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INDICATIONS AND USAGE FOR CARDIOLITE®

Myocardial Imaging: Cardiolite® (Kit for the Preparation of Technetium Tc99m Sestamibi
for Injection), is a myocardial perfusion agent that is indicated for detecting coronary
artery disease by localizing myocardial ischemia (reversible defects) and infarction (non-
reversible defects), in evaluating myocardial function and developing information for
use in patient management decisions. Cardiolite® evaluation of myocardial ischemia
can be accomplished with rest and cardiovascular stress techniques (e.g. exercise or
pharmacologic stress in accordance with the pharmacologic stress agent’s labeling).

CONTRAINDICATIONS:

None known.

IMPORTANT SAFETY INFORMATION:

Cardiolite® has been rarely associated with acute severe allergic and anaphylactic
events of angioedema and generalized urticaria. In some patients the allergic symptoms
developed on the second injection during Cardiolite® imaging. The most frequently
reported adverse events include headache, chest pain/angina, ST segment changes on
ECG, nausea, and abnormal taste and smell.

Infrequently, death has occurred 4 to 24 hours after Tc99m Sestamibi use and is usually
associated with exercise stress testing (See Section 5.2). Pharmacologic induction of
cardiovascular stress may be associated with serious adverse events such as myocardial
infarction, arrhythmia, hypotension, bronchoconstriction and cerebrovascular events.

WARNINGS AND PRECAUTIONS:

In studying patients in whom cardiac disease is known or suspected, care should be
taken to assure continuous monitoring and treatment in accordance with safe, accepted
clinical procedure.

Caution should be exercised and emergency equipment should be available when
administering Cardiolite®.

Before administering Cardiolite® patients should be asked about the possibility of allergic
reactions to either Cardiolite® or Miraluma®. Miraluma® is an identical compound used
in breast imaging.

The contents of the vial are intended only for use in the preparation of Technetium Tc99m
Sestamibi and are not to be administered directly to the patient without first undergoing
the preparative procedure.

Please see Brief Prescribing Summary on the following page.

Please see Full Prescribing information at www.cardiolite.com

References:
1. Cardiolite® [package insert]. N. Billerica, MA: Lantheus Medical Imaging.
2. Hachamovitch R, Berman DS, Shaw LJ, et al. Incremental prognostic value of myocardial perfusion

single photon emission computed tomography for the prediction of cardiac death: differential
stratification for risk of cardiac death and myocardial infarction. Circulation. 1998;97:535-543.

3. Data on file. Lantheus Medical Imaging, Inc.

• First technetium-labeled myocardial perfusion
imaging agent providing physicians prognostic
information for patient management decisions
related to coronary artery disease1,3

• Used in over 10 million patients
since 19913

First technetium-labeled myocardial perfusion 

Myocardial Perfusion Function
and Risk Stratification1,2



BRIEF SUMMARY
Please see Full Prescribing Information available at https://www.lantheus.com/
assets/Cardiolite-US-PI-513121-0619mktg.pdf for complete information.

INDICATION AND USAGE
Myocardial Imaging: CARDIOLITE®, Kit for the Preparation of Technetium Tc99m
Sestamibi for Injection, is a myocardial perfusion agent that is indicated for
detecting coronary artery disease by localizing myocardial ischemia (reversible
defects) and infarction (non-reversible defects), in evaluating myocardial function
and developing information for use in patient management decisions. CARDIOLITE®

evaluation of myocardial ischemia can be accomplished with rest and cardiovascu-
lar stress techniques (e.g., exercise or pharmacologic stress in accordance with the
pharmacologic stress agent’s labeling).

It is usually not possible to determine the age of a myocardial infarction or to differ-
entiate a recent myocardial infarction from ischemia.

Breast Imaging: MIRALUMA®, Kit for the Preparation of Technetium Tc99m Sesta-
mibi for Injection, is indicated for planar imaging as a second line diagnostic drug
after mammography to assist in the evaluation of breast lesions in patients with an
abnormal mammogram or a palpable breast mass.

MIRALUMA® is not indicated for breast cancer screening, to confirm the presence or
absence of malignancy, and it is not an alternative to biopsy.

CONTRAINDICATIONS
None known

WARNINGS AND PRECAUTIONS
Warnings
In studying patients in whom cardiac disease is known or suspected, care should
be taken to assure continuous monitoring and treatment in accordance with safe,
accepted clinical procedure. Infrequently, death has occurred 4 to 24 hours after
Tc99m Sestamibi use and is usually associated with exercise stress testing.

Pharmacologic induction of cardiovascular stress may be associated with serious
adverse events such as myocardial infarction, arrhythmia, hypotension, bronchoc-
onstriction and cerebrovascular events. Caution should be used when pharma-
cologic stress is selected as an alternative to exercise; it should be used when
indicated and in accordance with the pharmacologic stress agent’s labeling.

Technetium Tc99m Sestamibi has been rarely associated with acute severe allergic
and anaphylactic events of angioedema and generalized urticaria. In some patients
the allergic symptoms developed on the second injection during CARDIOLITE® im-
aging. Patients who receive CARDIOLITE® or MIRALUMA® imaging are receiving the
same drug. Caution should be exercised and emergency equipment should be avail-
able when administering Technetium Tc99m Sestamibi. Also, before administering
either CARDIOLITE® or MIRALUMA®, patients should be asked about the possibility of
allergic reactions to either drug.

General Precautions
The contents of the vial are intended only for use in the preparation of Technetium
Tc99m Sestamibi and are not to be administered directly to the patient without first
undergoing the preparative procedure.

Radioactive drugs must be handled with care and appropriate safety measures
should be used to minimize radiation exposure to clinical personnel. Also, care
should be taken to minimize radiation exposure to the patients consistent with
proper patient management.

Contents of the kit before preparation are not radioactive. However, after the
Sodium Pertechnetate Tc99m Injection is added, adequate shielding of the final
preparation must be maintained. The components of the kit are sterile and non-py-
rogenic. It is essential to follow directions carefully and to adhere to strict aseptic
procedures during preparation.

Technetium Tc99m labeling reactions depend on maintaining the stannous ion
in the reduced state. Hence, Sodium Pertechnetate Tc99m Injection containing
oxidants should not be used.

Technetium Tc99m Sestamibi should not be used more than six hours after
preparation.

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

Stress testing should be performed only under the supervision of a qualified
physician and in a laboratory equipped with appropriate resuscitation and support
apparatus.

The most frequent exercise stress test endpoints sufficient to stop the test
reported during controlled studies (two-thirds were cardiac patients) were:

Fatigue 35%

Dyspnea 17%

Chest Pain 16%

ST-depression 7%

Arrhythmia 1%

ADVERSE REACTIONS

Adverse events were evaluated in 3741 adults who were evaluated in clinical
studies. Of these patients, 3068 (77% men, 22% women, and 0.7% of the patient’s
genders were not recorded) were in cardiac clinical trials and 673 (100% women)
in breast imaging trials. Cases of angina, chest pain, and death have occurred.
Adverse events reported at a rate of 0.5% or greater after receiving Technetium
Tc99m Sestamibi administration are shown in the following table:

In the clinical studies for breast imaging, breast pain was reported in 12 (1.7%) of
the patients. In 11 of these patients the pain appears to be associated with biopsy/
surgical procedures.

The following adverse reactions have been reported in ≤ 0.5% of patients: signs
and symptoms consistent with seizure occurring shortly after administration of the
agent; transient arthritis, angioedema, arrythmia, dizziness, syncope, abdominal
pain, vomiting, and severe hypersensitivity characterized by dyspnea, hypoten-
sion, bradycardia, asthenia, and vomiting within two hours after a second injection
of Technetium Tc99m Sestamibi. A few cases of flushing, edema, injection site
inflammation, dry mouth, fever, pruritis, rash, urticaria and fatigue have also been
attributed to administration of the agent.

DRUG INTERACTIONS

Specific drug-drug interactions have not been studied.

OVERDOSAGE

The clinical consequences of overdosing with CARDIOLITE®
are not known.

PATIENT COUNSELING INFORMATION

CARDIOLITE® and MIRALUMA® are different names for the same drug. Patients
should be advised to inform their health care provider if they had an allergic reac-
tion to either drug or if they had an imaging study with either drug.

Lactation: Interruption of breastfeeding after exposure to Technetium Tc99m Ses-
tamibi is not necessary, however, a lactating woman should be advised to consider
restricting close contact with her breast fed infant to a maximum of 5 hours in
the 24 hour period after Technetium Tc99m Sestamibi administration in order to
minimize radiation exposure.

To report SUSPECTED ADVERSE REACTIONS, contact Lantheus Medical Imaging, Inc.
at 1-800-362-2668 or FDA at 1-800-FDA-1088 or www.fda.gov/medwatch.

Distributed by:
Lantheus Medical Imaging®

331 Treble Cove Road, N. Billerica, Massachusetts 01862 USA
For Ordering Tel: Toll Free: 800-299-3431

All Other Business: 800-362-2668
(For Massachusetts and International call 978-667-9531)

Table 2.0
Selected Adverse Events Reported in > 0.5% of

Patients Who Received Technetium Tc99m Sestamibi
in Either Breast or Cardiac Clinical Studies*

Body System Breast Studies Cardiac Studies

Body as a Whole 21 (3.1%) 6 (0.9%) 17 (0.7%) 23 (0.8%)

Headache 11 (1.6%) 2 (0.3%) 4 (0.2%) 6 (0.2%)

Cardiovascular 9 (1.3%) 24 (3.5%) 75 (3.2%) 99 (3.3%)

Chest Pain/Angina 0 (0%) 18 (2.6%) 46 (1.9%) 64 (2.1%)

ST segment changes 0 (0%) 11 (1.6%) 29 (1.2%) 40 (1.3%)

Digestive System 8 (1.2%) 4 (0.6%) 9 (0.4%) 13 (0.4%)

Nausea 4 (0.6%) 1 (0.1%) 2 (0.1%) 3 (0.1%)

Special Senses 132 (19.6%) 62 (9.1%) 160 (6.8%) 222 (7.3%)

Taste Perversion 129 (19.2%) 60 (8.8%) 157 (6.6%) 217 (7.1%)

Parosmia 8 (1.2%) 6 (0.9%) 10 (0.4%) 16 (0.5%)

Women Women Men Total
n = 673 n = 685 n = 2361 n = 3046

*Excludes the 22 patients whose gender was not recorded.
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E D I T O R ' S P A G E

What Is Theranostics?

Wolfgang A. Weber1, Henryk Barthel2, Frank Bengel3, Matthias Eiber1, Ken Herrmann4, and Michael Sch€afers5

1Technical University of Munich, Munich, Germany; 2Leipzig University, Leipzig, German; 3Hannover Medical School,
Hannover, Germany; 4Universit€atsklinikum Essen, Essen, Germany; and 5University of Munster, Munster, Germany

The term theranostics has clearly become a buzzword. To a
large extent, this is due to the success of prostate-specific mem-
brane antigen (PSMA)–targeted radioligands. These ligands can be
labeled with positron- or g-emitting isotopes for imaging or with
b- or a-emitting isotopes for therapy. The diagnostic or therapeutic
targeting ligands are otherwise identical or similar. PSMA-targeted
imaging and therapy have rapidly become a new clinical standard
for prostate cancer management during the last 10 y, and applica-
tions in other diseases are being investigated. Sessions at nuclear
medicine meetings are now often separated between PSMA imag-
ing and non-PSMA imaging, and several PSMA radioligands have
been approved for imaging and therapy of prostate cancer or are in
late-stage development. In the wake of these clinical successes, an
impressive number of new biotech companies have been founded
that aim to develop new theranostic agents.
But what exactly has made PSMA theranostics so successful?

In this editorial, we try to answer this question and reflect on what
may be necessary to repeat the success of PSMA theranostics in
other areas of nuclear medicine. In doing so, we argue that the con-
cept of theranostics should not be limited to oncology but may be
equally or even more successful for nuclear medicine applications
in neurology, cardiology, and inflammatory and infectious diseases.
As a starting point, we define theranostics as a combination of

molecularly targeted imaging and therapy in which imaging pro-
vides actionable information that enables new or more effective
therapies. This definition is much broader than the commonly used
definition of theranostics as a combination of radionuclide imaging
therapy that uses the same (a similar) targeting molecule or as a
combination of imaging and therapy that both use the same molec-
ular target, as exemplified by PSMA-based theranostics (1). Nev-
ertheless, we believe it is still specific enough to differentiate
theranostics from other common uses of medical imaging.
Most oncologic imaging for tumor staging in fact does not meet

our definition of theranostic imaging. These imaging studies stratify
patient populations better but do not improve outcomes, because they
merely shift patients from one prognostic group to another. This stage
migration was described by Feinstein et al. in 1985 (2) and called the
Will Rogers phenomenon in honor of the humorist–philosopher Will
Rogers. Will Rogers, who was born in Oklahoma in 1879, suppos-
edly once said that “When the Okies left Oklahoma and moved to
California, they raised the average intelligence levels in both states.”
Will Rogers was referring to the exodus of the Okies to California
during the Great Depression in the 1930s. Feinstein et al. observed

that new imaging technologies, at that
time CT and bone scans, shifted many
patients with lung cancer to a higher
TNM stage because these new technolo-
gies found more metastases than clinical
examination and planar radiographs. The
outcome of the patients who were shifted
to a higher stage was better than that of
patients in the same stage as defined by
the older imaging technologies. This led
to an improved outcome in each of the
stage groups without changing the out-
come of the whole patient group. Similar
effects of new imaging technology on stage-specific patient out-
comes have been reported for many other cancer types and other
diseases.
Although oncologic CT and 18F-FDG PET/CT mostly upstage

patients and thereby only limit therapeutic options (3), the results
of PSMA PET/CT can lead to new therapeutic options. This is
most obvious in patients with metastatic castration-resistant pros-
tate cancer. In this setting, high PSMA radioligand uptake indicates
that PSMA radioligand therapy is a therapeutic option. However,
PSMA PET scans can also provide actionable information in
another setting. PSMA PET is highly specific for the detection of
lymph node metastases of prostate cancer and can detect metastases
much earlier than CT or MRI. Patients with biochemical recurrence
after prostatectomy now frequently undergo radiotherapy of lymph
node metastases identified on PSMA PET. The information from
PSMA PET in this setting is actionable because of the high specifi-
city of PSMA PET and because of the availability of a therapy that
is guided by the imaging results, that is, stereotactic radiotherapy
(4). Because of the lower sensitivity and specificity of CT and
MRI, this radiotherapy was not feasible before the introduction of
PSMA PET. Thus, the combination of PSMA PET and external-
beam radiotherapy is also an example of theranostics according to
our definition. In addition to radiotherapy, salvage lymph node dis-
section for PSMA-positive lymph node metastases is also being
explored (5).
It is important to note here that the effectiveness of these local

therapies in the setting of biochemical recurrence still needs to be
proven by prospective clinical trials, but nevertheless, we would
argue that one important reason for the success of PSMA PET
imaging has been that it has enabled these new therapeutic options.
Our definition of theranostics is not limited to oncologic imag-

ing and therapy. Another area of theranostics is the combination of
b-amyloid imaging and antibody therapy. The amyloid antibody
lecanemab has recently been approved by the Food and Drug
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Administration, and some health insurances have already begun to
reimburse lecanemab therapy (6). Before a patient can be treated
with lecanemab, the presence of amyloid in the brain has to be
determined. In most of the clinical studies of lecanemab, the pres-
ence of amyloid has been determined by amyloid PET. Thus, the
results of the amyloid PET scan provide actionable information
that results in a new therapy. Amyloid PET scans have so far been
used relatively infrequently as purely diagnostic tools, but their
use will now in all likelihood increase.
In addition to these 2 concrete examples of theranostics in a

broader sense, there are several other such approaches in clinical
use or development. In the fields of immunology and fibrosis, vari-
ous novel radiopharmaceuticals for imaging are emerging in paral-
lel to various targeted immunomodulatory or antifibrotic therapies.
In the field of amyloidosis, novel, highly specific disease-modifying
therapies are emphasizing the increasing need for companion diagnos-
tic (imaging) biomarkers. Another example is dopamine transporter
imaging and dopaminergic therapeutics in Parkinsonian syndromes.
Moreover, under development are novel bacteria-selective radioli-
gands that would enable differentiating sterile inflammation from
infections. However, such approaches would also offer theranostic
imaging characterizing individual bacterial strains to initiate speci-
fic and targeted antibiotic treatment and surgical resections. In
oncology, 18F-fluoroestradiol has been Food and Drug Administra-
tion–approved for imaging of estrogen receptors and may be used
to select patients for estrogen receptor–targeted therapies. Several
clinical studies have suggested that imaging of human epidermal
growth factor receptor 2 with radiolabeled antibodies may be supe-
rior to the analysis of expression of this receptor on biopsies for
selecting patients for therapies directed toward it. Preclinically,
imaging with 18F-labeled fibroblast activation protein inhibitor 74
has been used to image expression of fibroblast activation protein
before chimeric antigen receptor T-cell therapy directed toward it.
We believe that it is more than semantics to call these approaches

theranostic. Linking molecular imaging closely to a specific therapy
provides a clear path to regulatory approval as a companion diagnostic.
Once approved, it becomes significantly easier to run clinical trials of
off-label uses in other indications.

In conclusion, theranostics is much more than switching of diag-
nostic and therapeutic isotopes. In fact, the concept of theranostics
can and should be applied to imaging applications outside radioli-
gand therapies and nuclear oncology. The therapeutic part of a ther-
anostic pair does not have to be a radionuclide therapy but can be
external-beam radiotherapy, surgery, medical therapy, or cellular
therapy. Nevertheless, the underlying principle remains that the
molecular imaging part of the theranostic pair provides actionable
information. Obtaining this information requires that the results of
the imaging study be highly specific and allow for clinical decision
making. Following these principles may accelerate the regulatory
approval of new molecular agents and broaden the use of molecular
imaging in the clinic.
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H I G H L I G H T S

2022 SNMMI Highlights Lecture: General Nuclear Medicine

Andrei Iagaru

Stanford University School of Medicine, Stanford, California

The Highlights Lectures at the closing sessions of SNMMI Annual
Meetings were originated and presented for more than 30 y by Henry
N. Wagner, Jr., MD. Beginning in 2010, the duties of summarizing
selected significant presentations at the meeting were divided annually
among 4 distinguished nuclear and molecular medicine subject matter
experts. The 2022 Highlights Lectures were delivered on June 14 at
the SNMMI Annual Meeting in Vancouver, Canada. This month we fea-
ture the lecture by Andrei Iagaru, MD, Professor of Radiology–Nuclear
Medicine at Stanford University School of Medicine (CA) and Chief of
the Division of Nuclear Medicine and Molecular Imaging at Stanford
HealthCare, who spoke on general nuclear medicine highlights from
the meeting. Note that in the following presentation summary, numer-
als in brackets represent abstract numbers as published in The Journal
of Nuclear Medicine (2022;63[suppl 2]).

KeyWords: general nuclearmedicine; review; nuclearmedicine practice

J Nucl Med 2023; 64:671–677
DOI: 10.2967/jnumed.123.265758

Welcome to my favorite part of the SNMMI Annual Meet-
ing, the Highlights Lectures. I want to begin by briefly noting the
outstanding work that has been done in nuclear medicine to
address issues generated by the COVID-19 pandemic. Our com-
munity continues to contribute to the management of these patients
through SPECT/CT, PET/CT, and novel imaging techniques. We
are also an integral part of the larger effort to expand knowledge
about the virus and its short- and long-term effects. A few of the
notable presentations at this meeting include those by: Melhem
and Keu from the Universit#e de Montr#eal and the Hôpital Cit#e-de-
la-Sant#e (Laval, both in Canada), who reported on “SPECT VQ
and CTPA agreement for diagnosis of pulmonary embolism during
the COVID-19 pandemic: a single-institution experience” [2793];
Khandelwal et al. from the Sanjay Gandhi Postgraduate Institute of
Medical Sciences (Lucknow, India), who reported on “A prospective
study to investigate the implementation of semiquantitative inflam-
matory load in post-COVID-19 lung disease to strategize therapy”
[2326]; Wang et al. from the University of California–Davis, who
reported on “Multiorgan metabolic changes in COVID-19 recovery
measured with total-body dynamic 18F-FDG PET” [2329]; Maldo-
nado et al. from University Hospital Quironsalud (Madrid, Spain),
who reported on “Molecular imaging PET/CT in oncologic
patients with unsuspected asymptomatic infection with SARS-
CoV-2: the Spanish experience (Delta and Omicron variants)”
[2330]; and Callaud and Bailly from Centre Hospitalier Universitaire

Tours and Centre Hospitalier R#egional
Orl#eans (both in France), who reported
on “Time-reduction for simultaneous
dual-isotope lung scintigraphy using 3D-
ring CZT SPECT/CT” [2789]. Although
time restrictions require that I move on
to other topics, I want to congratulate
these authors and researchers for the
great work they are doing.

