DL) can
potentially quantify coronary artery calcium (CAC) from these scans in
an automatic manner. We evaluated CAC quantification derived with a
DL model, including correlation with expert annotations and associa-
tions with major adverse cardiovascular events (MACE). Methods: We
trained a convolutional long short-term memory DL model to automati-
cally quantify CAC on CTAC scans using 6,608 studies (2 centers) and
evaluated the model in an external cohort of patients without known
coronary artery disease (n 5 2,271) obtained in a separate center. We
assessed agreement between DL and expert annotated CAC scores.
We also assessed associations between MACE (death, revasculariza-
tion, myocardial infarction, or unstable angina) and CAC categories
(0, 1–100, 101–400, or .400) for scores manually derived by experi-
enced readers and scores obtained fully automatically by DL usingmul-
tivariable Cox models (adjusted for age, sex, past medical history,
perfusion, and ejection fraction) and net reclassification index. Results:
In the external testing population, DL CAC was 0 in 908 patients
(40.0%), 1–100 in 596 (26.2%), 100–400 in 354 (15.6%), and .400 in
413 (18.2%). Agreement in CAC category by DL CAC and expert anno-
tation was excellent (linear weighted k, 0.80), but DL CACwas obtained
automatically in less than 2 s compared with about 2.5 min for expert
CAC. DL CAC category was an independent risk factor for MACE with
hazard ratios in comparison to a CAC of zero: CAC of 1–100 (2.20;
95% CI, 1.54–3.14; P , 0.001), CAC of 101–400 (4.58; 95% CI,
3.23–6.48; P , 0.001), and CAC of more than 400 (5.92; 95% CI,
4.27–8.22; P, 0.001). Overall, the net reclassification index was 0.494
for DL CAC, which was similar to expert annotated CAC (0.503).
Conclusion: DL CAC from SPECT/CT attenuation maps agrees well
with expert CAC annotations and provides a similar risk stratification
but can be obtained automatically. DL CAC scores improved classifica-
tion of a significant proportion of patients as compared with SPECT
myocardial perfusion alone.

KeyWords: cardiology; artificial intelligence; coronary artery calcifica-
tion; deep learning; myocardial perfusion imaging; risk stratification
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SPECT myocardial perfusion imaging (MPI) is a well-established
and widely used noninvasive imaging modality for the diagnosis and
prognostication of coronary artery disease (1,2). SPECT MPI is fre-
quently obtained with ungated, unenhanced CT attenuation correction
(CTAC) scans. SPECT/CT scanners use a common bed to move the
patient sequentially through both scanners (3), with some models
incorporating solid-state detector arrays. CTAC allows correction for
soft-tissue attenuation artifacts, leading to improved diagnostic accu-
racy of SPECT MPI (4).
However, CTAC scans can also potentially be used to provide

an anatomic assessment that includes evaluation of coronary artery
calcium (CAC) (5). CAC scores are a well-established marker of
the extent of coronary atherosclerosis (6–8). Integrating CAC
scores from dedicated, gated CT scans with assessments of myocar-
dial perfusion can improve the diagnostic accuracy of SPECT (7)
and PET MPI (9). Additionally, CAC from dedicated electrocardi-
ography-gated scans can provide incremental risk stratification
when combined with SPECT MPI perfusion (10,11). However,
CTAC scans are typically acquired with lower radiation doses and
without cardiac gating, leading to worse image quality and often
thicker slices than for dedicated CAC scans, which may influence
CAC scores (12). Although it is possible to quantify CAC manually
from CTAC scans, this can be time-consuming and is not common.
It is also possible to visually estimate CAC (13,14), but visual esti-
mation is inherently subjective and requires experience to be per-
formed accurately. Deep learning (DL) has been applied to image
segmentation, including models for automated measures of CAC
primarily from dedicated CAC scans. We developed a novel convo-
lutional long short-term model (convLSTM) that integrates adjacent
image slices, mimicking the clinical approach of scrolling between
slices, to quantify CAC more efficiently. We evaluated the correla-
tion between DL and expert annotated CAC scores in patients
undergoing SPECT/CT MPI. We then evaluated the prognostic sig-
nificance of DL and expert annotated CAC scores for major
adverse cardiovascular events (MACE), including incremental risk
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stratification over traditional SPECT MPI parameters, in an exter-
nal population imaged with solid-state SPECT/CT MPI.

MATERIALS AND METHODS

Study Population
Patients who underwent SPECT/CT MPI with CTAC at 1 of 2 cen-

ters (Yale and Cardiovascular Imaging Technologies) were used to train
the convLSTM. Patients who underwent SPECT/CT MPI from a third
center (University of Calgary) were used as an external testing cohort.
Patients without CTAC were excluded. For external testing, patients
with a history of coronary artery disease (n 5 673), defined as previous
myocardial infarction or revascularization with either percutaneous coro-
nary intervention or coronary artery bypass grafting (15), were excluded.
Details of the clinical data acquisition are provided in the supplemental
materials (available at http://jnm.snmjournals.org). The study protocol
complied with the Declaration of Helsinki. The study was approved by
the institutional review board at all sites. To the extent allowed by data
sharing agreements and institutional review board protocols, data and
codes used in this article will be shared on written request.

Image Acquisition and Interpretation
Details of MPI and CTAC image acquisition and interpretation are

available in the supplemental materials (16). Additional details on the
training population are in Supplemental Table 1.

Two separate cohorts (each comprising 10% of the total number of
available scans, n 5 661) of the initial training cohort were sampled,
with an equal number of cases in each CAC score category. One of
those cohorts was held out as a validation set during training, and the
model parameters were tuned to this set, whereas the second was held
out for internal testing.

All the training, internal validation, internal testing, and external
testing cases were annotated on-site by 2 expert readers with at least
5 years of experience in CAC scoring using dedicated quantitative soft-
ware (Cardiac Suite; Cedars Sinai Medical Center). DL annotations were
processed using a custom-developed pipeline, and both expert and DL
annotated CAC scores were calculated according to the standard clinical
algorithm (6), with additional details in the supplemental materials.

The DL and expert annotated cases were categorized on the basis of the
CAC score (category 1, CAC score5 0; category 2, CAC score5 1–100;
category 3, CAC score5 101–400; category 4, CAC score. 400).

Model Architecture
The model architecture is outlined in Figure 1. The model was built

using PyTorch, version 3.7.4. We automatically segmented CAC from
CTAC using a cascaded convLSTM system (17). This system consists
of 2 networks, the first of which was trained for segmentation of the

heart silhouette and the second of which was trained to segment the
CAC. The heart convLSTM was trained on a subset of training data
with expert reader annotations from QFAT software (18). A supervised
learning regime was used for both segmentation networks. The heart
mask was applied to the final CAC prediction to reduce any spurious
bone overcalling or calcification in noncardiac regions. To imitate the
physician approach of aggregating information from adjacent slices, 3
slices were provided to both networks as input (19). This network
architecture was shown previously to have significantly reduced mem-
ory consumption and to have inference times almost 2 times faster,
with similar accuracy to U-Net on a typical central processing unit
(17). Case examples with expert and DL annotations are shown in Fig-
ure 2.

Statistical Analysis
Details of the statistical analysis are provided in the supplemental

materials (20,21). The Proposed Requirements for Cardiovascular
Imaging–Related Machine Learning Evaluation (22) checklist is
shown in Supplemental Table 2. Improvements in likelihood ratio x2

and area under the receiver-operating-characteristic curve were also
assessed.

RESULTS

Population Characteristics
In total, 6,608 patients were included in the training population.

The external testing population included 2,271 patients, with pop-
ulation characteristics by DL CAC category shown in Table 1. On
the basis of the DL model results, CAC was 0 in 908 (40.0%)
patients, 1–100 in 596 (26.2%) patients, 100–400 in 354 (15.6%)
patients, and more than 400 in 413 (18.2%) patients.

DL Versus Expert Annotated CAC
DL CAC was obtained fully automatically in less than 2 s per

scan (time required to load the study, select slices, and annotate
lesions for the entire CTAC volume). This compares with approxi-
mately 2.5 min for expert annotations, including the time required to
load the study, review all slices, and annotate lesions on selected
slices. Figure 3 outlines concordance between DL CAC and expert
annotation CAC categories. The categorywise agreement (Fig. 3)
between DL CAC and expert CAC was excellent (linear weighted k,
0.80). There was also good pairwise correlation between DL CAC
and expert annotated CAC as continuous measures (r2 5 0.693, P,

0.001; Supplemental Fig. 1). Summary of categorization by visual
CAC estimation compared with DL and expert annotated CAC is
shown in Supplemental Table 3. Review of discrepant cases is

shown in the Supplemental Results and Sup-
plemental Figure 2.

Associations with MACE
During a median follow-up of 2.8 years

(interquartile range, 1.7–4.1 years), 320
patients experienced at least 1 MACE. Sup-
plemental Table 4 outlines the characteristics
of patients who experienced MACE com-
pared with those who did not. Patients who
experienced MACE had a higher median
CAC (178 vs. 11, P , 0.001) and were
more likely to have a CAC of more than 400
(35.9% vs. 15.3%, P , 0.001). Patients
who experienced MACE were also older
(median, 70.7 vs. 66.1; P , 0.001) and
more likely to have a history of diabetes

FIGURE 1. Outline of model architecture. ConvLSTM includes network trained to segment CAC,
as well as second network for segmentation of heart, which limits CAC scoring. Softmax argmax
function normalizes output of network to expected probabilities. Model identifies coronary calcium
(red) and noncoronary calcium (green) within heart mask.
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(31.6% vs. 22.1%, P , 0.001) in addition to higher rates of other
cardiovascular risk factors.
Increasing DL CAC and expert CAC category were associated

with an increased risk of MACE (Fig. 4). Compared with patients
with a DL CAC of 0, patients with scores of 1–100 (unadjusted haz-
ard ratio [HR], 2.20; 95% CI, 1.54–3.14), 101–400 (unadjusted HR,
4.58; 95% CI, 3.23–6.48), and more than 400 (unadjusted HR, 5.92;

95% CI, 4.27–8.22) were at significantly
increased risk of MACE. The risk was
similar across categories of expert anno-
tated CAC categories. Kaplan–Meier sur-
vival curves stratified by visually estimated
CAC are shown in Supplemental Figure 3.
Associations with MACE in the multi-

variable model are outlined in Table 2. DL
CAC category continued to be associated
with an increased risk of MACE in adjusted
analyses for patients with a CAC of 1–100
(adjusted HR, 1.90; 95% CI, 1.32–2.73;
P , 0.001), 101–400 (adjusted HR, 3.32;
95% CI, 2.29–4.81; P , 0.001), and more
than 400 (adjusted HR, 3.58; 95% CI,
2.47–5.19; P , 0.001) compared with a
CAC of 0. This risk stratification was
similar to the risk associated with mild
stress perfusion abnormalities (stress total
perfusion deficit, 5%–10%; adjusted HR,
1.70; 95% CI, 1.19–2.44; P 5 0.004) and
moderate to severe stress perfusion abnor-
malities (stress total perfusion deficit, .10%;
adjusted HR, 4.73; 95% CI, 3.02–7.46;
P , 0.001). The risk associated with expert
annotated CAC categories was similar to DL
categories (CAC of 1–100: adjusted HR,
2.20; 95% CI, 1.52–3.19; P , 0.001; CAC
of 101–400: adjusted HR, 3.57; 95% CI,
2.45–5.20; P , 0.001; CAC . 400: adjusted
HR, 4.05; 95% CI, 2.78–5.90; P, 0.001).
Associations with primary outcome were

similar if patients who underwent early revascularization were
excluded (DL CAC of 1–100: adjusted HR, 2.00; 95% CI, 1.34–2.94;
P 5 0.001; DL CAC of 101–400: adjusted HR, 2.98; 95% CI,
1.97–4.49; P , 0.001; DL CAC . 400: adjusted HR, 3.07; 95% CI,
2.03–4.66; P , 0.001). Results were also similar for associations
with death or myocardial infarction as well as associations with
death (Supplemental Table 5).

FIGURE 2. Examples of expert scores compared with DL CAC scores. Model identifies coronary
calcium (red) and noncoronary calcium (green). In case 1, expert and DL annotations identified simi-
lar left circumflex CAC as well as ascending aorta calcium. No CAC was identified by either expert
or DL scoring in case 2. In case 3, expert and DL annotations identified similar right coronary artery
CAC as well as mitral annular calcification. BMI5 body mass index.