CHANGING PERSPECTIVES IN
NUCLEAR MEDICINE AND
MOLECULAR IMAGING

The theme this year for this lecture is “How can we look at the
same radiopharmaceutical or disease or scan and see things so
differently?” This is somewhat analogous to the different perspec-
tives that artists may take on their subjects. The same bowl of fruit
would have been presented in radically different ways by, for exam-
ple, Dal#ı and Picasso. What we do in nuclear medicine and molecu-
lar imaging is art in a different form. We are able to identify what
happens in patients and to select tools from our armamentarium that
allow us to provide increasingly detailed diagnoses. These tools vary
and are continuously replaced by newer and more effective
approaches, just as the ways in which we define and understand dis-
ease change with growing scientific understanding and experience.
Let’s look at some examples from this year’s SNMMI Annual Meet-
ing presentations.

PEDIATRIC IMAGING

My distinguished colleague at Stanford, Helen Nadel, MD,
reminds us often that “imaging children is not like imaging small
adults.” With adult patients, we often think of digital scanners as
enabling faster exams and perhaps higher throughput—a perspec-
tive reflecting our work as busy clinicians. In pediatrics, digital
scanners also offer the opportunity to reduce administered radio-
pharmaceutical dosage. Alves et al. from the Cincinnati Children’s
Hospital Medical Center (OH) reported on the “Feasibility of reduced
count acquisition of whole-body 18F-FDG PET in children and young
adults imaged with a digital PET scanner” [2384]. The SNMMI Pedi-
atric Imaging Council recognized Dr. Alves with their Majd–Gilday
Young Investigator Award for this work. These researchers looked at
various simulated acquisition times (60, 55, 50, 45, 40, and 30 s/bed)
for pediatric patients who underwent imaging on a 5-ring 25-cm
axial-field-of-view PET/CT system. Reconstructed images were
scored on several criteria, including overall image quality, by pediat-
ric radiologists. The resulting data indicated that no qualitative
impact was observed down to almost 55 s/bed, suggesting the poten-
tial for faster scans with lower radiation (up to 67%) and for reduc-
tion or elimination of sedation/anesthesia in some patients. The
authors summarized their finding that “for children and young adults
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receiving 0.12mCi/kg injected activity of 18F-FDG and imaged with
a state-of-the-art extended-field-of-view digital PET/CT system, an
acquisition time of 60 s/bed (or 0.8mCi/kg injected activity imaged
at 90 s/bed) shows no significant impact in image quality or quantita-
tive measures.”
In a similar approach with a different scanner, Zhang et al. from

the Ohio State University Wexner Medical Center (Columbus),
the University of Pennsylvania (Philadelphia), and the University
of Cincinnati (OH) reported on “Feasibility of low-dose 18F-FDG
PET in pediatric oncology” [2387]. This study evaluated low-dose
PET via an intraindividual comparison using both data simulation
and actual scan validation. Body mass index (BMI)–adapted
18F-FDG administration was proposed and validated. This approach

showed a 30%–70% dose reduction for pediatric imaging and up to
92% reduction for infants and small children, without compromising
image quality and SUV quantification. Figure 1 shows comparisons
of whole-body 18F-FDG PET in children with different BMI
values. Lesions were identifiable across all reconstructed datasets,
and equivalent image quality was maintained with robust semi-
quantitative measurements. Pediatric patients deserve not only the
lowest achievable dose from CT (about which we have heard much
more) but also from PET, and it is clear that with advances in tech-
nology this can be achieved.
Is it possible to look at lymphoma and see things quite differently

from different perspectives? Some imaging physicians believe that
18F-FDG PET is the best approach. MR experts believe that

FIGURE 1. Feasibility of low-dose 18F-FDG PET in pediatric oncology. Comparison of whole-body imaging in pediatric patients (BMI 5 17, top row of
images, and 26, bottom row) at (far left) actual full-dose scan (180 s/bed) and (left to right) simulated reduced doses (range, 33%–92% reduction).
Lesions are identifiable across all PET datasets, and equivalent image quality was maintained with robust SUV quantification achieved with substantial
18F-FDG dose reduction.
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diffusion-weighted (DW) imaging with MRI is best. Baratto et al.
from Stanford University (CA), Children’s Hospital of Philadelphia
(PA), and Yale University (New Haven, CT) reported on these
perspectives by “Comparing 18F-FDG PET/MRI and DW MRI for
staging and restaging of Langerhans cell histiocytosis (LCH) in
children” [2386]. In the study, 23 children and young adults with
biopsy-proven LCH underwent simultaneous 18F-FDG PET/MRI
with DW MRI (n 5 20) or sequential 18F-FDG PET/CT plus DW
MRI (n 5 3), including 23 baseline scans and 16 follow-up scans
after chemotherapy. Comparing SUV semiquantitative data on PET
and mean apparent diffusion coefficient map data from MR, they
found highly similar accuracy, specificity, and sensitivity in staging
and restaging LCH. This tells us that in order for PET/MRI to be
more widely adopted in routine practice, we need to shorten the
duration of these exams. Patients with multifocal LCH are usually
very young and will require multiple follow-up imaging throughout
their lives. PET/MRI in pediatric patients makes perfect sense,
because substituting MRI for the CT removes one portion of the
radiation dose and the high quality of the PET component lowers
the other. This raises several questions: How do we make it faster?
Do we really need all the MR sequences? If not, which ones are
needed? These authors showed that it is possible to optimize
PET/MR workflow in a way that can make it faster and perhaps
more widely available and used.
What perspectives can PET and MRI provide in differentiating

posttransplant lymphoproliferative disorder (PTLD) from lym-
phoma? Jayapal et al. from the Lucile Packard Children’s Hospital
at Stanford School of Medicine (CA) reported on “Predictive pat-
terns of pediatric PTLD on PET/MRI” [2786]. In this retrospective
study, the authors identified unique patterns of whole-body 18F-
FDG PET/MRI metabolic activity in 38 children with PTLD. In
17 of the 21 (81%) patients with PTLD with abnormal PET/MRI
but without transformation to lymphoma, a characteristic pattern
of diffuse and symmetric uptake with involvement of symmetric
lymph node stations was noted (Fig. 2). Asymmetry in this pattern
seemed to predict transformation to lymphoma. As the authors
concluded, “these findings may help the clinician in patient man-
agement to determine need for biopsy and therapy versus contin-
ued observation.” Management and treatment decisions diverge

significantly over time after transplantation depending on this diag-
nostic differentiation. Looking for this imaging symmetry provides
a different and very useful perspective in this setting.
In the oncology world, we are familiar and experienced with

sodium fluoride for evaluation of bony metastases. Unfortunately,
we are not always reimbursed for these studies, so the use of
sodium fluoride has diminished over time. Paravastu et al. from
the National Institutes of Health (Bethesda, MD) and the Founda-
tion for Research and Technology Hellas (Heraklion, Greece)
reported on “Quantitative analysis of 18F-NaF PET/CT imaging:
evaluation of denosumab treatment in fibrous dysplasia” [2771].
These authors looked at potential utility of the tracer in predicting
responses to treatment, and the resulting images were exquisite
(Fig. 3). With data from SUVmax, SUVmean, and total lesion activ-
ity changes from baseline to 6mo posttreatment in 8 patients with
fibrous dysplasia, they showed that successful treatment with
denosumab was associated with a marked reduction in bone turn-
over, as quantified by 18F-NaF PET/CT. Findings like these have
the potential to open new incentives for reintroduction of sodium
fluoride in wider clinical use. As a community we should not be
intimidated by repeated denials from the Centers for Medicare &
Medicaid Services and should work together to obtain appropriate
coverage that could benefit a range of patients.
Our perspectives on radiopharmaceuticals often depend on our

practice settings. I am accustomed to seeing 18F-FDOPA, for exam-
ple, from the glioma/brain tumor/motion disorder viewpoint, because
it is the main referral pattern at my institution. In pediatrics, the
focus with this radiopharmaceutical is on congenital hyperinsulinism.
Navarantha et al. from Children’s Hospital of Philadelphia (PA)
asked “18F-FDOPA PET imaging in congenital hyperinsulinism
[CHI] for localization of a focal pancreatic lesion: do medications
interfere with radiotracer uptake?” [2388]. Patients with CHI who
are unresponsive to initial insulin secretion medication undergo
genetic testing to predict the focal form, as well as 18F-FDOPA PET
imaging to localize focal pancreatic lesions. Current imaging proto-
cols call for discontinuation of CHI medications for 2 d before the
scan. Evaluating imaging and other results with a variety of relevant
medications, the authors showed that the most common drugs
administered to CHI patients do not seem to interfere with pancreatic

uptake of 18F-FDOPA. Even with glucagon,
which produced differences in head-to-liver
SUV ratios, no differences were noted in
pancreatic uptake. This is important and use-
ful information that we can all take home
and use clinically if we have access to 18F-
FDOPA.
Sathya Murthi et al. from Manchester

University Hospitals and the Christie Hos-
pital (both in Manchester, UK, and part of
the National Health Services Trust) reported
on the “Role of 18F-DOPA PET/CT in sus-
pected CHI” [2392]. These authors com-
pared uptake values of focal lesions detected
with 2 different reconstruction techniques to
identify the superior reconstruction method.
After initial visual assessment by physicians,
focal lesions were assessed by semiquanti-
tative analysis of SUVratio of focal disease
(SUVmax in lesion/SUVmean of pancreatic
tissue) and by SUVratios calculated using
both ordered-subset expectation maximization

FIGURE 2. Predictive patterns of pediatric posttransplant lymphoproliferative disorder (PTLD) on
PET/MRI. Assymmetry in lymph node involvement on PET/MRI correlated with progression to lym-
phoma. (A) 7-y-old boy after heart transplant with diffuse nonnodal and asymmetric pattern with renal,
bone, and spinal cord lesions with B-cell lymphoma; and (B) 16-y-old girl after stem cell transplanta-
tion with symmetric nodal pattern of PTLD.
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(OSEM) and ultra-high definition (UHD) reconstructions. They con-
cluded that 18F-DOPA PET/CT with contrast-enhanced CT had high
sensitivity in focal lesion detection (95.2%), resulting in successful
surgical and clinical outcomes offering complete cure. They noted
that this avoids potential long-term complications of total pancreatec-
tomy. The finding that the UHD reconstruction method may be supe-
rior to OSEM reconstruction in this setting makes the case that we
should not be reluctant to embrace new technologies that clearly
improve patient care.

WIDENING PERSPECTIVES

Obesity is a well-recognized health risk. Nuclear medicine and
molecular imaging tools have potential to provide meaningful
information to these patients. Bini et al. from Yale University/Yale
University School of Medicine (New Haven, CT) reported on “Liver
and brain levels of 11b-hydroxysteroid dehydrogenase type 1 (11b-
HSD1) enzyme in obesity: preliminary results from PET imaging
studies” [2801]. 11b-HSD1 catalyzes the conversion of inactive cor-
tisone to active cortisol. In this study, 9 individuals (ages, 29–64y)
with a range of BMIs (22.6–34.4 kg/m2) underwent PET/CT imaging
with arterial sampling after injection of 18F-AS2471907, a novel
PET tracer for 11b-HSD1. The preliminary results suggested that
obesity is associated with increased levels of 11b-HSD1 in the liver

but decreased levels in the brain (although
aging may increase brain 11b-HSD1 levels).
They noted that additional studies are needed
to clarify the correlation of brain and liver
11b-HSD1 with obesity. This has clear im-
plications for obesity treatment strategies,
including those associated with nonalco-
holic fatty liver disease.
Obesity was also the focus of work by

Muzik and Jiang from the Karmanos Can-
cer Institute at Wayne State University
(Detroit, MI), who reported on “Decreased
sympathetic innervation of cold-activated
brown and white fat [BAT and WAT, re-
spectively] in obese subjects using 11C-HED
PET imaging” [2238]. They investigated the
relationship between sympathetic innerva-
tion and energy expenditure in both BAT
and subcutaneous/visceral WAT in a group
of obese and lean subjects during cold expo-
sure. All patients underwent 11C-HED and
15O2-water PET imaging at rest and after
exposure to mild cold (16!C). In addition,
18F-FDG images were obtained during the
cold stress condition to assess the presence
of activated BAT. Relative measurements
of daily energy expenditure under both
baseline and cold stress were obtained.
They found that whole-body energy expen-
diture decreased in obese subjects during
cold as a result of decreased sympathetic
innervation (blood flow) in subcutaneous
WAT, suggesting that the primary function
of WAT in obese individuals is insulatory
and not heat generating. This is an exam-
ple of a new tracer that can be applied to
a clinical question for which answers have

direct implications for both understanding the physiology of a wide-
spread health challenge and for potential therapeutic interventions.
At this meeting we have heard about applications of fibroblast-

activation protein inhibitor (FAPI) in almost every possible indica-
tion—it has gone from being a pan-cancer tracer to a pan-disease
agent. Song et al. from Wuhan Union Hospital and Tongji Medical
College of the Huazhong University of Science and Technology
(both in Wuhan, China) reported on “Noninvasive visualization of
liver fibrosis with 68Ga-labeled FAPI” [2234]. The authors of this
interesting study addressed an unmet need: identifying the presence
of liver fibrosis early in the course of the disease so that we can
consider ways to arrest or slow progression. In addition to reporting
on serial 68Ga-DOTA-FAPI-04 imaging in a mouse model of
progressive liver fibrosis, the authors showed related imaging
in humans. Figure 4 illustrates correlations between 68Ga-DOTA-
FAPI-04 uptake and histology in 5 example patients with escalat-
ing degrees of fibrosis. The authors concluded that this tracer
“has the potential to display activated fibroblasts involved in
the fibrotic process and to assess different stages of liver fibro-
sis…with promising applications in the accurate assessment and
potential prediction of the prognosis of liver fibrosis.” The next
question is whether, now that we have a tracer to assess progression
in liver fibrosis, we can change the course of the disease? Perhaps
we will hear more about this at future meetings. It is remarkable

FIGURE 3. Quantitative analysis of 18F-NaF PET/CT evaluation of denosumab treatment in fibrous
dysplasia (FD). (A) Maxillary lesion in patient with monoostotic FD. (B) Marked improvement visualized
by 18F-NaF PET/CT after 6 mo treatment. (C and D) Representative images of treatment response on
18F-NaF PET/CT in 2 patients with polyostotic FD.
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that this tracer, developed for cancer imaging for which it was rec-
ognized as the 2019 SMMMI Image of the year, was again the
focus of the 2022 Image of the Year, this time for predictive
cardiac assessments. We are seeing it applied in an extraordinary
number of other new applications by our community to improve
patient care.
Wardak et al. from Stanford University/Stanford University School

of Medicine (CA), Pliant Therapeutics (South San Francisco, CA),
and Invicro, LLC (Boston, MA) reported on “Phase 2 drug target
engagement study of PLN-74809 in patients with idiopathic pulmo-
nary fibrosis (IPF) using a novel avb6 cystine knot PET imaging
tracer” [2236]. The aim of this study was to evaluate the in vivo
avb6 receptor occupancy of PLN-74809, an oral small-molecule
dual-selective inhibitor of integrins avb6 and avb1, as assessed by

[18F]FP-R01-MG-F PET/CT. This cystine knot radiopharmaceuti-
cal was originally developed for cancer. However, its target is not
so much the cancer cells themselves as the tumor-associated fibro-
sis, making it a logical candidate for assessing pulmonary fibrosis.
The authors compared kinetic modeling of uptake pre- and post-
drug administration in IPF lungs to assess drug target engagement.
They found that not only could target engagement of PLN-74809 with
avb6 integrin receptors in the lungs of IPF patients be quantified using
[18F]FP-R01-MG-F2 PET/CT imaging (Fig. 5), but that PLN-74809
achieved a dose-dependent target engagement of up to 98% in the
lungs of these patients. These preliminary data provide insights into
the potential mechanism and clinical benefits of PLN-74809 as an
antifibrotic therapeutic in IPF. This is also an example of the important
role our field can play in working with the pharmaceutical industry to

apply new markers to advance development
of novel treatments.
Wilks et al. from Massachusetts General

Hospital/Harvard Medical School (Boston,
MA) reported on “PET imaging of neutro-
phil trafficking fungal infection” [2511].
Imaging infection and the immune system
was the focus of much interest at this year’s
meeting, again an area of unmet needs. These
authors have designed a neutrophil precursor
cell line that can be expanded ex vivo and
transfused into neutropenic subjects to allow
them to successfully combat fungal infec-
tions. In this study, they quantified the kinet-
ics of these infused cells using PET imaging
in healthy and neutropenic mice. With an
89Zr-labeled agent, they were able to track
exogenous neutrophils quantitatively and
noninvasively in healthy, ablated, and fungal-
infected mice for up to 7 d after infusion.
Lower splenic uptake was observed in

FIGURE 5. Imaging PLN-74809 in patients with idiopathic pulmonary fibrosis (IPF) with a novel avb6

cystine knot PET tracer. Example [18F]FP-R01-MG-F PET/CT images acquired at baseline (left) and
after administration of the antifibrotic drug (right). PET/CT enabled target engagement of PLN-74809
with avb6 integrin receptors in the lungs of IPF patients, showing dose-dependent target engagement
of up to 98%.

FIGURE 4. Noninvasive visualization of liver fibrosis with 68Ga-DOTA-FAPI-04. Example correlations between 68Ga-DOTA-FAPI-04 uptake and histology
in 5 example patients with (left to right) escalating degrees of fibrosis.
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Candida-exposed animals, suggesting an active immune response
to fungal infections. This work opens the door not only to enhanced
understanding of the response of specific elements of the immune
system to infections (fungal and bacterial) but also to development
and optimization of neutrophil transfusion therapies in neutropenic
patients. We look forward to seeing associated clinical data in the
not-too-distant future.
Tremendous interest across all scientific and technical tracks at

this meeting continued to focus on total-body PET imaging. In his
Cassen Lecture, Simon Cherry, PhD, told us that it is only a matter
of time until total-body PET is even faster, and the images his
group is producing are truly remarkable. In one of these studies,

Omidvari et al. from the University of Cali-
fornia Davis/University of California Davis
Medical Center (Sacramento), Imperial Col-
lege (London, UK), and ImaginAb (Ingle-
wood, CA) reported on “Total-body imaging
of CD81 T cells in patients recovering from
COVID-19: a pilot study using the uEX-
PLORER total-body PET” [2327]. Their
goal was to obtain an in vivo quantitative
measure of tissue distribution of CD81 T
cells by imaging with 89Zr-Df-crefmirlimab-
berdoxam, a minibody with high affinity to
human CD8. In this pilot study, they aimed to
quantify pathophysiologic changes in CD81
T cell distribution in patients recovering from
COVID-19 to illuminate the immunologic re-
sponse and role of T cells in COVID-19 mor-
bidity and immunity. The authors should be
congratulated on the beautiful images they
were able to acquire up to 48h after submilli-
curie (0.5mCi) doses (Fig. 6). This imaging
resulted in high definition of the expected
distribution of T cells in lymphoid organs
and derivation of high-quality Patlak para-

metric maps, along with a preliminary observation that recovering
COVID-19 subjects in the study had higher T cell mass than con-
trols. They concluded that “This study makes a compelling case to
explore such in vivo functional aspects of T cells across a wide
range of COVID-related conditions, vaccine response, and in clinical
immunologic research in general, using the unique tools that total-
body PET provides.”
Tumor-targeting bacteria are being investigated as therapeutic

tools for solid tumors, and PET may have a role in the development
and translation of these agents by providing data to confirm locali-
zation and proliferation of bacteria at the tumor site and to monitor
off-target effects. Ordo~nez et al. from T3 Pharmaceuticals AG

(Basel, Switzerland) and Johns Hopkins
University School of Medicine (Baltimore,
MD) reported on “Imaging tumor-targeting
bacteria using 18F-fluorodeoxysorbitol [18F-
FDS] PET” [2510]. This is an interesting
application of the concept of bacteria tar-
geting. They evaluated in a murine model
whether 18F-FDS PET could accurately mon-
itor colonization of breast cancer tumors by a
genetically modified strain of Y. enterocoli-
tica (T3P-Y004) that is currently being eval-
uated for clinical trials. The researchers
found that PET was able to differentiate
sites of bacterial infection with low back-
ground in most organs, including the tumor
site (Fig. 7). They concluded that “given
that 18F-FDS is available for clinical use,
bacteria-specific PET could be a valuable tool
to support the development and implementa-
tion of tumor-targeting bacteria therapeutics.”
From a very different but no less impor-

tant global perspective, Giammarile et al.
from the International Atomic Energy
Agency (IAEA; Vienna, Austria) reported
on “The IAEA Quality Management Audits

FIGURE 6. Imaging CD81 T cells in patients recovering from COVID-19. 89Zr-Df-crefmirlimab-
berdoxam total-body PET with the uEXPLORER, showing SUV maximum-intensity projection
images at (left to right in each image set) 30–90 min, 6–7 h, and 48–49 h in a post-COVID patient (left
set) and a control subject (right set). High-definition tracking of T cell distribution in lymphoid organs
was achieved, with a preliminary observation that recovering COVID-19 subjects had higher T cell
mass than controls.