TABLE 1
External Testing: Patient Characteristics According to CAC Category Determined by Deep-Learning Model

Characteristic CAC , 1 CAC 1–100 CAC 100–400 CAC . 400 P

n 908 (40.0%) 596 (26.2%) 354 (15.6%) 413 (18.2%)

Age (y) 61.9 (55.1–69.3) 66.4 (57.3–74.2) 70.8 (65.3–77.3) 72.3 (66.3–77.9) ,0.001

Male 368 (40.5%) 293 (49.2%) 200 (56.5%) 286 (69.2%) ,0.001

BMI 29.3 (25.1–32.6) 30 (25.8–34.4) 29.3 (25.4–32.9) 29.4 (25.2–32.4) 0.048

Past medical history

Hypertension 423 (46.6%) 355 (59.6%) 240 (67.8%) 268 (64.9%) ,0.001

Diabetes 136 (15.0%) 146 (24.5%) 111 (31.4%) 140 (33.9%) ,0.001

Dyslipidemia 334 (36.8%) 246 (41.3%) 187 (52.8%) 236 (57.1%) ,0.001

Family history 453 (49.9%) 305 (51.2%) 155 (43.8%) 205 (49.6%) 0.20

Smoking 67 (7.4%) 35 (5.9%) 21 (5.9%) 27 (6.5%) 0.67

BMI 5 body mass index.
Qualitative data are number and percentage; continuous data are median and interquartile range.
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Net Reclassification
We assessed patient reclassification with the addition of CAC

categories to all other components of the multivariable model
outlined in Table 2. The results of the net reclassification index
(NRI) analysis are shown in Figure 5. Both DL CAC and expert
annotated CAC significantly improved model fit and AUC (all
P , 0.01) (Supplemental Table 6). DL CAC categories improved
the risk classification of patients with events (event NRI, 0.230;
95% CI, 0.142–0.314), patients without events (nonevent NRI,
0.264; 95% CI, 0.204–0.309), and overall patient classification
(overall NRI, 0.494; 95% CI, 0.363–0.607). Event, nonevent, and
overall NRI were similar for both measures, as shown in Supple-
mental Table 6. Additionally, overall NRI was lower for visually
estimated CAC (overall NRI, 0.409; 95% CI, 0.278–0.537).

DISCUSSION

We demonstrated that DL-derived CAC scores from CTAC
imaging could be used to stratify the risk of MACE, with scores
derived rapidly ($2 s) in a completely automated manner. There
was good agreement between CAC score categorization by DL
and expert annotations, as evaluated in a large external population
with different characteristics. Lastly, we demonstrated that DL
CAC categories provided prognostic information additional to
clinical information and quantitative assessment of perfusion and
ventricular function, with improved classification of a quarter of
patients who experienced MACE and a quarter of patients who
did not experience MACE. DL CAC scores from CTAC could
be used clinically to significantly improve risk stratification in
patients undergoing SPECT/CT MPI, without the need for physi-
cian or technician time for manual annotation.
We demonstrated that the convLSTM network was able to quan-

tify CAC from CTAC imaging, with excellent agreement with and
risk stratification similar to expert annotated CAC. Importantly, the
model was trained with data from 2 sites that have CTAC imaging
protocols different from that of the external testing site. This train-
ing has not been commonly done in other studies reported in the
existing literature, providing evidence that the convLSTM and
associated DL CAC scores should be generalizable to a variety of
acquisition protocols. We also previously demonstrated that this
approach has faster inference times than a U-net model and there-
fore should not negatively impact clinical workflow. Another major
strength of the current study is the large number of expert annota-
tions performed on CTAC scans, which are not typically performed
clinically. This strength allowed us to evaluate agreement with
expert CAC scores more precisely and to robustly compare the risk
stratification provided by the 2 measures, including their improve-
ments for risk prediction of traditional SPECT/CT variables.
Several other approaches to CAC scoring with artificial intelli-

gence have been applied previously (23–27). The agreement between
CAC categories in our study (Cohen k, 0.80) is similar to agreement
demonstrated using dedicated electrocardiography-gated scans with
other DL approaches (25). Isgum et al. developed a convolutional
neural network that quantified CAC from low-dose CT scans
obtained for lung cancer screening (26). When the same model was
applied to patients undergoing PET MPI, the agreement between

manual and automated scoring in CTAC
was lower than in the present study (linear
weighted k, 0.70–0.74), and the testing was
on a much smaller patient population (n 5
133) (28). Sartoretti et al. also demonstrated
good agreement between expert annotated
and DL CAC scores in a cohort of 56
patients undergoing SPECT/CT MPI (29).
Importantly, these methods demonstrate rates
of agreement similar to what would be
expected between 2 expert readers scoring
CAC from low-dose CT scans (30). High
noise levels and partial-volume effects impact
the appearance of CAC lesions (12), leading
to frequent false-negative physician inter-
pretations, as evidenced by our finding that
physician interpretation of the presence or
absence of calcium was discrepant in about
10% of patients. Additionally, we identified
cases in which DL annotations differed

FIGURE 3. Concordance matrix between DL and expert CAC categories
in external testing population.

FIGURE 4. Kaplan–Meier survival curves for MACE. Increasing CAC category was associated with
increasing risk of MACE for DL and expert annotated CAC scores on SPECT/CT attenuation maps.
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from expert annotations for calcium in coronary ostia versus adjacent
aorta and for valvular calcification versus adjacent coronary arteries.
Although agreement between DL and expert CAC categories is

important in itself, we demonstrated that significant improvements
in risk stratification are possible with DL annotated CAC scores.
We demonstrated that increasing DL CAC category was associ-
ated with an increased risk of MACE, similar to recent findings

from Zeleznik et al. in both symptomatic and asymptomatic popu-
lations (27). However, in the present study we demonstrated that
the risk associated with each category was similar to the corre-
sponding category of expert annotated CAC. Additionally, both
DL and expert reader CAC categories were significantly associ-
ated with MACE after correcting for relevant confounders, includ-
ing age, sex, medical history, and SPECT MPI results. Lastly, we

demonstrated that improvement in patient
risk classification with DL CAC was simi-
lar to that achieved by expert annotated
categories of CAC, with both being higher
than is possible with subjective expert visual
estimates. Importantly, visually estimated
CAC was performed at the time of clinical
reporting and was informed by clinical his-
tory and perfusion findings. Improved classi-
fication compared with expert visual estimate
is particularly relevant since nuclear cardiol-
ogy laboratories more frequently rely on this
method for CAC classification given the time
required for expert annotation. Although
Dekker et al. found that DL CAC scores
had an NRI of 0.13 in patients undergo-
ing PET MPI (31), in our study about 1
in 4 patients who experienced MACE would
have their risk correctly reclassified, with a

TABLE 2
Associations with MACE

Association

Unadjusted HR Adjusted HR

95% CI P 95% CI P

DL CAC categories

,1 Reference — Reference —

1–100 2.20 (1.54–3.14) ,0.001 1.90 (1.32–2.73) ,0.001

101–400 4.58 (3.23–6.48) ,0.001 3.32 (2.29–4.81) ,0.001

.400 5.92 (4.27–8.22) ,0.001 3.58 (2.47–5.19) ,0.001

Age (per 10 y) 1.37 (1.24–1.52) ,0.001 1.12 (1.00–1.26) 0.046

Male 1.75 (1.39–2.19) ,0.001 1.11 (0.86–1.43) 0.418

BMI (per kg/m2) 0.98 (0.96–1.00) 0.021 0.99 (0.97–1.01) 0.157

Hypertension 1.22 (0.98–1.53) 0.079 0.98 (0.77–1.25) 0.862

Diabetes 1.60 (1.26–2.02) ,0.001 1.28 (0.99–1.64) 0.060

Dyslipidemia 1.34 (1.08–1.67) 0.008 1.00 (0.78–1.27) 0.997

Family history 0.82 (0.65–1.02) 0.071 0.90 (0.72–1.13) 0.353

Smoking 1.18 (0.81–1.72) 0.389 1.18 (0.80–1.74) 0.415

Stress AC TPD category

, 1% Reference — Reference —

1–,5% 1.28 (0.96–1.71) 0.097 1.22 (0.90–1.65) 0.200

5–,10% 2.06 (1.46–2.90) ,0.001 1.70 (1.19–2.44) 0.004

$10% 7.52 (5.43–10.4) ,0.001 4.73 (3.02–7.46) ,0.001

Rest AC TPD 1.07 (1.05–1.08) ,0.001 1.00 (0.97–1.03) 0.836

Stress LVEF 0.97 (0.97–0.98) ,0.001 0.99 (0.98–1.00) 0.293

BMI 5 body mass index; AC 5 attenuation correction; TPD 5 total perfusion deficit; LVEF 5 left ventricular ejection fraction.

FIGURE 5. Results of net-reclassification analysis. We assessed addition of CAC categories to full
multivariable model outlined in Table 2.
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similar proportion of patients who did not experience MACE cor-
rectly reclassified. Therefore, this approach could be applied to auto-
matically improve risk classification in a substantial proportion of
patients.
Our work adds to a growing body of literature supporting inte-

gration of CAC scores when interpreting MPI. Chang et al. dem-
onstrated that quantitative CAC combined with SPECT MPI
findings provided independent and complementary prognostic
information among a cohort of 1,126 patients without prior coro-
nary artery disease (11). Engbers et al. evaluated a combination of
the Agatston CAC score and SPECT MPI in 4,897 symptomatic
patients without prior coronary artery disease (10), demonstrating
a stepwise increase in MACE with increasing CAC score among
patients with both normal and abnormal perfusion. Visually esti-
mated CAC (13) can also provide risk stratification in patients
undergoing SPECT/CT MPI (14). However, in the present work
we demonstrate that the improvement in risk classification is
higher with DL CAC, which is rapidly and automatically derived
from SPECT/CT attenuation maps.
Our study had a few important limitations. CT attenuation imag-

ing was used clinically to visually assess coronary calcification,
and knowledge of CAC can influence patient management (32).
However, results were similar for associations with hard out-
comes, and this bias would be expected to—if anything—decrease
the associations between CAC and hard outcomes. Additionally, it
is unknown whether associations with outcomes would differ sig-
nificantly between CAC from dedicated gated studies and CAC
from CT attenuation imaging; however, previous studies have
demonstrated close agreement between the measures (33). We
trained the convLSTM model using scans with acquisition para-
meters different from those for the external testing population.
More precise quantification of CAC may be possible if the model
is trained with similar data, but this also suggests that the model
should be broadly generalizable. The model was trained to differ-
entiate coronary from noncoronary calcifications using expert
annotations. However, some lesions are challenging for expert read-
ers to annotate (such as ostial calcium compared with adjacent aor-
tic calcifications), and the DL model would also be expected to
have difficulties with these areas. Although the DL method provides
fully automated results, they will still need to be verified by a physi-
cian. The training population included patients with previous revas-
cularization; however, we excluded patients with known coronary
artery disease from the external testing population, and dedicated
studies are needed to evaluate the model’s ability to differentiate
CAC from coronary stents. Lastly, we were not able to ascertain
cardiovascular mortality in this large, retrospective population.

CONCLUSION

DL CAC derived from SPECT/CT attenuation maps agrees well
with expert CAC annotations. DL and expert annotated CAC are
associated with MACE, but DL scores can be obtained automati-
cally in a few seconds. DL CAC scores can be quantified automat-
ically after SPECT/CT MPI, without impeding clinical workflow,
to improve classification of a significant proportion of patients.
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KEY POINTS

QUESTION: Do CAC scores quantified automatically with a DL
model provide risk stratification similar to that of expert annotated
scores?

PERTINENT FINDINGS: In this retrospective multicenter study
with dedicated training and external testing populations, DL CAC
scores agreed well with expert annotated scores. DL and expert
annotated CAC are associated with MACE, but DL scores can be
obtained automatically in a few seconds.

IMPLICATIONS FOR PATIENT CARE: DL CAC scores could be
used to improve risk prediction of a significant proportion of
patients, without impeding clinical workflow.
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This paper proposes a novel method for automatic quantification of
amyloid PET using deep learning–based spatial normalization (SN) of
PET images, which does not require MRI or CT images of the same
patient. The accuracy of the method was evaluated for 3 different
amyloid PET radiotracers compared with MRI-parcellation–based PET
quantification using FreeSurfer.Methods: A deep neural networkmodel
used for the SN of amyloid PET images was trained using 994 multicen-
ter amyloid PET images (367 18F-flutemetamol and 627 18F-florbetaben)
and the corresponding 3-dimensional MR images of subjects who had
Alzheimer disease or mild cognitive impairment or were cognitively nor-
mal. For comparison, PET SN was also conducted using version 12
of the Statistical Parametric Mapping program (SPM-based SN). The
accuracy of deep learning–based and SPM-based SN and SUV ratio
quantification relative to the FreeSurfer-based estimation in individual
brain spaces was evaluated using 148 other amyloid PET images (64
18F-flutemetamol and 84 18F-florbetaben). Additional external valida-
tion was performed using an unseen independent external dataset
(30 18F-flutemetamol, 67 18F-florbetaben, and 39 18F-florbetapir).
Results: Quantification results using the proposed deep learning–
based method showed stronger correlations with the FreeSurfer esti-
mates than SPM-based SN using MRI did. For example, the slope,
y-intercept, and R2 values between SPM and FreeSurfer for the
global cortex were 0.869, 0.113, and 0.946, respectively. In contrast,
the slope, y-intercept, and R2 values between the proposed deep
learning–based method and FreeSurfer were 1.019, 20.016, and
0.986, respectively. The external validation study also demonstrated
better performance for the proposed method without MR images
than for SPM with MRI. In most brain regions, the proposed method
outperformed SPM SN in terms of linear regression parameters and
intraclass correlation coefficients. Conclusion:We evaluated a novel
deep learning–based SN method that allows quantitative analysis of
amyloid brain PET images without structural MRI. The quantification
results using the proposed method showed a strong correlation with
MRI-parcellation–based quantification using FreeSurfer for all clinical
amyloid radiotracers. Therefore, the proposed method will be useful
for investigating Alzheimer disease and related brain disorders using
amyloid PET scans.