FIGURE 7. Imaging tumor-targeting bacteria in a mouse model using 18F-FDS PET. PET was able
to differentiate sites of bacterial infection with low background in most organs, including the tumor site
(left and right) compared with uninfected controls (middle), pointing to the potential for other applica-
tions of bacteria-specific PET to support development of tumor-targeting bacteria therapeutics.
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in Nuclear Medicine Practices (QUANUM) program: a practical
tool for quality audits in nuclear medicine” [2776]. A key question as
we leverage the power of aggregated data from clinical trials through-
out the world is: How do we ensure that the quality of what we do
and the protocols we use are similar and consistent? Through QUA-
NUM, the IAEA supports implementation of effective quality systems
while integrating all aspects of quality management into modern
nuclear medicine services in its member states. The QUANUM pro-
gram provides a tool to perform independent quality audits of nuclear
medicine departments through comprehensive reviews of organiza-
tions and their clinical practice, as well as offering multidisciplinary
team site visits. In their report, the IAEA authors described integra-
tion of the program in 73 nuclear medicine centers in 46 countries
and detailed outcome analyses of the impact on practice quality.
This is an important take home message for all of us: We need qual-
ity programs using protocols that can be reproduced from one insti-
tution to another, so that we all speak the same language about
reports and images from our patients.
Another area increasingly emphasized by SNMMI and very

important to all of our clinical practices and trials is that of diver-
sity and representation. How do we make sure that the research
we do is representative of the populations we serve? How do we
encourage enrollment of patients who reflect the diversity of the
areas in which we practice? Badawi et al. from the University of
California Davis (Sacramento) reported on “Diversifying the subject
cohorts in total-body PET research: a feasibility study” [2780]. In
this pilot effort, the uEXPLORER group targeted trial recruitment of

healthy subjects from underrepresented racial/ethnic groups in their
catchment area. They consulted with their community advisory board
to review existing trial/treatment publicity material for inclusivity and
arranged for TV and radio spots, advertisements, and news articles.
The result was more than 155 inquiries, and the underrepresented
recruitment goal was met. This study offers a template for outreach
and recruitment in studies that aim to be more representative of the
diversity of the local community.

CONCLUDING THOUGHTS

I will end with an editorial thought: my own perspective on all
these perspectives. As the saying goes, “the stone age did not end
because humans ran out of stones”; similarly, the age of photomul-
tiplier tubes did not end for lack of photomultiplier tubes. It ended
because industry, academia, and private practice put a great deal
of effort into continued innovation and clinical adoption. I am con-
fident that the end of the age of planar imaging in general nuclear
medicine will not come about because of a lack of standard scan-
ners. It will be because the technology has advanced, so that we
do not need to do planar all the time—we will have protocols adapted
to target the specific organ of interest or to survey the whole body.
As a community, we should strive to be early adopters. We should
not be so busy with what we do on a routine basis that we fail to see
the benefits of new technologies. I believe that we will continue to
see new and even more innovative ways through which general
nuclear medicine contributes to the advancement of both our field
and the wider world of medical knowledge and health care.
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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

Looking at the Future of Prostate Cancer Treatment
A Conversation Between Michael Morris, Jeremie Calais, and Johannes Czernin

Michael J. Morris1, Jeremie Calais2, and Johannes Czernin3

1Memorial Sloan Kettering Cancer Center, New York, New York; 2University of California at Los Angeles, Los Angeles, California;
and 3David Geffen School of Medicine at UCLA, Los Angeles, California

Johannes Czernin, MD, editor in chief of The Journal of
Nuclear Medicine, and Jeremie Calais, MD, MSc, his colleague at
the University of California Los Angeles, talked with Michael J.
Morris, MD, Member and Attending and Prostate Cancer Section
Head at Memorial Sloan Kettering Cancer Center, and a professor
in medicine at Weill Cornell Medicine (both in New York, NY).
Dr. Morris received his medical degree from the Icahn School of
Medicine at Mount Sinai in 1994, followed by a residency in med-
icine at Columbia Presbyterian Medical Center (both in New
York, NY). He completed a fellowship in oncology at MSKCC.
He specializes in treating patients with prostate cancer, with a
focus on those who have or are at high risk of developing meta-
static disease. He has established an international reputation in the
field of bone- and tumor-directed radiopharmaceuticals and for
multidisciplinary collaborative efforts in developing novel imaging
biomarkers for prostate cancer. Dr. Morris is the medical director
of the Prostate Cancer Clinical Trials Consortium, an initiative
funded by the Department of Defense and Prostate Cancer Foun-
dation and designed to increase patient access to clinical trials in
the United States.
Dr. Czernin: Can you tell us a little bit about your training and

how you became a leading prostate cancer expert?
Dr. Morris: My background is in medical oncology. I was

trained here in New York City, where I also grew up. My original
interest in oncology arose because there were and are so many
unanswered questions for cancer and also for prostate cancer.
When I started, we basically had hormonal therapy. Little was
known about the disease biology. I became interested in pro-
state cancer in my first year of fellowship and, at that time, began
developing relationships with 2 mentors. One was Steven M.
Larson, MD, who was in charge of nuclear medicine at that time at
Memorial, and the other was Howard Scher, MD, who was in
charge of genitourinary oncology. Since prostate cancer at that
point was nearly a nonimageable disease and the whole world of
therapeutics was wide open, I have stayed in that niche for the rest
of my career.
Dr. Calais: You have a specific interest in nuclear medicine

techniques, both for imaging and therapy. Can you tell us how you
got into that?

Dr. Morris: Steve Larson incepted
my interest in imaging, and Howard
Sher got me interested in drug and bio-
marker development. Prostate-specific
membrane antigen (PSMA) was cloned
by Warren Heston, PhD, shortly before
my fellowship began, and through the
years I’ve been part of efforts to develop
antibody approaches, small-molecule tar-
geting agents, and a- and b- therapies.
Over the last 20 y this became a suc-
cess story through exemplary worldwide
collaborations.

Dr. Czernin: Can you comment on the changing role of bone
scans with the emergence of PSMA and how you adapt your clini-
cal practice to the different kinds of resulting information?

Dr. Morris: The bone scan index (BSI) was the brainchild of
Steve Larson. It was the first time we could take a nonquantitative
disease like prostate cancer and create the size or numeric infor-
mation that is key to biomarker development in a prostate cancer
context. The BSI also stimulated artificial intelligence (AI) appli-
cations, because doing this manually is incredibly work intensive.
In turn, this also showed how AI could (even in what was then a
primitive form) transform how we think about disease and turn the
nonmeasurable into the measurable in a practical way. This consti-
tuted a set of intellectual landmarks that was and still is a good
way of quantifying disease burden for the purposes of prognosis
and response assessments.

Dr. Calais: Can you comment on the collaborations between
Sloan and EXINI Diagnostics that helped to translate the BSI?
Could the same approach be applied to PSMA?
Dr. Morris: I think that the international collaboration with

EXINI (now part of Lantheus) demonstrated that academia–industry
collaborations can be very fruitful, as long as both participants bring
something to the table. EXINI was a small company, and frequently
those relationships work best, because everyone is interested in
moving quickly and nimbly and doing the research as expeditiously
as possible. This does set the table for a future model for PSMA AI
collaborations with industry. PSMA AI will become much more
influential, because PSMA has much wider applications in illuminat-
ing disease biology, disease extent, and potentially in response
and progression assessments. The challenge to AI in today’s envi-
ronment is working with a set of platforms that are willing to
undergo the full biomarker qualification process from analytic vali-
dation to clinical qualification. But we don’t have a mechanism to
charge insurances for PSMA imaging for serial treatment response
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assessments. So, we need a third party at the table, not only the soft-
ware developer and the investigators but someone to ensure funding
of the serial scans.
Dr. Calais: Imaging should be covered, but the additional

dimension of the AI approach would need to be reimbursed as
well, and companies need a viable business model as an incentive.
Dr. Morris: Serial bone scans look at treatment effects and are

considered standard of care, but PSMA imaging is not. You need
a stakeholder to fund the serial scans that could be on a clinical
trial, and a therapeutic sponsor could pay for the trial. Imaging
funding could be sourced from an imaging co., or it could be
national funding through NCI or some other source. That cost, of
course, could be shared, because development of a PSMA-based
response biomarker would actually benefit all stakeholders.
Dr. Czernin: You used the BSI before, and now PSMA enters

the diagnostic scene with very different staging information and
stage migration. This is a predicament for the oncologists. Never-
theless, you need to collect this information, because it is very
useful—but that’s different from acting on the information. In the
range of scenarios from primary prostate cancer to recurrence to
castrate-sensitive and -resistant disease, how do you deal with the
different PSMA imaging-based information?
Dr. Morris: In the past, our problem was that we could never

really see the distribution of disease. Now we have the imaging to
see those areas, and we’re thinking, “Oh my, what are we going to
do with this previously unknown pelvic or distant disease?” But
this is the problem we’ve been wanting—a scenario in which we
don’t need nomograms and models because we can actually see
the disease much earlier now. We can develop therapeutics based
on better imaging and knowing where the disease is and how to
adjust our therapeutic strategies accordingly rather than with

model-based probabilities. But you are absolutely right that we do
have stage migration and, indeed, a complete redefinition of stag-
ing. Now we have all these subcategories of “nonvisualized on
standard imaging but visualized by PSMA.” In some prostate can-
cer stages this makes a huge difference, especially, for example, in
high-risk, localized disease, because now we are, in essence, reca-
tegorizing some of these patients as having metastatic disease.
This raises several questions. Should we be addressing the primary
cancer in that context? How do we define high- and low-volume
disease? How do we best stratify patients? Some clinical trials will
have to be redone to develop evidence-based treatment plans that
incorporate PSMA imaging. It makes a difference for medical
treatment and introduces the entire concept of metastasis-directed
therapy for low-volume/lower risk patients. Other questions natu-
rally follow. How is metastasis-directed therapy best achieved? Is
it with androgen receptor (AR)–directed therapy alone? What is
the appropriate disease volume to be defined as no longer oligomet-
astatic but polymetastatic? All of these questions still need to be
addressed. I think that PSMA imaging’s stage migration allows us
to identify disease now to ask those questions much more accu-
rately and earlier.
Dr. Calais: In addition to PSMA PET imaging, what other PET

or SPECT tracers do you consider highly valuable?

Dr. Morris: We have the issue of PSMA heterogeneity. Can
we identify characteristics of patients who may have low or het-
erogeneous PSMA expression? For those patients, other potential
targets can and should be developed, both for therapy and for diag-
nostics. These include prostate-specific antigen (PSA)–like human
kallikrein 2 and prostate stem cell antigen, which look quite prom-
ising. Fluorinated dihydrotestosterone has great potential as a
biomarker for AR-targeted drugs. The d-like ligand 3 has real
promise in small-cell lung cancer and, thus, potentially in neuroen-
docrine prostate cancer. The neuroendocrine patient population
has a truly unmet need, and the whole world of diagnostics and
therapeutics should be applied to them, because we have so little
to offer otherwise.
Dr. Czernin: What about FDG?
Dr. Morris: It’s almost ironic that we’re talking about FDG,

because our group has always believed that it had validity and
informative value. The field went through many years of consider-
ing FDG as a poor imaging modality for prostate cancer. Now sev-
eral groups, such as that of Michael Hofman, MBBS, have shown
its utility in the realm of therapeutics. All the metabolic tracers,
including fluciclovine and choline, still have roles in poorly differ-
entiated disease and in identifying disease that does not have a
specific molecular therapeutic target for a therapeutic purpose in
terms of treatment selection.
Dr. Calais: Let’s switch to a look at the big therapeutic trials that

have been published recently using various radiopharmaceutical-
based therapies. Can you give us an overview, and are you satisfied
with the results?
Dr. Morris: The VISION trial was a very important study for

all of us. Had the results not been positive, it would have been
devastating for the field. VISION showed that radioligand therapy

can work for our most advanced prostate cancer patients. The trial
taught a very important lesson for developing PSMA-based or
other therapeutics, underscoring that the imaging component is
key to successfully developing a drug. VISION also demonstrated
that radioligand therapy can be successfully tested in prostate
cancer, clinically benefit patients, and earn regulatory approval.
It sets the path for radioligand therapy’s future development in
this disease. Studies are now examining the value of radio-
ligand therapy in chemotherapy-naïve metastatic castrate-resistant
prostate cancer (CRPC) and in metastatic castration-sensitive
disease, both phase III registration trials. VISION’s success has
opened the door for potential success for 225Ac. So, I think
the trial was important beyond lutetium PSMA–directed therapy,
improving survival and quality of life in patients with metastatic
CRPC.
Dr. Czernin: The criticism would be that everyone relapses after

a fairly short time and that no one has ever been cured. How can
you improve response rates, and how do you address resistance?
Dr. Morris: People who criticize VISION on the basis that the

median survival benefit was around 4mo are not really seeing what
defines success in a patient population with so few months left to
live. Pretty much every drug that has been considered a success in
that patient population has had a 4-mo survival benefit. VISION

`̀ In terms of risk reduction and absolute benefit in overall survival and improvement in quality of life, radioligand
therapy stands on its own compared with other therapeutics. The harder question is whether we might amplify these

benefits by applying it earlier in the disease course, and in combination with other treatments.´́
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was conducted in patients after AR pathway inhibition and after
chemotherapy and, in some cases, after 2 different regimens of
each. And in this very advanced setting, the VISION trial still saw a
4-mo survival benefit. I never tell any patient, even with early meta-
static disease, that I have a cure or that we know how to cure their
disease. I’m not even sure that the “cure” word is really useful. We
don’t cure diabetes, we don’t cure HIV, but we can have those
patients live full, productive, satisfying, complete lives despite
those chronic diseases. I am not sure I would set up the expectation
that disease eradication is the definition of success for metastatic
cancer or that failure to eradicate disease means we failed to do
right by the patients. You raise a very important point, though, that
we can and must do better. This will happen as a combination of
better patient selection on the bases of their disease biology and
underlying genetics, as well as better stratification, treatment com-
binations and sequencing, and better drugs, all of which should
achieve better outcomes than those VISION showed with the drug
alone in the last phases of the disease.
Dr. Calais: Let’s discuss briefly the current production and sup-

ply chain issues of a- and b-radiopharmaceuticals and how this
has already affected your clinical work and trials.
Dr. Morris: The field has had some significant supply issues

for lutetium as well for actinium over the last several months. This
is a big issue, because there is so much patient, physician, and
investigator need for these drugs. We have wait lists, and we’re
just trying to keep up with them. The lack of drug availability is
devastating to patients. In addition, as a field we need to build
out expertise for the day when the drug is more readily available.
How many centers have true multidisciplinary teams in which
nuclear medicine, medical oncology, and radiation oncology are
working hand-in-hand in clinics to best treat these patients?
How many centers have the physical space in their nuclear medi-
cine departments to treat a disease as common as prostate
cancer? It’s really a need to organize joint care for patients,
upskilling the medical oncologists to understand nuclear medicine
issues and nuclear medicine physicians to understand general
medical oncology issues. This process will go through growing
pains. In terms of transitioning to a-labeled therapies, we still
have to go through a much longer drug development period than
people think. There is much more to figure out in terms of drug
supply, mitigating salivary gland toxicity, and understanding
how to best do dosing and how much “drug” we are delivering
to tumors.
Dr. Czernin: You talked about the need for qualified providers

and sites. We probably need about 100 sites in the United States
to provide adequate services, and we are far from that. But there’s
another issue that you mentioned, and that’s insurance coverage.
PSMA-targeted diagnostics and therapy are now included in the
National Comprehensive Cancer Network guidelines, so coverage
should be provided.

Dr. Morris: Insurers’ guidelines do not synchronize with best
practice. For example, for the biochemically relapsed patient
population, some insurers insist on a bone scan or CT before a
PSMA PET. Such a requirement exposes patients to unnecessary
radiation, inconvenience, and expense. Insurers are also asking
for PSA thresholds above those at which we believe patients
should get salvage therapy. We need to reach out to the insurers’
medical directors and understand how they arrive at these
thresholds.
Dr. Calais: When you compare the actual production costs of

radionuclide-based therapies with conventional androgen-deprivation

therapy (ADT), do you think they are worth it? Are they sustainable?
ADT already does a decent job in this advanced-age population.
Is the added benefit, compared with that of the standard of care, suffi-
cient to justify the very high costs?
Dr. Morris: For patients like those in the VISION trial who are

at the end of their lives, there is no cheaper alternative, other than
hospice care. It costs money to prolong life, preserve quality of
life, and maintain functionality. In terms of risk reduction and
absolute benefit in overall survival and improvement in quality of
life, radioligand therapy stands on its own compared with other
therapeutics. The harder question might be whether if it were
delivered earlier in the course of the disease, are we really making
more than an incremental benefit relative to AR-directed therapy
alone or chemotherapy? We don’t have the data to answer that.
Long-term toxicity might be an issue as well. Cancer care is
extraordinarily expensive in the United States and is a huge cause
of psychologic distress and bankruptcy. Part of the answer to these
issues lies in what incentivizes our health care system. But within
that system, this also touches on the question of whether we
should be treating advanced cancer patients with therapies other
than palliative measures. I think the answer is yes.
Dr. Czernin: You have already talked about quality theranostic

centers and what they should look like. Did you do a demand
assessment for these therapies at MSKCC? What kind of patient
volumes do you anticipate?
Dr. Morris: Our demand right now is much higher than it will

be in a year or so, because we’ve had patients waiting for approval
and waiting for drug supply. So we have a very long wait list right
now of patients who are just trying to survive long enough to get
treatment. These patients are deteriorating with every week that
passes. Some of them will not survive to get treatment, which is
very sad. But I hope that the drug supply issue is resolved quickly
so that we can hit a steady state, with patients receiving the treat-
ment they need.
Dr. Calais: As you already pointed out, medical oncologists,

radiation oncologists, surgeons, and radiologists are already com-
municating relatively well, but nuclear medicine is sometimes a
new addition. Can you comment on your relationships with your
nuclear medicine colleagues, what you think these should be, and
what you like and don’t like in these relationships?
Dr. Morris: My relationship with nuclear medicine has always

been outstanding. But in many centers, nuclear medicine is not part
of shared research or shared clinical care. We need multidisciplin-
ary integration of all the people who are actually caring for the
patients, not only the doctors but nurses, pharmacists, and radiation
safety experts working together. We have just created a new virtual
clinic where all of the stakeholders now review together once a
week every single patient. Our clinical trials continue to run as mul-
tidisciplinary studies, but we’ve had to create a new infrastructure
for routine clinical care. What nuclear medicine still needs is a
model of continuity of care. Each patient should have 1 nuclear
medicine doctor longitudinally, just as is true with medical oncol-
ogy, urology, and radiation oncology. The medical oncologists
need to learn more about radiopharmaceuticals, related dosages,
safety issues—the whole routine. Similarly, the nuclear medicine
physicians need to learn more about basic management of side
effects beyond just their own treatments. Both sides need to
up-train and to grow and develop practice patterns to optimize con-
tinuity of care for the patient.

Dr. Czernin: The quality of the clinical research has
markedly improved. If you consider trials that need to be done for
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diagnostics and therapeutics, what would be your number 1 and
2 priorities?
Dr. Morris: For diagnostics, the most important trial that needs

to be done now is verifying PSMA as a response and progression
biomarker. This would shorten drug development profoundly.
Right now, we have to wait for either radiographic progression-
free survival data by standard scans or overall survival data in
order to get a drug approved. Therapeutically, it is probably not
the iterative trials that we’re talking about with this generation of
drug. It is looking forward to moving into the a-emitters and vali-
dating them as the next generation of therapies.
Dr. Calais: If we were to enter the 3 keywords “Morris,” “nu-

clear medicine,” and “future” into a PubMed search, what results
would you want to see there for our readership?