Key Words: amyloid PET; spatial normalization; deep learning;
quantification
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Because of the nature of brain diseases, the pathologic condi-
tion of the brain should be evaluated noninvasively. PET is a use-
ful imaging tool for assessing the functional and molecular status
of the brain (1,2). The application of brain PET imaging in the
diagnosis and treatment of degenerative brain diseases is widely
increasing (3–5). In Alzheimer disease (AD), the most common
degenerative brain disease, brain deposition of fibrillar amyloid
b-plaques is a neuropathologic hallmark for diagnosis. Therefore,
amyloid PET has significantly contributed to the diagnosis and
treatment of AD.
Visual assessment of PET images by nuclear medicine physicians

or radiologists is the standard method for clinical neuroimaging inter-
pretation. Nevertheless, quantitative and statistical analyses of PET
images are widely used in brain disease research (1,2,6–9) because
such analyses provide useful information for objective interpretation
of the PET images of individual patients. The most prevalent method
of quantitative image analysis is evaluating regional uptake of radio-
tracers by manually drawing a region of interest or volume of interest
(VOI) on individual brain PET images. Another common method for
brain PET image analysis is voxelwise statistical analysis, which is
based on spatial normalization (SN) of images (10–12). Furthermore,
brain PET SN allows the use of predefined VOIs, which are a suit-
able alternative to laborious and time-consuming manual VOI draw-
ing (13–19).
Monoclonal antibodies such as aducanumab and donanemab are

emerging as AD treatment drugs that target aggregated amyloid b

to reduce its buildup in the brain (20,21). Therefore, the importance
of quantification methods for amyloid brain PET images with high
objectivity, accuracy, and reproducibility is increasing. Although
voxelwise statistical analysis and predefined-VOI–based automated
anatomic labeling are objective and efficient methods for amyloid
brain PET image analysis, their reliability depends primarily on the
accuracy of the SN procedure. However, accurate amyloid PET SN
without the complementary use of anatomic images, such as MRI
or CT, is technically challenging because of the large discrepancy
in amyloid deposit patterns between cognitively normal and abnormal
cases (22–24). Additionally, severe cerebral atrophy and hydrocepha-
lus, which are frequently observed in older patients, complicate SN.
Previously, we proposed 2 deep-learning–based amyloid PET SN
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methods that did not require matched MRI or CT data (25,26). In
one of these approaches (25), we used a generative adversarial net-
work to generate pseudo-MRI data from amyloid PET and applied
spatial transformation parameters—obtained by performing SNs of
pseudo-MR images on the MRI template—to amyloid PET images.
In the second approach (26), we used deep neural networks
(DNNs) to generate adaptive PET templates for individual amyloid
PET images and performed SN of amyloid PET images using indi-
vidual adaptive templates. Both approaches showed a strong corre-
lation of regional SUV ratio (SUVR) relative to cerebellar activity
with the matched MRI-based PET SN and outperformed the MRI-
less SN with the average amyloid PET template. However, these
methods have the following limitations: first, the process of gener-
ating a pseudo-MRI or adaptive template using DNNs and the SN
process are separated. Second, we used the SN algorithm provided
by the Statistical Parametric Mapping (SPM; Wellcome Centre for
Human Neuroimaging) software, which iteratively applies image
registration and segmentation algorithms (27). Therefore, the accu-
racy and speed of the entire SN pipeline depend on the SN perfor-
mance and computation time of SPM. These limitations undermine
the advantage of not requiring matched MRI for amyloid PET SN
in both approaches.
Therefore, in this study, we developed a novel MRI-less amyloid

PET SN method that allows 1-step generation of spatially normalized
PET images using cascaded DNNs that estimate linear and nonlinear
SN parameters from individual amyloid PET images. Furthermore,
we evaluated the accuracy of the proposed method for 3 different
amyloid PET radiotracers compared with MRI-parcellation–based
PET quantification using FreeSurfer (28), which has shown a strong
correlation with a manual-drawing method in cortical thickness and
volume measurement (29–31) and in regional amyloid load estimation
(32,33) but requires a significantly longer computation time ($8 h).

MATERIALS AND METHODS

Datasets
To train and test the DNN model for PET SN, we used an open-

access dataset provided by the National Information Society Agency
(https://aihub.or.kr/). This internal dataset comprised pairs of multicen-
ter amyloid PET scans (18F-florbetaben or 18F-flutemetamol) and struc-
tural T1-weighted 3-dimensional MRI scans of patients with AD or
mild cognitive impairment and cognitively normal subjects. The image
data were acquired from 6 university hospitals in South Korea. The
demographic information and clinical diagnoses of the training and test
sets are summarized in Table 1. A public institutional bioethics com-
mittee designated by the Ministry of Health and Welfare of South
Korea approved the retrospective use of the scan data and waived the
need for informed consent.

Furthermore, the trained network was evaluated using an external
dataset obtained from the Global Alzheimer Association Interactive
Network (http://www.gaain.org/centiloid-project). The trained network
was tested for 3 different Food and Drug Administration–approved
amyloid tracers: 18F-florbetaben, 18F-flutemetamol, and 18F-florbetapir.
Originally, this dataset, comprising young controls and elderly sub-
jects, was acquired for the centiloid calibration of each tracer (34–36).
The demographic information is summarized in Table 2.

Network Model
The proposed DNN model, comprising cascaded U-nets (37,38),

takes an affine-registered amyloid PET image as input and generates
local displacement fields for nonlinear registration (Supplemental Fig. 1;
supplemental materials are available at http://jnm.snmjournals.org).
The generated displacement fields were then applied to the coregistered
MR images in the training phase, and the cross-correlation loss between
the spatially normalized MR images and the T1 template (individual

TABLE 1
Demographic and Clinical Diagnosis of Training and Test Datasets

Sex Diagnosis Tracer

Parameter n Age (y) M F NC MCI AD FMM FBB

Training set 994 73.2 6 5.6 318 676 200 543 251 367 627

Test set 148 74.8 6 6.6 75 73 26 85 37 64 84

NC 5 cognitively normal control; MCI 5 mild cognitive impairment; FMM 5 18F-flutemetamol; FBB 5 18F-florbetaben.

TABLE 2
Demographic and Clinical Diagnosis of External

Test Dataset

Diagnosis

Tracer n Young control Elderly

18F-florbetaben 30 8 22
18F-flutemetamol 67 22 45
18F-florbetapir 39 12 27

Age and sex were anonymized.

FIGURE 1. Three approaches used to estimate regional SUVR from
amyloid PET images are compared in this study: DNN-based PET SN (A),
PET/MRI coregistration and MRI-based PET SN using SPM (B), and
PET/MRI coregistration and MRI parcellation using FreeSurfer (C).
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Montreal Neurological Institute [MNI] 152)
was minimized by error back propagation.
Additionally, the gray matter segment of each
MR image was used to improve the perfor-
mance of the trained network and deformed
using the same displacement fields as shown
in Supplemental Figure 1. Dice loss was calcu-
lated between the deformed gray matter seg-
ment and the gray matter of the MNI 152
template, which was minimized along with the
cross-correlation loss. On-the-fly data augmen-
tation was applied when training the network
model to prevent parameter overfitting. Spa-
tially normalized PET images were not required
in the training phase, and only PET images in
individual spaces were used to create defor-
mation fields. When the DNN model was
trained, only PET images in an individual space
were fed into the DNN model to generate SN
images in the template space (Fig. 1A).

Quantification of Amyloid Load
SN was conducted using the SPM program (version 12; https://

www.fil.ion.ucl.ac.uk/spm) for comparison (Fig. 1B). Using the SPM
program, PET and MRI pairs were coregistered, and the MR images

FIGURE 2. SNof 18F-florbetabenPET in amyloid-positive case: input image in individual space (A),MRI-
based SN using SPM (B), PET SN using DNN (C), T1 MRI template (D), and estimated deformation fields
usingDNN (E). Red arrows indicate the enlarged ventricles,which are not properly deformedbySPM.

FIGURE 3. SN result of patient with chronic stroke lesion using proposed
method. (A) Patient’s original FLAIR MRI (top), 18F-florbetaben (middle), and
PET/MRI fusion (bottom). (B) SN PET overlaid on standard T1 MRI template.

FIGURE 4. Internal validation: SUVR comparison in 18F-florbetaben and
18F-flutemetamol (n 5 148). x-axis represents ground truth SUVR esti-
mated in individual space using FreeSurfer VOI, whereas y-axis repre-
sents SUVR estimated in template space using coregistered MRI and
SPM (black symbols and lines) or proposed DNN (blue symbols and
lines). PCC5 posterior cingulate cortex.
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were spatially normalized. MRI SN was performed using a unified seg-
mentation method that applies tissue probability maps as deformable
spatial priors for regularization of the nonlinear deformations (27). The
PET images were then spatially normalized using the deformation fields
estimated from the paired MRI.

Using the VOIs predefined in the template space, regional PET
counts were extracted from spatially normalized images using DNN or
SPM. The predefined VOIs were generated by applying automatic
MRI parcellation using FreeSurfer software (version 7.1.0; Martinos
Center for Biomedical Imaging) to the MNI template (39,40). The cor-
tical and subcortical structures segmented and parcellated by FreeSur-
fer were grouped into 6 composite VOIs: global cerebral cortex, frontal
lobe, posterior cingulate cortex and precuneus, lateral parietal, lateral
temporal, and medial temporal. The counts of the VOIs were then
divided by the counts of the cerebellar gray matter to calculate SUVR.

As a reference, SUVRs in individual brain spaces were estimated
using T1-weighted 3-dimensional MR images and FreeSurfer (Fig. 1C).
The results of the FreeSurfer segmentation of MR images were visually
inspected by a neuroscience expert to ensure the quality of all datasets.
About 10% of the datasets were excluded because of incomplete cortex
segmentation or cessation of the FreeSurfer program. Cases of failure
were higher in elderly subjects (young controls, 8.7%; elderly, 10.5%).
Finally, the 6 composite VOIs were applied to the coregistered amyloid
brain PET images to calculate SUVR. FreeSurfer SUVR estimated in
individual space was regarded as ground truth because FreeSurfer and

manual-drawing approaches achieved nearly identical estimates of amy-
loid load (32).

Statistical Analysis
The correlation between SN-based approaches (DNN or SPM) and

the FreeSurfer approach was evaluated using Pearson correlation. Fur-
thermore, we performed a Bland–Altman analysis on the SUVR.
Additionally, intraclass correlation coefficients were calculated to
assess the consistency of the quantification results.

RESULTS

After network training, the proposed DNN method successfully
generated displacement fields for SN and achieved accurate spatially
normalized PET images, as shown in Figure 2 and Supplemental Fig-
ure 2. However, the SPM SN was not sufficiently accurate for patients
with severe ventricular enlargement (Fig. 2; Supplemental Fig. 2);
nonetheless, the ventricular enlargement did not degrade the perfor-
mance of the proposed method. Figure 2 and Supplemental Figure 2
show a representative amyloid-positive case and an amyloid-negative
case with a global SUVR of 1.889 (73-y-old woman; diagnosis, AD;
tracer,18F-florbetaben) and 1.318 (80-y-old woman; cognitively nor-
mal; tracer,18F-florbetaben), respectively.
The proposed DNN method is also robust in the SN of lesioned

brains. Figure 3 and Supplemental Figure 3 show the SN result for

FIGURE 5. External validation: SUVR comparison in 18F-florbetaben
(n 5 30). x-axis represents ground truth SUVR estimated in individual
space using FreeSurfer VOI, whereas y-axis represents SUVR estimated
in template space using coregistered MRI and SPM (black symbols and
lines) or proposed DNN (blue symbols and lines). PCC 5 posterior cingu-
late cortex.