Dr. Morris: It’s hard to predict the future, but whatever the
future holds it will depend on collaboration. My message to the
nuclear medicine research community is that there is a body of
knowledge that nuclear medicine has and that medical oncology
does not have. Conversely, there is a body of knowledge that the
medical oncologists have that nuclear medicine lacks. The effort
to develop radioligand therapy should be a much more jointly
informed clinical and research effort than it currently is. And we
need to better take care of patients together. But communication
and collaboration are fundamental to the pathway that we will
share in the future. The more we do that, the more productive we
will be.
Dr. Calais: Thank you very much for your time. It is really a

pleasure to communicate and collaborate with you.
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The value of in vivo peptide receptor targeting for imaging
and treating oncologic patients is well accepted and implemented
in clinical practice. A prime example is somatostatin receptor
(SSTR)–targeted peptide receptor radionuclide therapy (PRRT),
which relies on an image-and-treat approach (theranostics), a rap-
idly evolving clinical concept in patients with neuroendocrine
tumors (NETs).
SSTR agonists are internalized after high-affinity ligand receptor

binding and have historically been used for in vivo SSTR receptor
targeting. This mechanism is considered an essential step in in vivo
receptor targeting using SSTR agonists (Fig. 1). The evolving PET/
CT technology and the optimization of radiopharmaceutical chelation
for effective somatostatin analog development opened the door to
[68Ga]Ga-DOTA0-Tyr3-octreotate ([68Ga]Ga-DOTATATE) PET/CT.
In 2016, [68Ga]Ga-DOTATATE received Food and Drug Adminis-
tration approval for SSTR imaging, followed by [68Ga]Ga-DOTA-
TOC and [64Cu]Cu-DOTATATE in 2019 and 2020, respectively.
SSTR-based PRRT was explored by the phase 3 NETTER-1 trial,
a first-in-humans prospective multicenter randomized clinical trial
comparing [177Lu]Lu-DOTATATE (4 cycles, 7.4 GBq/cycle) with
high-dose octreotide in 229 patients with progressive low-grade
midgut NETs.
The NETTER-1 trial significantly improved progression-free sur-

vival with [177Lu]Lu-DOTATATE, with a hazard ratio of 0.18 (95%
CI, 0.11–0.29; P , 0.0001) (1). However, 5 y after the last patient
randomization, there was no statistically significant difference in
median overall survival between the [177Lu]Lu-DOTATATE arm
(48mo; 95% CI, 37.4–55.2) and the control arm (36.3mo; 95% CI,
25.9–51.7) despite a clinically significant improvement of the quality
of life and progression-free survival in the [177Lu]Lu-DOTATATE
arm (1). Concerning treatment safety, only 3 of 111 patients (3%) of
the [177Lu]Lu-DOTATATE arm showed treatment-related severe
adverse events during long-term follow-up, and 2 patients (2%)
developed myelodysplastic syndrome, one of whom died 33mo after
randomization. No new cases of myelodysplastic syndrome or
acute myeloid leukemia were reported during long-term follow-up.

At present, the NETTER-2 trial is ongoing to determine whether
[177Lu] Lu-DOTATATE prolongs progression-free survival in
grade 2 or 3 gastroenteropancreatic NETs as first-line treatment
in combination with long-acting octreotide (NCT03972488). A recent
metaanalysis including more than 1,200 patients treated by [177Lu]
Lu-DOTATATE (1–8 cycles, 3.7–10 GBq/cycle) revealed a disease
control rate (proportion of complete response, partial response, minor
response, and stable disease) of 74.1% (95% CI, 67.8%–80%) and a
disease response rate (proportion of complete response, partial
response, and minor response) of 29.1% (95% CI, 20.2%–38.9%)
(2). This evidence contributed to the inclusion of [177Lu]Lu-DOTA-
TATE in the therapeutic algorithms proposed by leading international
societies as an effective and safe treatment option for NETs.
Recently, a novel SSTR-agonist radioligand, [64Cu]64Cu-SARTATE,
was compared with [68Ga]Ga-DOTATATE, showing higher uptake
and retention resulting in high-contrast diagnostic images upward of
24h (3). [67Cu]Cu-SARTATE, the therapeutic counterpart of [64Cu]
Cu-SARTATE, is currently being evaluated (NCT04023331).
Over the years, novel data have emerged for SSTR antagonists.

The application of SSTR antagonists was initially discouraged
because of lack of internalization. Despite these initial considera-
tions, it was later found that a higher percentage of SSTR antago-
nists than of agonists was bound in animal and human models.
This can be attributed mainly to the functional interaction of
SSTR antagonists with a larger variety of SSTR conformations,
allowing binding of both activated and inactivated SSTRs (Fig. 1)
(4,5). Slow dissociation of antagonist receptor binding and mini-
mal internalization are also thought to play a role in tumor detec-
tion. Further, SSTR antagonists are more chemically stable and
hydrophobic than SSTR agonists, with a consequent longer dura-
tion of action and stabilization in a lipid-rich environment (4).
From a theranostic point of view, the high target-to-background

ratio and prolonged in vivo tumor binding obtained with radiolabeled
SSTR antagonist have been of paramount importance in promoting
the use of SSTR antagonists over SSTR agonists. Compared with
[68Ga]Ga-DOTATATE in NETs, both [68Ga]Ga-NODAGA-LM3
and [68Ga]Ga-DOTA-LM3 demonstrated a significantly higher
detection of liver metastases (202 vs. 235, P 5 0.01, and 196 vs.
261, P 5 0.02, respectively) and overall lesions (339 vs. 395, P 5
0.002, and 372 vs. 447, P 5 0.02, respectively), with a higher
tumor-to-liver ratio of matched lesions in both arms (P 5 0.00).
There was no significant difference in detection of primary tumors
(17 vs. 19, P 5 0.16, and 13 vs. 15, P 5 0.16, respectively), lymph
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node metastases (24 vs. 27, P 5 0.18, and 29 vs. 32, P 5 0.18,
respectively), bone metastases (31 vs. 46, P 5 0.11, and 126 vs.
126, P 5 1.00, respectively), or other lesions (65 vs. 68, P 5 0.32,
and 8 vs. 13, P 5 0.10, respectively) (6). In another comparative
study, [68Ga]Ga-DOTA-JR11 detected more liver (552 vs. 365,
P 5 0.001) but fewer bone (158 vs. 388, P 5 0.02) metastases
than 68Ga-DOTATATE, but with comparable primary tumor detec-
tion (20 vs. 24, P 5 0.50) and overall detection rate (835 vs. 875,
P 5 0.15) and with equal lymph node (43 vs. 43), pleural (51 vs.
51), and peritoneal (2 vs. 2) metastases (7). Similarly, in 12 gastro-
enteropancreatic NET patients, [68Ga]Ga-NODAGA-JR11 demon-
strated a significantly higher overall sensitivity (94% with 50mg
and 88% with 15mg of [68Ga]Ga-NODAGA-JR11) compared with
[68Ga]Ga-DOTATOC (15mg, 59.2%, P , 0.001, for both doses of
[68Ga]Ga-NODAGA-JR11) (8).
Radioligand SSTR antagonists have been documented to bind a

higher percentage of SSTRs than do agonists (Fig. 1), increasing tar-
geting even for tumors with low SSTR expression (4,5). This would
be clinically important in high-grade NETs, poorly differentiated

neuroendocrine carcinoma, and certain non-NETs (breast carcino-
mas, renal cell carcinomas, and non-Hodgkin lymphomas) (9). For
these reasons, there has been increasing interest in SSTR antagonists.
In humans, 2 theranostic pairs of JR11 (i.e., [68Ga]Ga-DOTA-JR11/
[177Lu]Lu-DOTA-JR11 and [68Ga]Ga-NODAGA-JR11/[177Lu]Lu-
DOTA-JR11) have already been investigated (10,11). However, the
safety profile of SSTR antagonists for PRRT requires further consid-
eration and optimization. Severe hematotoxicity was observed com-
pared with SSTR agonists at doses equivalent to or greater than that
to red marrow. In a recent phase I clinical trial (12), 4 of 4 patients
who received 2 cycles of [177Lu]Lu-satoreotide-tetraxetan (also
known as [177Lu]Lu-DOTA-JR11) and an estimated bone marrow
dose of at least 1.44Gy developed grade 4 thrombocytopenia (and
grade 3/4 neutropenia) and 57% developed grade 4 myelosuppres-
sion, but none of the patients with a bone marrow dose of 1.08Gy
or less experienced grade 4 thrombocytopenia or neutropenia. There-
fore, the therapeutic protocol was revised to lower the bone marrow
dose from 1.5 to 1Gy and, subsequently, halve the dose in cycle 2.
However, the hypothesis that the activity concentration in red

FIGURE 1. (Left) Mechanism of action of radiolabeled SSTR agonists and antagonists for theranostics application. SSTR agonists are internalized after
binding to SSTR2, with consequent accumulation of radioactivity in cell. In contrast, SSTR antagonists bind more effectively to receptors on cell membrane,
with near absence of internalization and direct membrane damage. (Middle) Head-to-head comparison between PET images (anterior maximum-intensity
projection; SUVmax range, 0–10) of [68Ga]Ga-DOTATOC (SSTR agonist) and [68Ga]Ga-NODAGA-JR11 (SSTR antagonist) in patient with low-grade NET,
showing more lesions (arrows, particularly in liver) for [68Ga]Ga-NODAGA-JR11 than for [68Ga]Ga-DOTATOC. (Right) Direct comparison of posttreat-
ment SPECT images (anterior maximum-intensity projection; SUVmax range, 0–15) after [

177Lu]Lu-DOTATOC (cycle 1) and [177Lu]Lu-DOTA-JR11 (cycle 2)
performed within 10-wk interval. Tumor activity concentration at 24 h after injection is$30% higher with antagonist (arrows) than with agonist even though
administered activity of 177Lu is$50% less for antagonist than for agonist (3.9 vs. 7.4 GBq). B5 bottom; bw5 body weight; T5 top.
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marrow is comparable to that in blood (11) could probably be recon-
sidered, as SSTR antagonists may have specific binding in red mar-
row, also supporting a dedicated dosimetry based on posttherapeutic
SPECT/CT imaging.
[68Ga]Ga-DOTA/NODAGA-LM3 and [177Lu]Lu-DOTA-LM3

represent another attractive SSTR-antagonist–based theranostic
pair with high tumor binding and preliminary favorable dosimetry
(13). Furthermore, radiolabeling of SSTR antagonists with a-emitters
would provide a joint benefit from the biologic characteristics of the
antagonists and the physical properties of the a-emitters, with poten-
tial therapeutic advantages even in patients refractory to treatment
with b-emitter–labeled somatostatin analogs.
In conclusion, published literature strongly suggests that SSTR

antagonists are characterized by no cellular internalization but a
strong binding capacity to SSTR receptors, suggesting a higher
efficacy than SSTR agonists that undergo cellular internalization
and have weaker SSTR binding. These unique characteristics of
SSTR antagonists are now shifting clinical focus toward the use of
radiolabeled SSTR antagonists to improve the diagnostic sensitivity
(with some concerns at the bone level (7)) and therapeutic efficacy
of SSTR-based PRRT. Although SSTR antagonists have been opti-
mized at the diagnostic level, therapeutic applications must be fur-
ther investigated. Decreasing administered activities, encouraging
dosimetry, and increasing duration between PRRT cycles to limit
hematotoxicity while preserving therapeutic efficacy should be fur-
ther researched. Patients with multiple liver metastases and those
with poorly differentiated NETs could be suitable candidates for
promising new clinical investigations. Thus, SSTR antagonists cur-
rently represent a novel paradigm in theranostics that will undoubt-
edly revolutionize diagnostic and therapeutic management of NETs.
We hope these discoveries will ultimately improve the clinical out-
comes of patients with these rare tumors.
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The field of radioligand therapy has advanced greatly in recent years,
driven largely by b-emitting therapies targeting somatostatin receptor–
expressing tumors and the prostate-specific membrane antigen. Now,
more clinical trials are under way to evaluate a-emitting targeted thera-
pies as potential next-generation theranostics with even higher efficacy
due to their high linear energy and short range in human tissues. In this
review, we summarize the important studies ranging from the first Food
and Drug Administration–approved a-therapy, 223Ra-dichloride, for
treatment of bone metastases in castration-resistant prostate cancer,
including concepts in clinical translation such as targeted a-peptide
receptor radiotherapy and 225Ac-PSMA-617 for treatment of prostate
cancer, innovative therapeutic models evaluating new targets, and
combination therapies. Targeted a-therapy is one of the most promis-
ing fields in novel targeted cancer therapy, with several early- and late-
stage clinical trials for neuroendocrine tumors and metastatic prostate
cancer already in progress, along with significant interest and invest-
ment in additional early-phase studies. Together, these studies will help
us understand the short- and long-term toxicity of targeted a-therapy
and potentially identify suitable therapeutic combination partners.
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The use of a-emitters has evolved over the past few years.
They offer two advantages over treatments using b-emitters: first,
a-radiation has a short range in tissues, resulting in irradiation of
only a few cell diameters (,0.1 mm), allowing for selective treat-
ment of cancer cells, and second, the high linear energy transfer of
several megaelectron volts of a-radiation results in effective cell kill-
ing via DNA double-strand breaks (Fig. 1) (1). Therefore, close bind-
ing to the target is crucial to ensure therapeutic efficacy and safety.
To date, several clinical experimental a-treatments and an approved

treatment for prostate cancer exist. 223Ra-dichloride for treatment of
bone metastases in castration-resistant prostate cancer was the first
agent for which a survival benefit of 3mo versus placebo was

proven in a prospective phase 3 randomized clinical trial. It paved
the way for the clinical acceptance of targeted a-therapies (TATs)
in vivo and is so far the only Food and Drug Administration–
approved a-therapy (2,3). Additionally, for several other diseases,
targets have been identified for a-therapy. Among them are bladder
carcinoma showing overexpression of epidermal growth factor
receptor (4), metastatic prostate cancer showing overexpression of
prostate-specific membrane antigen, metastases of neuroendocrine
tumors (NETs) with upregulated somatostatin receptors (5), glioma
with substance P as a molecular target, and specific targets such as
HuM195 in patients with leukemia (6).
Most of these TATs use either 213Bi or 225Ac as a-emitters, but

many other radionuclides are currently discussed (149Tb, 211At,
212Pb [for 212Bi], 226/227Th, and 230U) (7). Because of the short
half-life of 46min, 213Bi-labeled agents have to be synthetized on
site. In contrast, 225Ac has 4 times more a-decays and a longer
half-life (10 d), qualifying it as an attractive therapeutic nuclide–
emitting energy of between 5.8 and 8.4MeV (8). It has been pro-
posed that because of the higher linear energy transfer of
a-emitters, therapy resistance to b-emitters can be overcome. No
relevant side effects were reported for local a-emitter application,
such as in bladder cancer patients (4); however, systemic adminis-
tration such as intravenous application with, for example, 223Ra-
dichloride have side effects, notably on bone marrow (2).
We present an overview of 3 promising clinical applications of

TAT administered systemically, as well as future directions.

THE FRONT RUNNER: 223RA-DICHLORIDE

Bone pain therapy using b-emitters for osteoblastic metastases has
been established in the palliative setting for many years now. How-
ever, the only Food and Drug Administration–approved radiophar-
maceutical with a positive impact on overall survival (OS) is the
a-emitter 223Ra (9). 223Ra has a half-life of 11.4 d and decays into
the stable daughter nuclide 207Pb via 4 a-emissions (5.0–7.5MeV).
The median penetration range in soft tissue is 0.04–0.05mm. Radium
has physiologic similarities to calcium and selectively accumulates in
bones, especially in areas with high bone metabolism such as mar-
ginal areas of bone metastases (10).

223Ra-dichloride (Xofigo; Bayer) was Food and Drug Adminis-
tration–approved in November 2013 for men with prostate cancer
and bone metastases in whom the usual hormone blockade is no
longer effective. The approval was based on the results of the
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randomized, phase 3 ALSYMPCA trial (2). In this study, 921
patients who had received, were not eligible to receive, or declined
chemotherapy with docetaxel and with at least 2 or more symptom-
atic bone metastases with no known visceral metastases were ran-
domized 2:1 to receive 6 cycles of 223Ra every 4 wk with the best
standard of care or 6 infusions of placebo with the best standard of
care. The OS was significantly longer in the 223Ra group (14.9 vs.
11.3mo; P , 0.001), the frequency of skeleton-related events was
reduced, and the median time to a skeleton-related event was longer
(15.6 vs. 9.8mo; P , 0.001). No clinically significant differences in
the frequency of grade 3or 4 adverse events were observed between
the groups (2). Nonhematologic toxicities are mild to moderate in
intensity. The most common side effects are diarrhea, fatigue, nau-
sea, vomiting, and bone pain, some of which are dose-related. These
side effects are easily manageable with symptomatic and supportive
treatments. Grade 3 and 4 thrombocytopenia was reported in 6% of
patients on 223Ra and in 2% of patients on placebo (2). 223Ra is also
accompanied by quality-of-life benefits (11).
Jiang et al. reported the 5-y real-world outcome of 223Ra thera-

pies for 228 patients. The median OS was 11.1mo. The OS in

chemotherapy-naïve patients was signifi-
cantly longer than in patients with a history
of chemotherapy (12.3 vs. 8.1mo; P5 0.02).
No significant survival differences were ob-
served between pre- and postabiraterone
and prednisolone or enzalutamide patients.
The fracture rate in the postabiraterone and
prednisolone group was 24%, seemingly
high (12).

Around the time of the ALSYMPCA trial,
the hormone therapies abiraterone and enza-
lutamide were not part of the routine thera-
peutic approach, and therefore the feasibility
of a therapy with 223Ra before or after or
even at the same time as these agents could
not be studied at the time of approval of
223Ra. The approval was changed in Septem-
ber 2018 because of the results of the ERA
223 study. In this prospective, phase 3 study,
806 patients were randomly assigned to
receive 223Ra (n 5 401) or placebo (n 5
405) in addition to abiraterone acetate plus

prednisone or prednisolone. The study was prematurely unmasked
because of the increased risk of fractures and a trend toward
increased mortality in the group of patients who received 223Ra in
combination with abiraterone and prednisone. There was an in-
creased incidence of fractures (29% vs. 11.4%) and a possible reduc-
tion in median OS (30.7 vs. 33.3mo; P 5 0.13) (13). Since then,
according to the European Medicines Agency (14), 223Ra therapy
should be used only as monotherapy or in combination with a lutei-
nizing hormone-releasing hormone analog for the treatment of
patients with symptomatic bone metastases and no known visceral
metastases, who have progressed after at least 2 prior lines of sys-
temic therapy for metastatic castration-resistant prostate cancer
(mCRPC) or are ineligible for any available systemic mCRPC treat-
ment. It is also not recommended in patients with a low level of oste-
oblastic bone metastases or in patients with only asymptomatic bone
metastases (15). The recommended regimen per the European Medi-
cines Agency is 6 treatments of 55 kBq/kg every 4 wk.
An assessment of skeletal tumor burden on bone scintigraphy or

PET before 223Ra therapy is a valuable approach for the prognostica-
tion of OS and hematologic toxicity (16). In addition, tumor-specific
prostate-specific membrane antigen imaging could be useful for select-
ing the most eligible patients (17).
There are limited data regarding the time interval between ther-

apy with abiraterone and 223Ra. Based on the half-lives of 223Ra
and abiraterone, it is recommended that subsequent treatment with
223Ra be started no earlier than 5 d after the last administration of
abiraterone. Subsequent systemic cancer therapy should be initi-
ated no earlier than 30 d after the last dose of 223Ra. Concurrent
use of bisphosphonates or denosumab has been found to reduce
the incidence of fractures in patients treated with 223Ra (15).
In the case of disease progression after the initial 6 cycles of

223Ra therapies, a rechallenge with a second course of 6 223Ra
injections seems to be feasible, with minimal hematologic toxicity
and sustained benefit in terms of OS (18).

a-PEPTIDE RECEPTOR RADIOTHERAPY: READY FOR
PRIME TIME?

Somatostatin receptors are overexpressed in NETs and because
of highly efficient in vivo agonist-induced internalization, they are

FIGURE 1. Comparison of radiobiologic effects of 225Ac-PSMA and 177Lu-PSMA. LET 5 linear
energy transfer.

NOTEWORTHY

! After approvals of 177Lu-DOTATATE and 177Lu-vipivotide
tetraxetan, TATs represent the next generation of theranostics.

! TATs offer advantages over other treatments due to their short
range in tissues, allowing selective treatment of targeted
cancer cells, and high linear energy transfer, leading to highly
effective cell killing.

!
223Ra-dichloride is approved for the treatment of bone metastases
in castration-resistant prostate cancer; a-peptide receptor
radiotherapy for the treatment of NETs and 225Ac-PSMA
therapies for prostate cancer are other promising clinical
applications.