FIGURE 6. External validation: SUVR comparison in 18F-flutemetamol
(n 5 67). x-axis represents ground truth SUVR estimated in individual
space using FreeSurfer VOI, whereas y-axis represents SUVR estimated
in template space using coregistered MRI and SPM (black symbols and
lines) or proposed DNN (blue symbols and lines). PCC 5 posterior cingu-
late cortex.
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a patient (84-y-old woman; tracer,18F-florbetaben) with a chronic
stroke lesion using the proposed method, thereby enabling accu-
rate SN with no shrinkage in lesion volume.
Additionally, the proposed DNN method correlated better with the

FreeSurfer approach than did SPM SN for all 3 tested radiotracers
and most of the tested VOIs (Figs. 4–7; Tables 3–6). Furthermore,
the proposed method yielded higher intraclass correlation coefficient

results than did SPM in almost all comparisons (Tables 3–6). More-
over, the proposed method showed a lower bias in SUVR estimation
in the Bland–Altman analysis (Supplemental Figs. 4–7). No remark-
able differences were observed between the internal and external
validation results. Although the 18F-florbetapir data were not used
in the DNN training, the proposed method showed no performance
degradation for the external 18F-florbetapir dataset. The results of
separate analysis for amyloid-positive and -negative cases, which
were divided by a global SUVR of 1.5, are summarized in Supple-
mental Tables 1–4.
The computation time required for PET SN using the proposed

method was approximately 1 s. Conversely, SPM required more
than 60 s for the batch operation, which included coregistration
between PET and MRI, SN parameter estimation from MRI, and
writing of the spatially normalized PET image. FreeSurfer required
approximately 8 h for automatic MRI parcellation.

DISCUSSION

In this study, we developed a fast amyloid brain PET SN method
based on DNNs to overcome the limitations of existing approaches
based on paired anatomic images or patient-specific templates
(25,26,32). Furthermore, we assessed the correlation and measure-
ment consistency between the proposed method and FreeSurfer-
based SUVR quantification, which showed a strong correlation
with the manual VOI approach (32). In terms of correlation and
consistency with the FreeSurfer-based approach, the DNN-based
PET SN method outperformed MRI-based PET SN conducted
using the coregistration and SN routines of SPM, which is one of
the most widely used pipelines for amyloid brain PET research.
The DNN model trained in this study allowed a robust SN of

amyloid PET images without MRI. The superiority of the SN per-
formance of the proposed method compared with that of SPM SN
using MRI was most pronounced in cases with hydrocephalus, as
shown in Figure 2 and Supplemental Figure 2. The DNN model
trained using nearly 1,000 datasets with on-the-fly data augmenta-
tion was able to generate SN PET images that were morphologi-
cally consistent with the standard MRI template. Although the
DNN model was trained using a Korean dataset, no performance
difference was observed when it was applied to external datasets
obtained from other countries. Accurate SN of the lesioned brain
was also possible, as shown in Figure 3, without shrinkage of the
lesion volume, which is frequently observed in conventional SN

FIGURE 7. External validation: SUVR comparison in 18F-florbetapir (n 5

39). x-axis represents ground truth SUVR estimated in individual space
using FreeSurfer VOI, whereas y-axis represents SUVR estimated in tem-
plate space using coregistered MRI and SPM (black symbols and lines) or
proposed DNN (blue symbols and lines). PCC5 posterior cingulate cortex.

TABLE 3
Internal Validation: Pearson Correlation and ICC Analysis for SUVR of Internal 18F-Florbetaben and 18F-Flutemetamol

Dataset (n 5 148) Relative to FreeSurfer Approach

SPM Proposed

Parameter Slope y-intercept R2 ICC Slope y-intercept R2 ICC

Global 0.869 0.113 0.946 0.965 1.019 20.016 0.986 0.992

Frontal 0.956 0.183 0.947 0.946 0.983 0.019 0.987 0.992

PCC–precuneus 0.877 0.158 0.950 0.921 0.998 0.026 0.981 0.993

Lateral parietal 0.734 0.267 0.910 0.970 0.936 0.092 0.977 0.988

Lateral temporal 0.853 0.173 0.957 0.865 1.008 0.003 0.987 0.987

Medial temporal 0.879 0.269 0.732 0.554 0.944 0.125 0.891 0.861

PCC 5 posterior cingulate cortex.
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approaches (41). However, despite the use of MRI, SPM SN could
not compensate for the large morphologic differences between the
input images and the template. In the SN algorithm used in SPM,
the images are deformed by the linear combination of 1,000 cosine
transform bases, which allowed only a limited amount of image
deformation.
A potential alternative approach to the proposed method is gener-

ating spatially normalized amyloid PET images directly from individ-
ual PET inputs using DNNs. This method is faster than the proposed
method considering it directly conducts SN without generating
explicit deformation fields. However, direct SN methods are more
susceptible to the perturbation of input images because of noise.
Therefore, it is difficult to ensure maintenance of regional count rate
concentrations after the direct SN of brain PET images. However,
the DNN model used in the proposed method does not directly pro-
vide the intensity of SN images. The intensities were calculated by
interpolating neighbor voxel values using DNN-generated deforma-
tion fields, which reduced the risk of erroneous intensity mapping by
the SN. In addition, the DNN model trained for deformation field
generation using amyloid PET images can be used for transfer learn-
ing on other radiotracers with small datasets available. Our prelimi-
nary (unpublished data, June 2022) study on 18F-flortaucipir showed

that the transfer learning allows for highly accurate quantification of
18F-flortaucipir brain PET using the proposed method.
The proposed fast and reliable deep-learning–based SN of

amyloid PET images can potentially be used to improve inter-
reader agreement on, and confidence in, amyloid PET interpreta-
tion. In our previous study (42), when visual amyloid PET
interpretation was supported by a deep-learning model that
directly estimated regional SUVR from input images (43), inter-
reader agreement (Fleiss k-coefficient) and the confidence score
increased from 0.46 to 0.76 and from 1.27 to 1.66, respectively.
The method proposed here requires a longer computation time
for regional SUVR calculation than the direct end-to-end SUVR
estimation, mainly because of the voxel-by-voxel multiplication
of SN results and the predefined brain atlas. However, the reli-
ability of the amyloid burden estimation based on the proposed
method is higher, considering that the proposed method allows
visual confirmation of SN results and exclusion of cases with
erroneous SNs. Furthermore, accurate automatic quantification
of amyloid burden can be used in longitudinal follow-up studies
on patients with AD and mild cognitive impairment. Several
dementia treatment drugs based on the amyloid hypothesis are
now emerging, and amyloid PET scans are important for

TABLE 4
External Validation: Pearson Correlation and ICC Analysis for SUVR of External 18F-Florbetaben Dataset (n 5 30)

Relative to FreeSurfer Approach

SPM Proposed

Parameter Slope y-intercept R2 ICC Slope y-intercept R2 ICC

Global 0.853 0.167 0.979 0.972 1.003 20.006 0.995 0.998

Frontal 0.836 0.181 0.983 0.966 0.970 0.010 0.995 0.994

PCC–precuneus 0.970 0.121 0.986 0.981 0.990 0.019 0.993 0.996

Lateral parietal 0.821 0.209 0.965 0.961 0.994 0.016 0.996 0.998

Lateral temporal 0.794 0.151 0.936 0.879 0.963 0.054 0.986 0.993

Medial temporal 0.972 0.134 0.898 0.800 0.990 0.062 0.931 0.927

PCC 5 posterior cingulate cortex.