! These therapy models can be further investigated with new
targets, as therapy combinations, and in patients with different
stages of disease.
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a perfect target for peptide receptor radiotherapy. Consecutively,
213Bi-DOTATOC became the first somatostatin-receptor TAT
demonstrating proof of mechanism in a clinical application: 8
patients without a sufficient response to previous b-peptide recep-
tor radiotherapy demonstrated remarkable antitumor activity with
a-peptide receptor radiotherapy (19). However, 2 y after therapy,
patient glomerular filtration rate decreased significantly from an
average of 115mL/min to 83mL/min (230%). Also, the limited
number of appropriate patients, challenging logistics related to the
invasive arterial catheter placement and labeling procedure, and
the costly demand of a gigabecquerel-sized 225Ac/213Bi generator
on-site prevented broader clinical application.

225Ac-DOTATOC was suggested to overcome these challenges
(20). Preclinical results appeared promising, showing an added tumor
size decrease sequencing cold DOTATOC, 177Lu-DOTATOC, and
225Ac-DOTATOC. Additionally, a maximum tolerable dose (applica-
ble to mice) was determined, with tubular necrosis presenting the
dose-limiting toxicity (20). The promising therapeutic range between
antitumor activity and modest renal toxicity was recently confirmed by
an independent study on mice (21). Preliminary dosimetry attempts—
not published for 213Bi- vs. 225Ac-DOTATOC but for 213Bi- vs.
225Ac-PSMA-617 (a shuttle molecule with similar tracer pharmacoki-
netics)—done by the Heidelberg group demonstrated that in humans
the longer effective half-life of 225Ac-labeled small molecules in tumor
versus kidney probably improves the therapeutic range of TAT (22).
Nevertheless, neglecting microdosimetry, translocation effects
of daughter nuclides and using average literature values for relative
biological effectiveness, it was not possible to predict appropriate treat-
ment activities for clinical application without additional empiric data.
In 2015, the group presented its quasi-escalation experience with
225Ac-DOTATOC (5). As demonstrated in Figure 2, antitumor activity
could be observed at all dose levels; a maximum tolerable single-cycle
dose of 40 MBq or 4-mo intervals with 25 MBq or 2-mo intervals
with less than 18.5 MBq were suggested to be tolerable regarding
acute hematologic toxicity. However, follow-up was too short to draw
a final conclusion regarding chronic nephrotoxicity. In 2020, the first
prospective clinical trial for 225Ac-DOTATATE examined 32 patients
with previous exposure to 177Lu-DOTATATE who were treated with
a 100 kBq/kg dose of 225Ac-DOTATATE (23). Fifteen patients
achieved partial remission, and 9 patients had stable disease. However,
median follow-up was only 8mo (range, 2–13mo); thus, no conclusion

could be drawn about long-term tolerability. However, 5-y follow-up
data for the Heidelberg cohort revealed a dose-dependent acute hemato-
logic toxicity at single doses above 40 MBq or repeated doses greater
than approximately 20 MBq 225Ac-DOTATOC at 4-mo intervals.
Treatment-related kidney failure occurred in 2 patients after a delay of
greater than 4y but was independent of administered radioactivity, and
other clinical risk factors were important contributors (24).
Another a-emitter with appropriate decay characteristics for use in

a-peptide receptor radiotherapy is 212Pb (half-life, 10.6 h). In 2019,
the preclinical characterization of 212Pb-DOTAMTATE became
available (25) and was well in line with the previous preclinical data
obtained with 213Bi- or 225Ac-DOTATOC. A favorable outcome was
observed, when the nontoxic cumulative dose of 1.7 MBq was frac-
tionated into 33 0.6 MBq or 33 0.4 MBq in combination with che-
motherapy. Another group has published preliminary results from
the first-in-humans phase 1 dose escalation trial evaluating 212Pb-
DOTAMTATE in 20 patients with somatostatin receptor–positive
NETs with no prior history of 177Lu/90Y/111In peptide receptor radio-
therapy (NCT03466216) (26). The study was a single-ascending-
dose/multiple-ascending-dose trial using a 31 3 dose-escalation
scheme with an 8-wk dose-limiting toxicity period. The initial dose
was 1.13 MBq/kg, and subsequent cohorts received an incremental
30% dose increase until a tumor response or a dose-limiting toxicity
was observed. The maximum total dose per subject was 296 MBq in
the single-ascending-dose cohort and 888 MBq in the multiple-
ascending-dose cohort. Treatment was well tolerated, with the most
common adverse events being nausea, fatigue, and alopecia. No seri-
ous treatment-emergent adverse events were related to the study
drug, and no subjects required treatment delay or a dose reduction.
Of the 10 subjects who received all 4 cycles, 8 (80%) demonstrated
an objective, long-lasting radiologic response by RECIST 1.1 (26).

225AC-PSMA-617 FOR THERAPY OF PROSTATE CANCER

Treatment of metastatic prostate cancer has been complemented
by the use of a-emitters in the past few years. 225Ac-PSMA-617
was first developed in vitro at the Joint Research Centre Karlsruhe
in 2013 and 2014 (1). Kratochwil et al. first described a remark-
able therapeutic effect of 225Ac-PSMA-617 in patients with late-
stage prostate cancer (Fig. 3) (27). The initial report included 2
patients who showed complete remission after exhausting conven-

tional therapies, including chemotherapy
and advanced hormone treatment.
The favorable pharmacologic properties

and kinetics of PSMA-617 with fast tumor
uptake, good internalization, long tumor re-
tention, and rapid clearance of unbound
ligand are desirable properties for the combi-
nation with an a-emitter (1). Because of the
long half-life of several days and multiple
a-emissions in the decay chain of 225Ac,
these pharmacokinetic properties are highly
relevant to reduce potential clinical side effects.
Almost all available studies used 225Ac-
PSMA-617 for treatment (Table 1). One study
also investigated 225Ac-PSMA-I&T (28) and
demonstrated similar biochemical response
rates, with any prostate-specific antigen (PSA)
decline in 79% of patients, comparable to
PSMA-617 ranging between 79% and 94%
(Table 1). However, no data on clinical

FIGURE 2. Patient with G2 (Ki-67, 5%) NET of right (resected) kidney received 3 cycles of 19 MBq
of 225Ac-DOTATOC. Maximum-intensity projections of 68Ga-DOTATOC PET/CT done in advance,
between cycles, and after last cycle demonstrate antitumor activity (left). Despite remaining solitary
left kidney, cumulative 47 MBq of 225Ac-DOTATOC did not lead to increase in serum creatinine
(right, bottom) or estimated glomerular filtration rate (right, top) during 3 y of follow-up. eGFR 5 esti-
mated glomerular filtration rate.
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progression-free survival (cPFS) and OS is currently available using
225Ac-PSMA-I&T.

Dose Finding and Dosimetry Estimates
Subsequent studies focused on dose finding using between 50 and

200 kBq/kg activities of 225Ac-PSMA-617 with the aim of finding a
reasonable trade-off between therapeutic efficacy and side effects. For
8-week intervals, a reasonable trade-off was found to be a 100 kBq/kg
activity of 225Ac-PSMA-617 (29). At 50 kBq/kg, side effects were
low but antitumor effects were insufficient, and at 200 kBq/kg, side
effects increased significantly, with xerostomia as the dose-limiting
toxicity (29). In this study, a dosimetry estimate showed that assuming
a relative biological effectiveness of 5, 1 MBq of 225Ac-PSMA-617
leads to mean doses of 2.3Sv for salivary glands, 0.7Sv for kidneys,
and 0.05Sv for red marrow that are composed of 99.4% a, 0.5% b,
and 0.1% photon radiation, respectively (29). However, dosimetry of
a-emitters is challenging, in part because of the short range of
a-emitters in tissue and the complex decay schemes with multiple a-,
b-, and g-daughters with a broad range of energies and half-lives of
the emitted nuclides. To date, no standardized means of imaging
a-emitters exists (30).

Surrogate Markers of Response
The number of patients experiencing any PSA decline is in the

range of 79%–94% (31–33). A maximum PSA decline of at least
90% was achieved in only 12% of the late-stage mCRPC patients (34)
but in 40%–82% of patients in earlier stages (Table 1). Data on com-
plete remission on PET are not available from all studies but are in the
range of 0%–65% (Table 1). Median cPFS was between 4.1 and
15.2mo, and the median OS was 7.7–18mo (31,33–35). cPFS and
OS, 4.1 and 7.7mo, respectively, appear to be shorter in patients with
late-stage mCRPC (e.g., median of 6 treatment regimens before 225Ac-
PSMA-617) compared with early- to intermediate-stage mCRPC
patients (up to a median of 3 prior treatment regimens), with a cPFS
of 7–15.2mo and an OS of 12–18mo, respectively.

Risk Factors
A study of advanced mCRPC patients, treated with 225Ac-PSMA-

617, found that those with high baseline immunohistochemical
PSMA expression or DNA damage repair alterations tended to have
longer OS (36). In a cohort of 72 patients, a PSA decline of at least

50% was significantly associated with OS and PFS in multivariate
analysis after 225Ac-PSMA-617 treatment (33). Additionally, previ-
ous 177Lu-PSMA treatment was negatively correlated with PFS (33).
In a study of 26 late-stage mCRPC patients, it is reported that
liver metastases are associated with significantly shorter PSA PFS
(median, 1.9 vs. 4.0mo), cPFS (median, 1.8 vs. 5.2mo), and OS
(median, 4.3 vs. 10.4mo) (34).

Xerostomia
Xerostomia has been reported to be a relevant side effect of

225Ac-PSMA treatment. It seems to be more pronounced after inten-
sive pretreatment. In late-stage mCRPC patients, xerostomia (grade
1/2) was reported in all patients, with 23% requesting stop of treat-
ment to preserve quality of life (34). Kratochwil et al. (31) reported
that 10% of patients discontinued treatment because of intolerable
xerostomia. Sathekge et al. (33) reported grade 1/2 xerostomia in
85%–100% patients. Yadav et al. reported xerostomia of grade 1/2
in only 29% in an earlier-stage patient cohort (35). Khreish et al.
reported that 20 patients who received a tandem therapy of 225Ac-
PSMA-617/177Lu-PSMA-617 with 5.3 MBq (range, 1.5–7.9 MBq)
of 225Ac-PSMA and 6.9 GBq (range, 5.0–11.6 GBq) of 177Lu-
PSMA- 617, had grade 1 (very mild) xerostomia in 8 of 20 patients
(40%) and grade 2 (mild) in 5 of 20 (25%) (Fig. 1) (37). Xerostomia
was reported as grade 1 (very mild) in 8 of 20 patients (40%) and
grade 2 (mild) in 5 of 20 (25%) (37). In an attempt to maintain sali-
vary gland function, Rathke et al. performed sialendoscopy on
patients undergoing 225Ac-PSMA-617 treatment (38). Despite sialen-
doscopy support with, for example, steroid injections, xerostomia
was present after multiple cycles (38). Using monoclonal antibodies
such as 225Ac-J591 might reduce salivary gland uptake and hence
xerostomia as previously reported, with only 8 of 32 (25%) patients
showing grade 1 xerostomia (39). However, these antibodies have
less renal excretion and may increase bone marrow toxicity.

Hematologic Side Effects
Compared with 177Lu-PSMA, grade 3/4 hematologic toxicity

seems to be higher for 225Ac-PSMA. In a series of patients with late-
stage mCRPC, hematologic grade 3/4 toxicities were reported in
35%, 27%, and 19% for anemia, leukopenia, and thrombocytopenia,
respectively (34). In patients treated with 177Lu-PSMA-radioligand
therapy, the frequencies of grade 3/4 anemia, thrombocytopenia, and
leukopenia were only 9%–10%, 2%–13%, and 3%–32%, respectively
(40–43). However, the patients receiving 225Ac-PSMA had been trea-
ted at a substantially later stage with a median of 6 prior treatments
(34). Notably, the frequency of these adverse hematologic events was
similar to that of investigational agents (44) or, for example,
carboplatin/etoposide (45). Yadav et al. reported no grade 3/4 throm-
bocytopenia or leukopenia, but 1 of 28 patients had grade 3 anemia
(35). Khreish et al. reported at least one grade 3/4 hematotoxicity in
25% of patients: 5% with grade 3 anemia, 10% with grade 3 leukope-
nia, and 10% with grade 4 anemia and thrombocytopenia each using
a tandem therapy of 225Ac-PSMA-617 and 177Lu-PSMA (37).

225Ac-PSMA-617/177Lu-PSMA-617 Tandem Therapy
Up to 30% of mCRPC patients do not respond to 177Lu-PSMA

therapy (37). In patients with resistance to b-emitters, treatment with
an a-emitter may still be effective. The combination of a- and
b-emitters may allow for a lower dose of 225Ac, reducing salivary
gland toxicity. In 13 of 20 patients who received one course of 225Ac-
PSMA-617/177Lu-PSMA-617 tandem therapy, biochemical response
(PSA decline . 50%) and grade 1/2 xerostomia was observed (37).
Rosar et al. reported partial response in 5 of 17 patients and stable

FIGURE 3. Initial promising results from Heidelberg group for patient
with diffuse red bone marrow infiltration of mCRPC, which was consid-
ered contraindication for treatment with b-emitters. 68Ga-PSMA-11
PET/CT scans demonstrating pretherapeutic tumor spread (A), restaging
2 mo after third cycle of 225Ac-PSMA-617 (B), and restaging 2 mo after 1
additional consolidation therapy (C). (Reprinted from (27).)
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disease in 7 of 17 patients, treated with tandem therapy after progres-
sion with 177Lu-PSMA (46).

NEW TARGETS

In addition to hydroxyapatite, somatostatin receptors, and the
prostate-specific membrane antigen, there are additional targets under
investigation for their utility in TAT. One of the most prominent
new targets is the fibroblast activation protein (FAP) that is overex-
pressed by cancer-associated fibroblasts in the stroma of several
tumor entities as well as less frequently directly from tumor cells.
FAP can be targeted with antibodies, peptides, and small molecules
such as FAP inhibitors (FAPIs). FAP-targeted imaging has been
explored in several malignancies, including glioma, nasopharyngeal
carcinoma, gastric cancer, colorectal cancer, hepatocellular carci-
noma, cholangiocarcinoma, soft-tissue sarcoma, pancreatic cancer,
breast cancer, and prostate cancer (47). Research into the therapeutic
application of FAPI radionuclides is still in the early stages. Breast
cancer patients have been treated with 90Y-FAPI-04 (48) and 177Lu-
DOTA.SA.FAPI (49), an ovarian cancer patient has been treated
with 90Y-FAPI-46 (50), and sarcoma and pancreatic cancer patients
have been treated with 90Y-FAPI-46 (50) and 177Lu-FAPI-46.
As for TAT, 225Ac-FAPI-46 has been used in pancreatic cancer

mouse models and 153Sm-FAPI-46 was used to treat a patient with
soft-tissue sarcoma metastatic to the lung. In one study, 34 kBq of
225Ac-FAPI-04 were injected into 6 PANC-1 xenograft mice, 3 wk
after implantation with a tumor size of 0.9860.66 cm3 (51). Tumor
size was compared with 6 control mice for up to 51 d. The mice
who received 225Ac-FAPI-04 showed significant tumor growth sup-
pression compared with the control mice, without a significant
change in body weight, with the equivalent dose in the tumor esti-
mated to be 5.6860.77Gy/MBq. In another study, 3 kBq (n 5 3),
10 kBq (n5 2), and 30 kBq (n5 6) of 225Ac-FAPI-04 were injected
into PANC-1 xenograft mice and tumor size and weight were com-
pared with 7 control mice (52). The tumor growth was suppressed
immediately after treatment with 10 kBq and 30 kBq, whereas the
tumor-suppressive effects in the 3-kBq group were very mild. The
tumor size of the 30-kBq group was significantly smaller than that in
the control group on days 5–9 and day 25. The body weight in all
groups showed a trend to decrease in the first week but recovered in
the 3- and 10-kBq groups after day 7. Lastly, in a patient with fibrous
spindle cell soft-tissue sarcoma metastatic to the lung, 3 cycles of
20 GBq of 153Sm- and 8 GBq of 90Y-FAPI-46 were well tolerated and
achieved stable disease for 8mo (53). In the future, 212Pb-FAPI com-
pounds will also be preclinically and potentially clinically explored.
Another target that is being investigated is human epidermal

growth factor receptor type 2 (HER2), which is overexpressed in vari-
ous cancers including breast, ovarian, bladder, pancreatic, and gastric.
A preclinical study evaluated a HER2-targeting single-domain anti-
body labeled with 225Ac, called 225Ac-DOTA-2Rs15d, in mice with
HER2-positive intraperitoneal ovarian cancer (54). Both a single dose
of 86.8468.97 kBq of 225Ac-DOTA-2Rs15d 7 d after tumor inocula-
tion and 3 consecutive administrations of 86.8468.97 kBq of 225Ac-
DOTA-2Rs15d on days 7, 10, and 14 resulted in a significantly longer
mean survival of 101 and 143 d, respectively, versus 56 d for mice
receiving vehicle solution (P , 0.0001). Additionally, 3 consecutive
doses of 225Ac-DOTA-2Rs15d increased the mean survival (143 d)
compared with a group a receiving trastuzumab regimen (7.5mg/kg
loading dose, followed by 2 maintenance doses of 3.5mg/kg) and
a single dose of 225Ac-DOTA-2Rs15d (P , 0.0389). There was his-
topathologic evidence of kidney toxicity after repeated doses of

225Ac-DOTA-2Rs15d. The single-domain antibody 2Rs15d, also
referred to as anti-HER2-VHH1, has also been labeled with 131I and
studied in HER2-positive breast cancer patients (NCT02683083,
NCT04467515) (55).
Other targets including type I insulin-like growth factor

(NCT03746431) (56), a transmembrane protein that is overexpressed
in non–small cell lung, prostate, and breast cancers; neurotensin
receptor 1 (NCT05605522) (57), upregulated in colorectal and pan-
creatic cancers; and CD33 (NCT03867682) (58), found in myeloid
tumor cells are being investigated in conjunction with 225Ac.

COMBINATION THERAPY

TAT may also be advantageous in combination with other cancer
treatments such as chemotherapy, immunotherapy, DNA repair inhi-
bitors, and other radionuclide treatments. These types of regimens are
already being readily studied in prostate cancer patients in combina-
tion with 177Lu-PSMA treatment and can also be evaluated with
TAT. For example, 225Ac-PSMA-617 could also be studied in combi-
nation with androgen receptor signaling inhibitors or chemotherapy.
Other innovative concepts include the concomitant administration
of 225Ac- and 177Lu-PSMA-617 in mCRPC patients (59). HER2-
targeted therapy can be studied in conjunction with trastuzumab.
Additionally, studies of a combination of 177Lu-DOTATATE and
M3814 (an inhibitor of DNA-dependent protein kinase) for patients
with pancreatic NETs (NCT04750954) and a combination of 223Ra-
dichloride and M3814 for patients with mCRPC (NCT04071236) are
already under way; these concepts can also be studied with TAT.
Future investigations can focus on combination therapies to evaluate
possible synergistic effects.

CONCLUSION

The field of TAT is currently one of the most promising in inno-
vative targeted cancer therapy. The question as to whether these
new TATs are merely an evolution or small improvement of cur-
rently used therapies versus a revolution leading to a complete par-
adigm shift remains to be answered. Whereas several early- and
late-stage clinical trials on NETs and metastatic prostate cancer
are already under way, there is also a significant interest (and
investment) by multiple well-funded early-phase biotechnical
companies (60) dedicated to the further development of novel
TAT concepts. Despite the profound excitement and incredible
clinical potential, it is also important to emphasize the need to
understand short- and long-term toxicity of TAT and identification
of suitable therapeutic combination partners.
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For decades, several amino acid PET tracers have been used to opti-
mize diagnostics in patients with brain tumors. In clinical routine, the
most important clinical indications for amino acid PET in brain tumor
patients are differentiation of neoplasm from nonneoplastic etiologies,
delineation of tumor extent for further diagnostic and treatment plan-
ning (i.e., diagnostic biopsy, resection, or radiotherapy), differentiation
of treatment-related changes such as pseudoprogression or radiation
necrosis after radiation or chemoradiation from tumor progression at
follow-up, and assessment of response to anticancer therapy, includ-
ing prediction of patient outcome. This continuing education article
addresses the diagnostic value of amino acid PET for patients with
either glioblastoma ormetastatic brain cancer.
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Contrast-enhanced anatomic MRI is the diagnostic method of
choice for patients with primary (gliomas) and secondary (brain
metastases) brain cancer because of excellent soft-tissue contrast,
high spatial resolution, and widespread availability (1,2). Ana-
tomic MRI is also an essential component of almost all clinical
trials on brain tumor patients, based on its ability to generate sur-
rogate endpoints (e.g., MRI findings consistent with complete or
partial response or progressive disease) that can be correlated with
progression-free and overall survival. On the other hand, its specifi-
city for tumor tissue is suboptimal, resulting in challenges in distin-
guishing cancer from nonneoplastic lesions at initial presentation;
delineating tumor extent, especially in nonenhancing tumors; and
differentiating treatment-related changes from tumor relapse (1,3–8).

Irrespective of a continuously expanding number of advanced MRI
sequences, other modalities—especially PET using multiple radiola-
beled molecules—have been evaluated over the past few decades to
overcome these limitations of anatomic MRI. In particular, the PET
task force of the Response Assessment in Neuro-Oncology Working
Group emphasized that the additional clinical value of amino acid
PET for glioma patients, compared with anatomic MRI, is outstand-
ing and justifies its widespread clinical use at all disease stages (9). In
addition, the PET/Response Assessment in Neuro-Oncology Working
Group has published recommendations for using amino acid PET in
patients with brain metastases (10).
Although various new applications have been addressed recently

using PET techniques (e.g., noninvasive grading in primary brain
tumors characterized according to older classifications of the World
Health Organization [WHO] (11), noninvasive prediction of molec-
ular markers, diagnosis of malignant progression, and the prognos-
tic value of PET in patients with newly diagnosed and untreated
brain tumors), for neurooncologists and medical professionals
involved in the care of patients with brain tumors, the following
PET applications are of particular clinical interest: differentiation
of neoplasms from nonneoplastic etiologies, delineation of tumor
extent for further diagnostic and treatment management, differenti-
ation of treatment-related changes such as pseudoprogression or
radiation necrosis after radiation or chemoradiation from tumor
relapse at follow-up, and prediction of response to anticancer ther-
apy as evaluated by patient outcome. This continuing education
article addresses the diagnostic value of amino acid PET for these
clinically highly relevant indications in patients with either glio-
blastoma or metastatic brain cancer.

RADIOLABELED AMINO ACIDS

The most widely used amino acid tracers for PET to date are
O-(2-18F-fluoroethyl)-L-tyrosine (18F-FET), 11C-methyl-L-methionine
(11C-MET), and 3,4-dihydroxy-6-18F-fluoro-L-phenylalanine (18F-
FDOPA). Their uptake is facilitated by large neutral amino acid
transporters of the L-type (LAT) in gliomas and brain meta-
stases (i.e., subtypes LAT1 and LAT2), which are regularly

Received Jan. 16, 2023; revision accepted Mar. 10, 2023.
For correspondence or reprints, contact Norbert Galldiks (norbert.galldiks@

uk-koeln.de).
Published online Apr. 13, 2023.
COPYRIGHT! 2023 by the Society of Nuclear Medicine andMolecular Imaging.

AMINO ACID PET IN NEUROONCOLOGY % Galldiks et al. 693



overexpressed in both brain tumor types (1,12–15). Most early
amino acid PET studies used 11C-MET, but the short half-life of
20min imposes logistic challenges, necessitating an on-site cyclo-
tron (16,17). The advent of 18F-labeled radiolabeled amino acids
with a considerably longer half-life of 110min allowed transport
to other neurooncologic centers. For example, 18F-FET was devel-
oped almost 25 y ago, and its use has multiplied (16,18,19), result-
ing in 11C-MET replacement, especially in Europe (1). After being
moved by LAT transporters into neoplastic tissue, 18F-FET is not
metabolized (20), whereas 11C-MET shows incorporation into pro-
tein, participation in other metabolic pathways, or metabolic deg-
radation (21).

18F-FDOPA is another 18F-labeled amino acid analog initially
developed to evaluate dopamine synthesis in the basal ganglia and
has also increasingly been used for imaging brain tumors (22).
In the United States and Europe, 18F-FDOPA is approved for char-
acterizing presynaptic dopaminergic activity in patients with Par-
kinsonian syndromes, and in Europe 18F-FDOPA has also been
approved for imaging of brain tumors and various neuroendocrine
tumors. Notably, physiologic uptake of 18F-FDOPA in the stria-
tum may hamper its use in evaluating tumor extent (1,23). On the
other hand, uptake in the striatum can also be used as a reference
for qualitative (visual) analysis of tumor uptake.
Acquisition of dynamic amino acid PET data (predominantly

using the tracer 18F-FET) allows characterization of the temporal
pattern of tracer uptake by deriving a time–activity curve. Subse-
quently, qualitative and quantitative dynamic uptake parameters
such as the configuration of time–activity curves, time to peak,
and slope can be calculated for further data analysis to increase
diagnostic performance, such as for diagnosis of treatment-related
changes (24,25). Initial data suggest that the dynamic 18F-FDOPA
PET acquisition is also of value for differentiating glioma progres-
sion from treatment-related changes (26).
Although first used for brain tumor imaging in 1999 (27), the

synthetic amino acid analog anti-1-amino-3-18F-fluorocyclobutane-
1-carboxylic acid (18F-fluciclovine) has gained clinical interest, par-
ticularly for imaging of primary and secondary brain tumors in
recent years. Since this tracer was initially used primarily to diag-
nose prostate cancer recurrence (28), 18F-fluciclovine was approved
in the United States and Europe for evaluating recurrent prostate
cancer (29), but the tracer also received orphan drug status for gli-
oma imaging in the Unites States. Transport of 18F-fluciclovine is
mediated to some extent by LAT1 but predominantly by another
neutral amino acid transporter, the neutral alanine, serine, cysteine
transporter 2, which is not expressed at the luminal side of the
blood–brain barrier (30). In general, significantly higher tumor-
to-brain contrast is observed with 18F-fluciclovine than with the
established amino acid tracers (31), primarily because of the low
transport of 18F-fluciclovine through the intact blood–brain barrier.
Like 11C-MET, 18F-FET, and 18F-FDOPA, it appears that 18F-fluci-
clovine accumulates also in nonenhancing gliomas and identifies
infiltrating tumor areas that do not show contrast enhancement on
MRI (32,33).
In general, all radiolabeled amino acids exhibit relatively low

uptake in normal brain tissue, and brain tumors can easily be dis-
tinguished from the surrounding healthy-appearing brain tissue
with high contrast. Of note, the use of 18F-FDG—the most widely
applied PET tracer in oncology—in distinguishing tumor tissue
from normal tissue is limited by the physiologically increased rate
of glucose metabolism in the cerebral cortex. Therefore, in recent

years, radiolabeled amino acids have become the preferred PET
probes in neurooncology (1,9,10,34).

DIFFERENTIATION OF NEOPLASM FROM
NONNEOPLASTIC ETIOLOGIES

In general, neoplastic lesions such as glioblastoma or brain metas-
tases exhibit a considerably higher uptake of radiolabeled amino
acids than do nonneoplastic lesions, a factor that may be consid-
ered for differential diagnosis. A metaanalysis including more than
450 patients from 13 18F-FET PET studies yielded a pooled sensi-
tivity of 82% and specificity of 76% for diagnosing primary brain
tumors (35). In that study, most patients had gliomas (n 5 338;
84%) of various central nervous system (CNS) WHO grades. Eigh-
teen patients had a nonglial brain tumor (5%). Across all tumor
types, a mean tumor-to-brain ratio of 1.6 and a maximum tumor-to-
brain ratio of 2.1 best separated primary neoplastic lesions from non-
neoplastic lesions. A large single-center study including 393 patients
observed comparable diagnostic performance (36). In that study,
68 patients were diagnosed with glioblastoma (17%). Of note, in
that study, 18F-FET uptake was evaluated only visually by a single
nuclear medicine physician, and the results should be considered
with caution (37). Another study of 174 patients with newly diag-
nosed cerebral lesions suggestive of brain tumors reported a high
specificity (92%) but a lower sensitivity (57%) for the differentiation
of neoplastic lesions from nonneoplastic lesions using 18F-FET PET
(38). On the other hand, a maximum tumor-to-brain ratio of more
than 2.5 yielded a convincing positive predictive value of 98% for
tumor tissue. For 11C-MET PET, a series of 196 consecutive patients
revealed that differentiation between gliomas and nontumoral lesions
using a simple threshold was correct in 79% (39). Similar findings
were recently observed in 101 pretreatment patients (40).

Thus, amino acid PET adds valuable information for differential
diagnostics of suggestive CNS lesions for glial brain tumors, but neu-
ropathologic tissue evaluation remains mandatory in most patients to
provide a final diagnosis. Nevertheless, it should be kept in mind
that mild but increased amino acid tracer uptake may also occur—
although it is much less common—in nonneoplastic lesions (e.g.,
acute or subacute brain ischemia, brain abscess, inflammatory lesions
related to active multiple sclerosis, or status epilepticus) (41–46).
In addition, 20%–30% of patients with gliomas of CNS WHO grade
2 with an isocitrate dehydrogenase (IDH) gene mutation exhibit no
amino acid uptake (42,43,47,48).
A subgroup of patients who had brain lesions without 18F-FET

uptake but with MRI findings suggestive of CNS WHO grade 2
gliomas (i.e., hyperintense T2/fluid-attenuated inversion recovery
[FLAIR] signal without contrast enhancement) may even show
photopenic defects on 18F-FET PET with uptake visually lower than
the healthy background uptake but harbor gliomas of higher CNS
WHO grades (49). This phenomenon has also been described for the
radiolabeled amino acids 11C-MET and 18F-FDOPA (50).
In most patients with metastatic brain cancer, even small brain

metastases (maximal diameter, ,5mm) can easily be delineated
by contrast-enhanced anatomic MRI. In addition, the increased
expression of amino acid transporters in brain metastases is a com-
pelling target for amino acid PET (13). For example, in 30 patients
with 45 newly diagnosed brain metastases from cancer of different
origins, approximately 90% of the lesions had a 18F-FET uptake
of 1.6 or more compared with the healthy-appearing contralateral
hemisphere. In particular, in all lesions with a diameter larger
than 1 cm, the 18F-FET uptake was pathologically increased (51).
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A similar dependence on lesion size was observed in patients with
newly diagnosed brain metastases evaluated using 18F-fluciclovine
PET (52). Nevertheless, the most commonly used imaging modality
for brain metastasis detection remains thin-slice contrast-enhanced
MRI, which has the highest sensitivity for this application.
In contrast to extracranial cancer, the value of 18F-FDG PET for

brain metastasis detection appears to be limited. For example, a
metaanalysis revealed 18F-FDG PET to have a cumulative sensi-
tivity of only 21% for diagnosis of brain metastases secondary to
lung cancer (53).

DELINEATION OF TUMOR EXTENT

Regarding delineation of tumor extent in glioma patients, ana-
tomic MRI is particularly limited in its ability to identify none-
nhancing glioma subregions (1). Radiolabeled amino acids for PET
can pass the intact blood–brain barrier (54,55). Predominantly in
nonenhancing gliomas, several studies have spatially compared
amino acid tracer uptake with neuropathologic findings obtained by
stereotactic biopsy and shown that radiolabeled amino acids iden-
tify glioma extent more reliably than standard MRI (56–62). Fur-
thermore, in patients with an MRI-based suspicion of a CNS WHO
grade 2 glioma (typically a T2-hyperintense lesion without contrast
enhancement on MRI), amino acid PET parameters obtained from
both static and dynamic acquisitions correlated neuropathologically
with the most malignant tumor parts (56–62)—a finding that is of
considerable interest for prognostic evaluation and the planning of
diagnostic and therapeutic interventions (e.g., biopsy and target
volume definition for radiotherapy).
In terms of volumetric comparison of contrast enhancement with

the tumor volume obtained by amino acid PET, previous studies of
both newly diagnosed and recurrent IDH–wild-type glioblastomas
suggested that there are significant differences in the size, overlap,
and spatial correlation of tumor volumes (3,63,64), indicating that
conventional contrast-enhanced MRI considerably underestimates
the metabolically active tumor volume (Fig. 1). Consequently,
efforts have been initiated to evaluate whether an amino acid
PET–guided treatment may improve patient outcomes. Initial stud-
ies suggested that amino acid PET–based radiotherapy significantly
affects patient survival (65,66).
In contrast to gliomas, the size and volume of brain metastases

are usually well delineated on contrast-enhanced MRI because of
fewer infiltrative growth characteristics on a submillimeter level
(67). Thus, for biopsy or treatment planning, amino acid PET does

not add valuable information on extent, as reported for patients
with newly diagnosed gliomas (58,68).

DIFFERENTIATION OF TUMOR RELAPSE FROM
TREATMENT-RELATED CHANGES

After treatment for brain tumors, differentiation of treatment-
related changes from actual tumor relapse remains challenging
(1,4,8,69,70) and is of paramount clinical relevance, with consid-
erable impact on clinical management. For example, a recent retro-
spective study of 189 patients found that amino acid PET changed
clinical management in 53% of patients with suspected recurrent
disease (71). Erroneous interpretation of treatment-related changes
as tumor progression may lead to unnecessary and premature termi-
nation of an effective treatment option, with a subsequent potentially
negative impact on survival. Furthermore, the efficacy of the subse-
quent treatment (72) may be overestimated, generating misleading
results in studies evaluating recurrent treatment options (73).
In clinical routine, this differentiation is the most frequent indica-

tion for amino acid PET and is requested in almost 50% of glioma
patients (74). In patients with predominantly IDH–wild-type glio-
blastoma, high diagnostic accuracy has repeatedly been shown for
amino acid PET using 18F-FET and 18F-FDOPA in differentiating
between tumor progression and treatment-related changes that occur
early (i.e., pseudoprogression after chemoradiation plus temozolo-
mide within the first 3mo) or late (e.g., radiation necrosis, onset usu-
ally . 6mo after radiotherapy completion) (24,69,75–82). In these
studies, differentiation was correct 80%–90% of the time. For
11C-MET PET, diagnostic performance appears to be slightly lower,
with an accuracy of approximately 75% (83,84), most probably
related to a higher affinity of 11C-MET for inflammatory lesions
(85). A recent prospective study evaluated 18F-fluciclovine PET for
diagnosing pseudoprogression and provided 90% sensitivity and
83% specificity for this clinically relevant indication (86). Impor-
tantly, PET findings were validated neuropathologically in that study
in all patients (n 5 30).
In patients with brain metastases, radiosurgery has become an

indispensable and frequently used local treatment option (10,87).
Depending on the irradiated lesion volume and radiation dose, an
increased radiation necrosis rate has been reported in patients with
brain metastases treated by radiosurgery (88). For differentiation
of local radiation injury such as radiation necrosis from brain
metastasis relapse after radiosurgery, PET using 18F-FDOPA and
11C-MET has consistently demonstrated high sensitivity and speci-
ficity of approximately 80% (Fig. 2) (83,89–92). Similarly, 18F-
FET PET parameters derived from static and dynamic acquisitions
showed high sensitivity and specificity of 80%–90% for distinguish-
ing radiation-induced changes after radiosurgery from recurrent brain
metastases (25,93,94). A recent metaanalysis including 13 11C-MET,
18F-FET, or 18F-FDOPA PET studies with almost 400 patients
highlighted the added clinical value of amino acid PET for differenti-
ating treatment-related changes from brain metastasis relapse (95). In
that study, pooled sensitivity and specificity were 82% and 84%,
respectively.
In most of these studies, radiation-induced changes were distin-

guished from brain metastasis relapse solely on the basis of a single
amino acid PET scan. A recent study evaluated serial amino acid
PET scans and suggested that stable 18F-FDOPA uptake over a long-
term follow-up (median, 18mo) identified radiation-induced changes
with a relatively high accuracy of 94% (96). 18F-FDOPA uptake did
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FIGURE 1. 18F-FET PET, contrast-enhanced MRI, and FLAIR MRI of
89-y-old patient with recurrent IDH–wild-type glioblastoma. Metabolically
active tumor as identified by increased uptake of 18F-FET (threshold of 1.6
based on mean tumor-to-brain ratio) is outlined and projected onto MR
images (red contour). Extent of metabolically active tumor on 18F-FET PET
exceeds contrast-enhancing tumor portion and shows considerable spa-
tial discrepancies from area of FLAIR hyperintensities. CE 5 contrast-
enhanced.
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not change significantly in radionecrotic lesions but did increase sig-
nificantly over time in patients with brain metastasis relapse.
Checkpoint inhibitor immunotherapy as a systemic treatment

option has considerable efficacy in patients with brain metastases,
showing intracranial objective response rates of almost 60% (97,98).
On the other hand, reactive changes on MRI may also occur after
these systemic treatment options and can also be challenging to dis-
tinguish from brain metastasis relapse. For example, pseudopro-
gression related to inflammation triggered by immune system
reactions may occur in patients with brain metastases treated with
immune checkpoint inhibitors using antibodies against cytotoxic
T-lymphocyte–associated antigen 4 (e.g., ipilimumab), programmed
death protein 1 (e.g., pembrolizumab and nivolumab), or programmed
cell death ligand 1 (e.g., atezolizumab). A pilot study highlighted the
potential of amino acid PET using 18F-FET to identify pseudopro-
gression in patients with melanoma brain metastases treated with
blockade of cytotoxic T-lymphocyte–associated antigen 4 (99). A
subsequent study confirmed the potential of amino acid PET in
patients undergoing immune checkpoint inhibition; pseudoprogres-
sion was detected in a higher number of patients with brain metastasis
secondary to lung cancer or melanoma (100).

ASSESSMENT OF TREATMENT RESPONSE

In glioma patients, changes in the extent of contrast enhancement
on MRI are typically used as an indicator of complete or partial
response or tumor progression (72,101). In addition, in patients trea-
ted with antiangiogenic agents for glioblastoma recurrence, an
increase in signal hyperintensity on T2 or FLAIR MRI sequences
was frequently used to diagnose nonenhancing tumor progression
(72). Nevertheless, these signal changes are unspecific and may be
related to perifocal edema, radiation injury, demyelination, inflam-
mation, or ischemia, hampering the distinction from nonenhancing
tumor (4,8,70). Alternative diagnostic methods such as amino acid
PET have been evaluated to improve treatment response assessment.
In glioblastoma patients, alkylating chemotherapy and antiangio-
genic therapy are frequently applied systemic treatment options.
For 11C-MET PET, a reliable response assessment to temozolomide

and nitrosourea-based chemotherapy has been demonstrated primarily
in glioblastoma patients at recurrence (102–105). Notably, meta-
bolic responders on 11C-MET PET had a significantly improved

outcome compared with metabolic nonresponders (102). Subse-
quently, 18F-FET PET has been used to evaluate the effects of
temozolomide in patients with CNS WHO grade 2 gliomas (106).
In metabolic responders, 18F-FET PET tumor volume reductions
after treatment initiation were observed considerably earlier than
volume reductions on FLAIR MRI. These findings were confirmed
by subsequent 18F-FET PET studies with more patients (107,108).
In patients with newly diagnosed IDH–wild-type glioblastoma,

prospective studies assessed the predictive value of early 18F-FET
uptake changes 6–8 wk after postoperative chemoradiation with
concomitant temozolomide relative to the baseline scan (109,110).
18F-FET PET responders with a decrease in metabolic activity as
assessed by tumor-to-brain ratios had significantly longer survival
than patients with stable or increasing tracer uptake after chemoradia-
tion. Similar findings were reported in newly diagnosed glioblastoma
patients early after initiating adjuvant temozolomide chemotherapy,
that is, after 2 cycles (111). An example for response assessment of
temozolomide chemotherapy used in a patient with a progressive
glioblastoma is shown in Figure 3.
According to current guidelines (112), lomustine-based chemo-

therapy is recommended for patients with CNS WHO grade 3 or 4
gliomas at recurrence, especially in Europe, where bevacizumab is
not approved in most countries. A recent study evaluated the new
occurrence of lesions on follow-up 18F-FET PET scans showing
pathologically increased metabolic activity remote from the tumor
at baseline in mostly glioblastoma patients undergoing lomustine-
based chemotherapy (113). In that study, the occurrence of these
distant and metabolically active hot spots on 18F-FET PET proved
to be the strongest predictor for nonresponse.
Furthermore, amino acid PET has been particularly evaluated in