TABLE 5
External Validation: Pearson Correlation and ICC Analysis for SUVR of External 18F-Flutemetamol (n 5 67)

Relative to FreeSurfer Approach

SPM Proposed

Parameter Slope y-intercept R2 ICC Slope y-intercept R2 ICC

Global 0.907 0.104 0.979 0.977 1.033 20.020 0.990 0.989

Frontal 0.893 0.117 0.976 0.975 1.025 20.015 0.990 0.987

PCC–precuneus 0.978 0.150 0.978 0.945 1.024 20.032 0.985 0.984

Lateral parietal 0.919 0.103 0.975 0.969 1.001 0.036 0.987 0.979

Lateral temporal 0.794 0.136 0.946 0.844 0.986 0.042 0.984 0.984

Medial temporal 0.943 0.206 0.857 0.758 0.921 0.149 0.926 0.931

PCC 5 posterior cingulate cortex.
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monitoring the efficacy of treatments. The proposed method will
enable an objective measurement of drug-induced amyloid clearance
without requiring additional 3-dimensional structural MRI.

CONCLUSION

We evaluated a novel deep-learning–based SN method that allows
quantitative analysis of amyloid brain PET images without structural
MRI. The quantification results using the proposed method correlated
strongly with MRI-parcellation–based quantification using FreeSurfer
for all clinical amyloid radiotracers. Therefore, the proposed method
will be useful for investigating AD and related brain disorders using
amyloid PET scans.
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KEY POINTS

QUESTION: Is quantification of amyloid PET images without MRI
feasible?

PERTINENT FINDINGS: A method based on deep learning
allowed fast and reliable amyloid PET SN and quantification
without MRI.

IMPLICATIONS FOR PATIENT CARE: The proposed method will
be useful for interpreting amyloid PET scans in AD and related
brain disorders.
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Detecting CXCR4 Expression in Meningioma on
68Ga-Pentixafor PET/MRI

Simone Krebs1–3, Jazmin Schwartz4, Christian Grommes5, Robert J. Young6, Heiko Sch€oder1,2, and
Marius E. Mayerhoefer1,2,7

1Molecular Imaging and Therapy Service, Department of Radiology, Memorial Sloan Kettering Cancer Center, New York, New York;
2Department of Radiology, Weill Cornell Medical College, New York, New York; 3Radiochemistry and Imaging Sciences Service,
Department of Radiology, Memorial Sloan Kettering Cancer Center, New York, New York; 4Department of Medical Physics, Memorial
Sloan Kettering Cancer Center, New York, New York; 5Department of Neurology, Memorial Sloan Kettering Cancer Center, New York,
New York; 6Neuroradiology Service, Department of Radiology, Memorial Sloan Kettering Cancer Center, New York, New York; and
7Body Imaging Service, Department of Radiology, Memorial Sloan Kettering Cancer Center, New York, New York

The C-X-C chemokine receptor 4 (CXCR4) is crucial for
tumor proliferation, migration, and angiogenesis in many different
cancers. Recently, 68Ga-pentixafor, a radiotracer comprising a syn-
thetic, cyclic pentapeptide analog of stromal cell–derived factor 1,
a ligand for CXCR4, has been successfully introduced for assess-
ment of hematologic malignancies, including lymphomas of the
body and central nervous system, myeloma, and leukemia (1,2).
Furthermore, 68Ga-pentixafor uptake has been described in various
solid tumors but not yet in meningioma.
We report the case of a 67-y-old woman with newly diagnosed

primary central nervous system lymphoma who was referred for
68Ga-pentixafor PET/MRI (NCT05093335) 2 d after MRI was
performed with intravenously injected gadopentetate dimeglumine
(Magnevist; Bayer Healthcare Pharmaceuticals). PET imaging was
acquired for 15 min starting 15 min after intravenous injection of
150 MBq of 68Ga-pentixafor on a hybrid device (Signa PET/MR;
GE Healthcare). PET demonstrated a homogeneously enhancing
lesion in the right temporal lobe with an SUVmax of 5.3 (Fig. 1).
Incidentally, slightly lower uptake, with an SUVmax of 4.8, was
observed in a dura-based extraaxial homogeneously enhancing
mass in the left middle cranial fossa, a known meningioma.
Here, we show that 68Ga-pentixafor can detect not only central

nervous system lymphoma but also meningioma with a high tumor-
to-background activity ratio on PET, given the minimal uptake of
this radiotracer in brain parenchyma. A recent analysis in 55
meningioma specimens showed that CXCR4 messenger RNA was
expressed in 43 (78%) of the tumor specimens, and CXCR4 stimu-
lation led to extracellular signal-regulated protein kinase 1 and 2
phosphorylation/activation and cell proliferation (3). CXCR4 and
stromal cell–derived factor 1 were often detected in the same tumor
tissues, suggesting an autocrine–paracrine feedback loop poten-
tially promoting the phenotypic behavior of the tumor, such as the
ability to grow autonomously.
Our findings suggest that 68Ga-pentixafor PET may be useful for

delineation of meningioma and for elucidating biologic characteristics

FIGURE 1. Contrast-enhanced T1-weighted MR images showing en-
hancing lesions with focal 68Ga-pentixafor uptake on axial PET/MRI
(A) and on maximum-intensity-projection PET (B), corresponding to
biopsy-proven lymphoma (orange arrows) and known meningioma (blue
arrows).
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and that, especially in treatment-refractory meningiomas, 68Ga-
pentixafor PET may guide CXCR4-based theranostic approaches
with pentixather that were previously evaluated in blood cancers (4).
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