the recurrence setting to assess response to antiangiogenic therapy
such as bevacizumab (114). In addition, 18F-FDOPA and 18F-FET
PET have been found useful for identifying pseudoresponse
(115–119). Moreover, 18F-FDOPA and 18F-FET Pet also seem
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FIGURE 2. A 68-y-old woman with brain metastasis secondary to renal
cell carcinoma who underwent anatomic MRI and 18F-FDOPA PET.
Twelve months after resection with postoperative radiosurgery, MRI sug-
gested local tumor recurrence. In contrast, 18F-FDOPA PET showed no
increased metabolic activity (mean tumor-to-brain ratio, 1.0) indicating
treatment-related changes such as radiation injury. Diagnosis was con-
firmed by subsequent neuroimaging 3 mo later, including amino acid PET
and anatomic MRI, demonstrating unchanged imaging findings and stable
clinical course without any therapeutic intervention. CE 5 contrast-
enhanced.
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FIGURE 3. A 45-y-old woman with IDH–wild-type glioblastoma who
underwent partial resection and radiotherapy with temozolomide plus
lomustine chemotherapy as first-line treatment. Twenty-two months later,
contrast-enhanced MRI and 18F-FET PET were consistent with tumor pro-
gression (left). For treatment, temozolomide chemotherapy was initiated.
After 3 cycles, clear decrease in maximum tumor-to-brain ratios (228%)
was observed, whereas MRI showed only slight decrease in contrast
enhancement (right). Metabolic response was associated with progression-
free survival of 6 mo after temozolomide initiation. CE 5 contrast-
enhanced; TBRmax 5 maximum tumor-to-brain ratio.
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helpful in predicting a favorable outcome in bevacizumab responders
(118–120). A prospective study suggested that 18F-FET PET is use-
ful for identifying metabolic responders to bevacizumab combined
with lomustine in newly diagnosed IDH–wild-type glioblastoma
patients early after treatment initiation (121). In that study, MRI
changes according to the criteria of the Response Assessment in
Neuro-Oncology Working Group (72) were not predictive of a
favorable outcome, whereas 18F-FET PET parameters significantly
predicted an overall survival of more than 9mo.
Another anticancer therapy option with considerable efficacy in

glioblastoma patients at recurrence is the multikinase inhibitor
regorafenib, which is characterized by pronounced antiangiogenic
activity (122). On the other hand, similar to glioma patients treated
with standard chemoradiation using alkylating agents, equivocal
MRI findings were also reported in glioma patients undergoing
regorafenib treatment at recurrence (123–125). It has been suggested
that amino acid PET using 18F-FET or 18F-FDOPA may help iden-
tify both treatment-related changes such as pseudoresponse or pseu-
doprogression and response to regorafenib (123–125).
The advent of immunotherapy using immune checkpoint inhibi-

tors and targeted therapy has dramatically improved the treatment
of extracranial cancer, especially in patients with skin, lung, or
breast cancer. Moreover, recent trials have shown that patients
with brain metastases may also benefit from these agents, espe-
cially when dual checkpoint blockade is applied (97,98). Similar
to the response assessment in glioma patients, initial studies sug-
gest that serial amino acid PET can potentially add valuable infor-
mation to anatomic MRI for the assessment of immunotherapy
effects. For example, a more recent study in 40 patients with more
than 100 lung cancer or melanoma brain metastases treated with
radiosurgery, checkpoint inhibitors, or combinations thereof evalu-
ated whether 18F-FET PET may provide important diagnostic
information on both response assessment and diagnosis of pseudo-
progression (100). In that study, metabolic responders had signifi-
cantly longer progression-free survival.
In addition to immune checkpoint blockade, targeted therapy

using small molecules has demonstrated activity against brain
metastases (126–128). The presence of predictive genetic alterations
such as mutation of epidermal growth factor receptor, translocation
of anaplastic lymphoma kinase or c-ROS oncogene 1, overexpres-
sion of human epidermal growth factor receptor 2, or mutation of
BRAF V600E is considered an essential prerequisite for a response
to targeted therapy options (129). Monitoring of metabolic activity
reduction in patients with brain metastasis secondary to non–small
cell lung cancer or melanoma treated with targeted therapies such
as inhibitors of BRAF kinase or epidermal growth factor receptor
as a sign of response appeared feasible using 18F-FET PET,
whereas findings on anatomic MRI remained unchanged (10,130).

SUMMARY AND OUTLOOK

The current literature provides strong evidence that amino acid
PET is of considerable clinical value for the most critical diagnos-
tic indications in neurooncology. PET using amino acid tracers
offers a variety of insights for the assessment of brain tumors,
with the potential to overcome the limitations of anatomic MRI.
The diagnostic improvement probably facilitates meaningful deci-
sion making and justifies more widespread use of this diagnostic
tool (9,131). Furthermore, the necessary PET infrastructure is
widely available, and the production of radiolabeled amino acids
is well established, with costs comparable to other tracers

routinely used in clinical practice. Moreover, additional costs for
amino acid PET can potentially be saved by the incurred costs of
less reliable diagnostic imaging techniques (132–136).
Clinicians will find amino acid PET to be an especially robust

and attractive approach for many indications, with the advantage
of easy scan reading. Importantly, most studies using amino acid
PET provide comparable results across different scanners, as is
also a consequence of international and interdisciplinary efforts
by major nuclear medicine and neurooncology societies regarding
standardization of amino acid PET acquisition and evaluation in
brain tumor imaging in adults and children (137,138).
Adding novel advanced MRI techniques (e.g., ultra-high-field

2-hydroxyglutarate spectroscopic MRI and chemical exchange satu-
ration transfer imaging) to amino acid PET has the potential to pro-
vide a more profound evaluation of biologic characteristics in
patients with glioblastoma or metastatic brain disease. The comple-
mentary information derived from these imaging techniques suggests
differential biologic information warranting further evaluation (139).
A methodologic innovation that may significantly alleviate

research in brain tumor patients is the increasing availability of
hybrid PET/MRI scanners, which enable time-saving simultaneous
acquisition of several PET and advanced MR parameters under the
same physiologic or pathophysiologic conditions. In addition, hybrid
PET/MRI provides practical advantages and is convenient for patients
such as children and individuals with a poor clinical condition. On
the other hand, initial research suggests that for frequently requested
indications for amino acid PET in clinical routine, such as differenti-
ating treatment-related changes from tumor relapse, there is no signif-
icant difference in diagnostic performance between simultaneous and
sequential acquisitions of PET and MRI (140).
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ChatGPT, created by OpenAI, has taken the world by storm,
and its user base is growing even faster than the previous record
held by TikTok, reaching 100 million users in just 2 mo after it
launched. Textual context, presentations, and even source code are
already being generated using ChatGPT. Many publications have
been issued, and meanwhile, ChatGPT has been banned as an
author by many publishing companies for several different reasons,
such as plagiarism, incorrect information, or inaccurate information
(1,2), whereas others argue its benefits, such as the ability to write
more coherent sentences than nonnative speakers (3). But that does
not stop people from all walks of health care from using it.
ChatGPT is powered by a generative pretrained transformer

(GPT-3.5), which is a large language model (LLM) trained with
175 billion parameters (4). LLMs originate in natural language pro-
cessing to formulate the probability distribution of a sequence of
words or the next word in a sequence. Recent studies report that
LLMs are foundation models in which a single model can be adapted
to solve a wide range of different natural language-processing tasks
because of few-shot learning, zero-shot learning, and transfer learn-
ing ability (5). The conversational artificial intelligence (AI) ability is
achieved using LLM-based prompt learning (6). To alleviate the
toxic responses and integrate human ethics, ChatGPT applied a strat-
egy of reinforcement learning from human feedback to align LLMs
to follow human instructions (7). These breakthroughs in natural lan-
guage processing empower ChatGPT with conversational AI ability
so good it has surprised the world. Even within OpenAI, ChatGPT
has been a surprise. AI chatbots are not a new thing, but many previ-
ous attempts have not achieved the sensation that ChatGPT achieved.
Meta’s BlenderBot was a disappointment. What may be different for
ChatGPT, beyond the unknown technologies, is OpenAI’s goal of
creating artificial general intelligence to match human-level intellect
(8). ChatGPT certainly is not an artificial general intelligence, but it
sure looks like one because of the breadth and depth of the knowl-
edge it demonstrates through conversations.
Even though many are excited by its first use, disillusionment often

sets in over time, for several reasons. On the one hand, ChatGPT
gives wrong answers and is prone to confabulation (“a memory error
defined as the production of fabricated, distorted, or misinterpreted

memories about oneself or the world” (9)). This is exacerbated by the
fact that we set different standards for communication among humans
and between humans and computers. The belief is that a computer
will not make mistakes. Moreover, many users’ expectations are
wrong, especially for medical interactions. The program was trained
and designed for conversation, not diagnostic support or treatment
recommendations. Yet, questions arise as to whether ChatGPT is a
medical product and who is liable, even though ChatGPT always gen-
erates a disclaimer that it is not a health-care professional licensed to
give medical advice. This is a typical case of intended use versus
actual use as described in the medical device regulation. We argue that
there is a difference between general-purpose conversational AI—in
which the focus is the conversational ability such as readability—and
medical AI—in which the focus is the health facts about flesh-and-
blood humans. Speaking a fake fact using elegant words is amusing
(that is why many ChatGPT users are tricking this conversational
AI), but providing a wrong fact in medical AI is dangerous—
indeed, making ChatGPT a medical device if it should turn out that
doctors are actually using it to diagnose and treat their patients.
Nevertheless, philosophically, asking ChatGPT for health-related
information (to inform health decision making) is not much differ-
ent from asking Dr. Google, which has long been criticized for not
just giving but spreading medical misinformation (10). Neverthe-
less, this is again not only the gap between intended use versus
actual use but also the consistent push and pull between the expec-
tations of the developers versus the end users.
As always with any potentially disruptive technologies, such use

can be seen as either a threat or an opportunity. Many articles are
optimistic, pointing to the potential symbiosis, the modern centaur, a
combination of humans and computers leading to a beneficial aug-
mentation of our capabilities. But pessimistic views also need to be
discussed. Take the global positioning system, for example. Because
of this technology, many young people are no longer able to navigate
with a compass and map. Of course, one could argue that use of a
map is not required as a basic skill anymore. But that is certainly not
the case with language. If we as humans lose the ability to communi-
cate, debate, and think critically, then we are taking a step backward,
leading to devolution.
The question remains: what is the actual use of ChatGPT, despite

all the hype during the last few months? Of course, it can be used
to generate simple text and to produce code snippets (but often
with errors). It can even quickly analyze a research topic and gener-
ate an academic paper—again, with frequent errors that may go
unnoticed even by reviewers and editors of scientific journals (11).
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This application may be helpful for student assignments but will
not be of much use for learning, in which an individual must come
up with a solution through a step-by-step thought process. And
when the teacher turns to an oral exam at the end of the semester,
irresponsible students who have used the ChatGPT approach will
most likely fail, as they might later in their actual work life.
In a health-care setting, one cannot afford to stay on the surface.

ChatGPT produces false information that requires checking and cor-
recting of every sentence. In addition to the significant time invest-
ment, which calls into question the efficiency of this approach, the
real danger comes from false information that goes undetected by
the human corrector.
We argue that this technology is worth building toward a clinical

knowledge system that can provide health and clinical decision sup-
port and enable better self-care and patient care in an era of skill
shortages. Hundreds of medical articles are published every day, and
it is impossible for humans to cope with this flood of information. In
particular, we must keep in mind that information is not the same as
knowledge. Filtering information and extracting knowledge from it
have enormous potential. Nevertheless, from a health behavior per-
spective, knowledge is only a small component of healthful behavior
and decision making (12). Other aspects, such as beliefs, feelings,
norms, and the importance of healthful behavior, are equally impor-
tant. In our view, developing ChatGPT into a medical product such
as a clinical decision support system needs to be considered in a
broader context with a wider range of other aspects (e.g., reliability,
ethics, and fairness) than just model performance, and like any other
AI system, humans must be in the loop (13).
LLMs have much potential in health care. For example, text-

to-text generation may help autocomplete the sentences and para-
graphs of a clinical document (e.g., a progress report) based on

short phrases provided by a human clinician, thus reducing the doc-
umentation burden (14). When used for the generation of clinical
documents, LLMs also have the potential to integrate the observa-
tions of clinicians and knowledge about clinical guidelines, thus
reflecting real-world diagnosis and treatment patterns and subse-
quently being helpful for compiling a differential diagnosis and com-
posing treatment plans. But much more research and development
are needed to achieve this goal. We recently developed the first (to
our knowledge) clinical LLM, GatorTron (8.9 billion parameters)
using over 90 billion words of text (including 82 billion words of
clinical text) and demonstrated its power in clinical natural language
processing (15). We also examined the text generation ability of
SynGatorTron (5 billion and 20 billion parameters), a generative
clinical LLM based on the GPT-3 architecture (16). There is ongoing
research on LLMs addressing fundamental issues, such as incorpo-
rating chains of reasoning through selection-inference and chain-of-
thought prompting (17–19). Once current limitations have been
addressed, many applications are conceivable using ChatGPT and
the next generation of LLMs (Table 1).
More than a decade ago, self-driving cars were heralded as a dis-

ruptive technology. As with many technologies, the last 20% of
development takes 80% of the total time. The same may be happen-
ing with ChatGPT, and additional development time will be needed
for productive use in health care. Like the Human Genome Project,
in which mapping out the base pairs in the human DNA is not the
end but only the start of the genetic revolution, Chat GPT’s eventual
possibilities are certainly more exciting than the current hype.
Whether this technology is a revolution or just an evolution remains
to be seen. What is certain in any case is that there will be no more
stepping back. As a society, we have the responsibility to shape its
future development.

TABLE 1
Potential Applications and Areas of Health-Care Research for ChatGPT and Similar LLMs

Area no. Description

1 Models and applications that can leverage multimodal data such as merging language and imaging, for
example, highlighting anomalies in a natural way (with language) when reading PET images

2 Summary of complex medical histories and records

3 Summary of information from medical congresses/clinical trial results

4 Structuring/making information interoperable, for example, during medical documentation (20)

5 Facilitating clinical documentation such as writing discharge report; once we have structured information, is
there really a need for free text? (facts should be communicated reliably and concisely)

6 Integration with hospital information systems to incorporate patient data, specifications, and requirements
(institutional, payer) and resources (staff capacity, provider)

7 Interpretation and explanation of other AI algorithms (1)

8 Translation into other languages, with big potential for less frequently used languages for which use of
natural language processing was limited in the past

9 Translation into patient-comprehensible language, making medical information communication more
consumer-friendly

10 Anamnesis

11 Relief for nursing staff through automized ward communication

12 Medical writing (21)

13 Anonymization of clinical text

14 Fairness, bias in LLMs

15 Human-in-loop and human-centered design of LLM applications

16 Chain-of-thought and automated reasoning on LLMs
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Our aim was to report the use of 64Cu and 67Cu as a theranostic pair of
radionuclides in human subjects. An additional aim was to measure
whole-organ dosimetry of 64Cu and 67Cu attached to the somatostatin
analog octreotate using the sarcophagine MeCOSar chelator (SAR-
TATE) in subjects with somatostatin receptor–expressing lesions con-
fined to the cranium, thereby permitting normal-organ dosimetry for
the remainder of the body.Methods: Pretreatment PET imaging stud-
ies were performed up to 24 h after injection of [64Cu]Cu-SARTATE,
and normal-organ dosimetry was estimated using OLINDA/EXM. Sub-
sequently, the trial subjects with multifocal meningiomas were given
therapeutic doses of [67Cu]Cu-SARTATE and imaged over several
days using SPECT/CT. Results: Five subjects were initially recruited
and imaged using PET/CT before treatment. Three of the subjects were
subsequently administered 4 cycles each of [67Cu]Cu-SARTATE fol-
lowed by multiple SPECT/CT imaging time points. No serious adverse
events were observed, and no adverse events led to withdrawal from
the study or discontinuation from treatment. The estimatedmean effec-
tive dose was 3.953 1022 mSv/MBq for [64Cu]Cu-SARTATE and 7.62
3 1022 mSv/MBq for [67Cu]Cu-SARTATE. The highest estimated
organ dose was in spleen, followed by kidneys, liver, adrenals, and
small intestine. The matched pairing was shown by PET and SPECT
intrasubject imaging to have nearly identical targeting to tumors for
guiding therapy, demonstrating a potentially accurate and precise ther-
anostic product. Conclusion: 64Cu and 67Cu show great promise as a
theranostic pair of radionuclides. Further clinical studies will be required
to examine the therapeutic dose required for [67Cu]Cu-SARTATE for
various indications. In addition, the ability to use predictive 64Cu-based
dosimetry for treatment planning with 67Cu should be further explored.

Key Words: radionuclide therapy; copper radionuclides; dosimetry;
meningioma; safety; theranostics
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A proposed pair of radionuclides potentially ideal for theranos-
tics is 64Cu and 67Cu (1). 64Cu has a 12.7-h physical half-life and
emits positrons (b1) with a maximum energy of 0.65 MeV at 17%
abundance, making it suitable for imaging with PET. 67Cu decays
by b2 emissions in the range of 0.18–0.58 MeV at 100% abun-
dance and emits readily imageable g-photons at 0.092 MeV (23%)
and 0.185 MeV (49%) with a physical half-life of 61.8 h. As both
radionuclides are elemental copper, the chemistry for chelating the
imaging agent and the therapeutic compound is essentially identi-
cal. 64Cu is made in a cyclotron, and yields can be realized so that
patient doses can be provided on a commercial scale. 67Cu is pro-
duced by high-energy x-rays from an electron accelerator via the
68Zn(g,p)67Cu reaction (2). Moreover, the chelation chemistry of
radiolabeled copper is well developed (1). Given these recent chela-
tion and production developments, there is currently significant
interest in the use of 64Cu/67Cu as a theranostic pair (recently
termed targeted copper theranostic).
The 64Cu/67Cu pairing offers significant advantages over thera-

nostic pairs such as 68Ga/177Lu, including the fact that the extended
physical half-lives of both 64Cu and 67Cu permit centralized pro-
duction and widespread transportation of ready-to-use theranostic
agents for both diagnosis and therapy to remote sites, which is gen-
erally not possible with generator-produced 68Ga. Another advan-
tage is the scalable product supply for 64Cu and 67Cu due to
favorable production methods using cyclotrons and accelerators,
respectively. In addition, 64Cu can be imaged on the day of admin-
istration (as with current PET radionuclides such as 68Ga) but also
offers the ability to collect images up to 48 h after administration
for flexible patient scheduling and potentially improved lesion iden-
tification. 67Cu emits abundant g-photons, which are well suited for
SPECT imaging, as well as a b2 particle for therapy with an energy
and pathlength in tissue similar to those of 177Lu. 67Cu also has a
shorter half-life (2.6 d) than 177Lu (6.7 d), making it well matched
to peptide pharmacokinetics presenting less of a radiation protec-
tion challenge and may allow more frequent administrations. A
final advantage is that the longer physical half-life of 64Cu than of

Received Jun. 28, 2022; revision accepted Nov. 28, 2022.
For correspondence or reprints, contact Dale L. Bailey (dale.bailey@

sydney.edu.au).
Published online Dec. 2, 2022.
COPYRIGHT! 2023 by the Society of Nuclear Medicine andMolecular Imaging.

704 THE JOURNAL OF NUCLEAR MEDICINE % Vol. 64 % No. 5 % May 2023



68Ga improves the ability to obtain pretherapy dosimetry estimates
using PET imaging at multiple time points, potentially leading to a
personalized treatment approach.
In this paper, we report the first-in-humans use of 64Cu and 67Cu

as a theranostic pair for treatment planning and therapy. The pri-
mary aims of the study were to assess the safety, biodistribution,
and dosimetry of both copper radionuclides labeled to the somato-
statin analog Tyr3-octreotate (H-D-Phe-Cys-Phe-D-Trp-Lys-Thr-
Cys-Thr-OH) conjugated to the MeCOSar sarcophagine chelator
(SARTATE) (3). The design was an open-label, nonrandomized
phase I safety study on adults with meningiomas using fixed
dosing of both the diagnostic and the therapeutic investigational
medical products, [64Cu]Cu-SARTATE and [67Cu]Cu-SARTATE,
respectively. [64Cu]Cu-SARTATE binds to tumors expressing
somatostatin receptor type 2 (4), which has been shown to be over-
expressed in meningiomas (5). This population was selected for the
study because of the high unmet clinical need and the expected nor-
mal uptake in organs outside the calvarium, thus permitting normal-
organ dosimetry measures, which is not the case with typical
somatostatin receptor type 2–expressing cancers in subjects with
metastatic neuroendocrine tumors.

MATERIALS AND METHODS

Production of Radionuclides of Copper
[64Cu]CuCl2 was manufactured on a biomedical cyclotron (PET

Trace; GE Healthcare) via the 64Ni(p,n)64Cu nuclear reaction and sub-
sequently was purified on an automated synthesizer (Comecer) (6).

[67Cu]CuCl2 was obtained by irradiation of enriched 68Zn targets at
40 MeV on a linear electron accelerator (Idaho Accelerator Center)
via the reaction process 68Zn(g,p)67Cu. After irradiation, zinc and cop-
per are separated by low-pressure evaporation and subsequently puri-
fied using anion-exchange column chromatography. The final product
pH was adjusted to 2.0 (nominal), and volume activity was more than
40 MBq/mL ($1 mCi/mL). Typical specific activities were greater
than 7 TBq/mg ($200 Ci/mg).

Subject Selection and Recruitment
The subjects had unresectable, multifocal meningiomas that were

progressing despite chemotherapy and radiotherapy. The cranial local-
ization of the disease enables assessment of the normal biodistribution
in the visceral organs—with little prospect of the disease being present
or affecting biodistribution—to derive normal-organ dosimetry. Previ-
ous studies using [64Cu]Cu-SARTATE in humans (4) recruited neuro-
endocrine tumor subjects for whom metastatic disease was often
present throughout the abdomen and in organs such as liver and pan-
creas and, thus, for whom estimation of normal-organ dosimetry was
not always possible. Using subjects with cranial lesions avoids this
issue. The study (ClinicalTrials.gov identifier NCT03936426) was
approved by a nationally accredited Human Research Ethics Commit-
tee (St. Vincent’s Hospital Melbourne HREC, reference number
HREC/17/SVHM/238), and written informed consent was obtained
from all subjects before recruitment.

Imaging Studies
Before the trial began, the quantitative accuracy of the PET scanner

(Biograph mCT/64; Siemens Healthineers) was validated with a modi-
fied version of the protocol developed by our national imaging clinical
trials group (the Australasian Radiopharmaceutical Trials Network) (7)
adapted for 64Cu PET imaging. The protocol used a National Electrical
Manufacturers Association NU-2 image-quality phantom and demon-
strated the SUVmean in the main compartment of the phantom to be ac-
curate to within 65% of the true value of 1.0 (i.e., SUV 5 0.95–1.05).
64Cu used for the dose calibrator and camera validation was traceable to

the primary Australian 64Cu standard established by the national
nuclear science body, the Australian Nuclear Science and Technology
Organization.
[64Cu]Cu-SARTATE Preparation, Administration, and Imag-

ing. [64Cu]Cu-SARTATE was prepared at a radiopharmaceutical
manufacturing facility in Adelaide on day 21 and transported by
plane overnight to our center in Sydney. No specific preparation was
required of the subjects; in particular, no subjects were on any medica-
tion such as somatostatin analogs that could potentially interfere with
uptake and biodistribution. The [64Cu]Cu-SARTATE was adminis-
tered on day 0 as an approximately 200-MBq slow-bolus intravenous
injection. Imaging was acquired on the time-of-flight PET/CT system
with a 21.6-cm axial field of view in fully 3-dimensional acquisition
mode at multiple time points after administration: 1, 4, and 24 h. On
day 0, scans were acquired for 3 min per bed position with coverage
from the vertex of the skull to the mid thigh. To partially compensate
for radionuclide decay, on day 11 the acquisition time was extended
to 5 min per bed position. Image reconstruction used CT-based scatter
and attenuation correction, time-of-flight localization, and a resolution
recovery algorithm (TrueX; Siemens Healthineers) followed by a post-
reconstruction gaussian 3-dimensional filter with a full width at half
maximum of 5.0 mm.
[67Cu]Cu-SARTATE Preparation, Administration, and Imag-

ing. [67Cu]Cu-SARTATE was manufactured on-site in our local hos-
pital radiopharmacy facility using the imported 67Cu. The trial
protocol was designed so that a reliable, repeatable administration of a
minimum of 5 GBq of [67Cu]Cu-SARTATE was achievable.

Briefly, the [67Cu]Cu-SARTATE was prepared manually by the
reaction of [67Cu]CuCl2 in 0.1 M HCl with SARTATE (60 mg, good-
manufacturing-practice grade; Auspep Clinical Peptides) according to
previously optimized methods for production and quality control. The
purity and safety of the product for release were assessed with
radio–thin-layer chromatography, radio–high-performance liquid chro-
matography, and testing of pH, pyrogenicity, sterile filter integrity, and
post-release sterility.

The subjects in this trial received the [67Cu]Cu-SARTATE as a
ramped, slow infusion over 20 min. All subjects had coadministration
of 1 L of amino acid solution (5.8 g of lysine and 11.5 g of arginine per
liter) over 3–4 h for renal protection commencing 30 min before the
[67Cu]Cu-SARTATE administration. Regular clinical observations,
including electrocardiography, were made from the time of administra-
tion. The subjects were asked to void their bladder before the injection
and not to void again until after the first scan at 11 h, to allow a cross-
check of the total radioactivity in the reconstructed images and compar-
ison with the known amount of 67Cu injected. All 67Cu imaging was
performed as whole-body SPECT/CT scans on a dual-detector
g-camera (Intevo.6; Siemens Healthineers), with a thicker scintillation
detector (16 mm) than is standard, for increased sensitivity for medium-
and higher-energy photons such as from 67Cu. Scanning proceeded
from the vertex of the skull to the mid thigh, and quantitative SPECT
images subsequently were reconstructed using in-house protocols and
software (8). A calibration source ($125 mL) containing about 40 MBq
of 67Cu was included in 1 bed position at each time point. The acquisi-
tion consisted of 3 contiguous bed positions, each being approximately
38 cm in axial extent. Imaging was acquired on days 0, 11, and 14 at
the approximate time points of 1, 4, 24, and 96 h after administration. In
addition, on day 11, a 2-dimensional planar anterior/posterior whole-
body sweep was acquired. Images were acquired using a medium-
energy collimator with the main pulse-height analyzer window over the
185 keV 6 10% photopeak and a lower-energy scatter window
(143–163 keV). All SPECT data were acquired using continuous detec-
tor rotation into 120 projections over 360! in a 128 3 128 matrix. The
time per projection varied; for both acquisitions on day 0 (1 and 4 h
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after infusion), it was 8 s/projection; on day 11, it was 10 s/projection;
and on day14, it was 12 s/projection. Images were reconstructed using
the ordered-subset expectation maximization algorithm (9) after scatter
correction in projection space using an in-house implementation of the
transmission-dependent scatter correction method (8,10). The recon-
struction took place on a dedicated nuclear medicine workstation
(Hermes Medical Solutions AB) and was followed by attenuation cor-
rection based on the CT scan using a modified version of the method of
Chang (8,11). Finally, the images were converted to units of kBq/cc for
further analysis.

The complete set of data acquired for the [64Cu]Cu-SARTATE
PET before treatment and the [67Cu]Cu-SARTATE for each cycle pro-
vided 3 PET/CT scans and 16 (4 cycles 3 4 time points per cycle)
whole-body SPECT/CT scans per individual for analysis.

Biodistribution and Radiation Dosimetry
Both the PET data and the SPECT data were processed to determine

organ biodistribution over time and whole-body radiation dosimetry.
Organs of interest were defined on the CT and functional (PET or
SPECT) multimodality images at the baseline time point in each image
series and transferred to the subsequent time points. [64Cu]Cu-SAR-
TATE and [67Cu]Cu-SARTATE studies were considered separately.
The 67Cu calibration source in the field of view was checked for total
radioactivity remaining to assess the accuracy of the quantitative SPECT
images. Whole-body retention was estimated on the basis of the imaging,
with an adjustment for the missing lower limbs. Organs of interest were
defined for liver, spleen, kidneys, lungs, blood pool, L4–L5 spine (for
bone marrow estimates), adrenal and parotid glands, urinary bladder,
and small bowel using a dedicated nuclear medicine workstation (MIM
Encore; MIM Software). Brain estimates of radioactivity were not
included because of the presence of disease within the skull. The total
uptake in each organ was calculated and converted to percentage injected
dose. The blood pool estimate was scaled by the blood volume based on
the concentration of the radionuclide measured in the images and the
total blood volume in the models (standard MIRD adult male and female
models) used in the OLINDA/EXM program (12,13). A similar
approach was used for thigh-based muscle volume of interest. The esti-
mate of percentage injected dose in bone marrow was based on the
L4–L5 vertebrae containing about 7% of the average total bone marrow
in an adult (14,15). The corresponding time–activity curve data were
imported into the OLINDA/EXM whole-organ dosimetry package after
decay correction with the respective half-lives for each radionuclide.

Dosimetry for [64Cu]Cu-SARTATE and [67Cu]Cu-SARTATE
All subjects who were selected to proceed to therapy had dosimetry

estimates calculated for the PET imaging component of the trial.

To allow direct comparison with the previously published dose esti-
mates of a similar radiopharmaceutical, [64Cu]DOTA-octreotate (16),
we used a dynamic bladder model in the OLINDA analysis based on
an estimated urinary excretion fraction of 10% with a presumed 2-h
voiding interval and a biologic half-life of 1 h. The same assumptions
and parameters used for the calculation of the absorbed radiation dose
estimates for [64Cu]Cu-SARTATE above were applied for the
absorbed dose estimates from [67Cu]Cu-SARTATE. All 67Cu data
were decay-corrected before entry into OLINDA.

RESULTS

Subject Selection and Recruitment
Five subjects (4 male, 1 female) were initially recruited to the

trial, 3 of whom went on to receive the therapy. One subject did not
proceed to therapy because the subject disclosed a previous malig-
nancy (a skin lesion) after recruitment and hence did not meet the
inclusion criteria. The other subject was diverted to [177Lu]Lu-
DOTA-octreotate treatment because of rapid disease progression
and conflicts with the scheduling of the 67Cu radionuclide. These 2
subjects were not included in the dosimetry calculations. All 3
remaining subjects (2 male, 1 female) had unresectable, multifocal
meningiomas previously treated with radiotherapy and chemother-
apy and no other malignancies. Table 1 shows the imaging data for
the 3 therapy subjects at all imaging time points.

Imaging Studies
[64Cu]Cu-SARTATE Preparation, Administration, and Imag-

ing. The average amount of [64Cu]Cu-SARTATE administered
was 186 MBq (range, 176–207 MBq). No adverse events were
recorded after the [64Cu]Cu-SARTATE injection in any subject.
An example set of images for 1 subject is shown in Figure 1.
[67Cu]Cu-SARTATE Preparation, Administration, and Imag-

ing. The amount of [67Cu]Cu-SARTATE produced over the 12
cycles was 9,660 6 828 MBq, and all batches were within specifi-
cations. The purity and safety of the product were measured by
radio–thin-layer chromatography (average, 98.9% 6 0.6%), radio–
high-performance liquid chromatography (average, 96.4% 6

2.8%), and testing of pH (7.0) and pyrogenicity (,5.0 EU/mL).
Sterile filter integrity and post-release sterility were confirmed.
The 3 subjects received an average of 4,945 6 100 MBq (range,

4,695–5,076 MBq) of [67Cu]Cu-SARTATE over a combined total
of 12 cycles of treatment. SPECT maximum-intensity projection
images for the same subject as for Figure 1 are shown in Figure 2,
with the additional time point (96 h) facilitated by the longer

TABLE 1
Imaging Data Acquired at Various Time Points in All Subjects

67Cu SPECT

Postadministration time (h) 64Cu PET Cycle 1 Cycle 2 Cycle 3 Cycle 4

$1 Yes Yes Yes Yes Yes

$4 Yes Yes No (2/3) Yes Yes

$24 Yes Yes Yes Yes Yes

$96 NA Yes Yes Yes Yes

NA 5 not applicable; No 5 not all 3 subjects were imaged at this time point; Yes 5 all 3 subjects were imaged at this time point.
Only 1 time point in 1 subject was omitted (subject B, cycle 2, day 0, 14 h) because of very delayed start of infusion, precluding

measurement late in evening.
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half-life of 67Cu. Figure 3 compares the uptake for both [64Cu]Cu-
SARTATE and [67Cu]Cu-SARTATE through the largest tumor in
the subject.

Safety, Biodistribution, and Radiation Dosimetry
Adverse Events. Both [64Cu]Cu-SARTATE and [67Cu]Cu-

SARTATE were safe and well tolerated in all subjects. No serious
adverse events, no potentially life-threatening (grade 4) treatment-
emergent adverse events, and no deaths were recorded during the
study period. Further, there were no treatment discontinuations or
interruptions and no withdrawals from the study due to treatment-
emergent adverse events. [64Cu]Cu-SAR-
TATE had no treatment-emergent adverse
events, and [67Cu]Cu-SARTATE had 16,
which included 13 incidents of decreased
lymphocyte count in the 3 therapy subjects.
Further details of the adverse events are
included in Supplemental Tables 1 and 2
(supplemental materials are available at
http://jnm.snmjournals.org). There were no
notable safety findings arising from review
of the electrocardiographs, vital signs, or
physical examination data.
Biodistribution Data. The decay-corrected

radionuclide retention curves from the PET
and SPECT imaging at all 4 cycles for each
subject are shown in Figure 4. Whole-body
retention was highly reproducible over all
cycles of treatment. For the [67Cu]Cu-SAR-
TATE biodistribution, the organ that exhib-
ited the highest total uptake expressed as
percentage injected dose was liver, fol-
lowed by kidney, spleen, and lungs. The
averaged biodistribution for all subjects and

all cycles of treatment is shown in Table 2
as the amount of the radiopharmaceutical in
the organs at each time point. The individual-
subject biodistribution data for each cycle
and each time point are included in Supple-
mental Tables 3–5.
Dosimetry for [64Cu]Cu-SARTATE and

[67Cu]Cu-SARTATE. The averaged radia-
tion dosimetry estimates of [64Cu]Cu-SAR-
TATE for the PET and SPECT imaging
components of the trial from the 3 subjects
who proceeded to therapy are shown in
Table 3. The highest organ dose per mega-
becquerel was in spleen, followed by kid-
neys, liver, adrenals, and small intestine.
This was consistent for both [64Cu]Cu-SAR-
TATE and [67Cu]Cu-SARTATE. The differ-
ence in dosimetry between the 2 SARTATE
radiopharmaceuticals averaged a factor of
2.6 (range, 1.3–4.0), with the 67Cu product
conferring the higher dose. However, this
factor was not consistent among different
organs, possibly because of altered biodistri-
bution kinetics due to the use of the amino
acid infusion when administering the thera-
peutic product, especially in the first 4 h.

DISCUSSION

The potential clinical use of the radionuclides of copper, predom-
inantly 64Cu and 67Cu, was suggested over 40 y ago (17). Subse-
quently, in 1995, Schwarz et al. reported a preclinical study on
rodents bearing lymphomas examining the radiation dosimetry
from 64Cu and 67Cu radiolabeled [Cu]benzyl-TETA-1A3 monoclo-
nal antibody and reported a 5-fold increase in absorbed radiation
dose per unit of radioactivity for the longer-lived 67Cu compared
with 64Cu (18). Subsequently, DeNardo et al. reported the use of a
67Cu-radiolabeled monoclonal antibody ([67Cu]2IT-BAT-Lym-1)

1 h 4 h 24 h

SUVUL = 15.0

FIGURE 1. Example of multiple-time-point maximum-intensity projections with [64Cu]Cu-SAR-
TATE PET at 1, 4, and 24 h after injection. Considerable washout of radiopharmaceutical is seen
from liver, parotid glands, and intracranial lesions at 24 h. Gray scale is constant for all images, with
SUV display range of 0–15. SUVUL5 upper limit of SUV.

1 h 4 h 24 h 96 h
5,075 MBq 3,985 MBq 2,317 MBq 350 MBq

FIGURE 2. SPECT maximum-intensity projections for same subject as in Figure 1 are shown for
each imaging time point in cycle 1 of treatment. Total radioactivity estimated in subject is shown at
each time point. Gray scale is not constant in this example because of wide dynamic range and
hence is not displayed. Good image quality with SPECT was obtained up to 96 h. Calibration stan-
dard was removed from images before display.
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in subjects with stage 3 or 4 B-cell lymphoma to assess feasibility
for subsequent treatment (19,20). Remarkably, although the investi-
gators administered only what they believed would be an amount of
[67Cu]2IT-BAT-Lym-1 sufficient for their imaging and dosimetry
studies, they achieved good clinical responses in 7 of the 11 sub-
jects who displayed cutaneous lesions, achieving almost a 50%
average reduction in lesion size. Further studies by this group com-
pared the therapeutic potential of 64Cu and 67Cu in a hamster model
bearing human colon cancers and found that the 2 radionuclides
were equivalent in this cell line and animal model (21). Although
64Cu is primarily thought of as a positron (b1)-emitting radionu-
clide for PET imaging, the branching ratio for positrons is only
17% whereas 64Cu also emits b2 particles
with 39% abundance.
To the best of our knowledge, the data

reported in this work represent the first docu-
mented use of combined 64Cu and 67Cu as a
clinical theranostic pair in humans. The pair-
ing of 64Cu with 67Cu has been used firstly
to confirm and localize tumor targeting in
the subjects (with 64Cu) and subsequently to
deliver the therapeutic product (with 67Cu).
Administration of almost identical diagnos-
tic and therapeutic drug products using the
different radioisotopes of copper for each
role represents the ideal same-element thera-
nostic pairing. The use of different-element
theranostic pairs such as 68Ga or 111In for
imaging paired with either 90Y or 177Lu for
therapy has been shown to potentially alter
the biodistribution of the product between

imaging and therapy (22). The imaging data
in this paper provide a high level of confi-
dence that the targeting seen in the PET study
will truly reflect the therapeutic radiopharma-
ceutical delivery and retention, hence demon-
strating a particularly attractive characteristic
of the copper pairing (Fig. 3).
Compared with conventional radionu-

clides (e.g., 18F, 68Ga) for diagnostic im-
aging PET, which have physical half-lives
of less than 2 h, the longer half-lives of the
copper radionuclides used here have several
advantages. One is that both SARTATE
products can potentially be radiolabeled in
a centralized, good-manufacturing-practice–
licensed facility and transported to the clini-
cal center for use. In our case, the [64Cu]
Cu-SARTATE product is manufactured in
Adelaide, South Australia, and flown over-
night to Sydney, New SouthWales, a distance
of approximately 1,200 km. Centralizedmanu-
facture obviates investment in expensive
radiopharmaceutical synthesis equipment
by the local PET facility, along with the staff
required to perform the radiolabeling, pro-
duction, and quality assurance of the PET
radiopharmaceutical. The [67Cu]Cu-SAR-
TATE can be made in the same production
facility and transported in an identical manner.
However, for this early proof-of-principle

trial, we chose to perform the radiolabeling locally on-site because
the 67Cu was produced in Idaho and required several flights to be
transported the 13,000 km to Sydney, with the half-life of just over
60 h being a consideration.
The effective dose of the most commonly used somatostatin

receptor type 2–targeting PET radiopharmaceutical, [68Ga]Ga-
DOTA-octreotate, is 4.2 mSv for 200 MBq (23). The trial design
used here was informed by previous preliminary dosimetry esti-
mates using [64Cu]Cu-SARTATE in subjects with neuroendocrine
tumors (4); that previous work reported a whole-body effective
dose of 4.5 3 1022 mSv/MBq, or approximately 9 mSv per
200MBq. Previously, dose estimates in major organs for a different

[64Cu]Cu-SARTATE PET

[67Cu]Cu-SARTATE SPECT

+1 h +4 h +24 h
Time from

administration

SUV

0

15

FIGURE 3. Reproducibility of copper theranostic PET and SPECT pairing is shown in this compari-
son of SARTATE showing targeting of 2 compounds using PET and SPECT at equivalent time points
after administration. Change of radionuclide from 64Cu to 67Cu does not alter targeting to tumor in
this subject. SPECT images are from cycle 1 of treatment. Volume of main lesion in SPECT images
appears greater than in PET images because of poorer spatial resolution of SPECT. PET images are
shown at fixed SUV upper threshold (maximum, 15), whereas SPECT images are shown with individ-
ual scaling. SPECT time point of 96 h has been omitted as there was no comparable PET image.
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FIGURE 4. Whole-body retention determined from PET and SPECT imaging is shown for each
subject. PET retention of [64Cu]Cu-SARTATE is shown as solid line, whereas dashed lines are for
each of 4 cycles of [67Cu]Cu-SARTATE measured to approximately 96 h after treatment. Curves are
corrected for radionuclide decay and normalized to amount of radiopharmaceutical administered
(100%). [64Cu]Cu-SARTATE retention remains on upper side of [67Cu]Cu-SARTATE retention curves
in all cases, possibly reflecting influence that coadministered amino acid infusion on treatment day
has on retention of [67Cu]Cu-SARTATE.
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64Cu-labeled somatostatin receptor type 2–targeting agent, [64Cu]
Cu-DOTA-octreotate, have been published (16). The effective dose
of [64Cu]Cu-DOTA-octreotate was reported to be 6.3mSv for
200 MBq (16). The average effective dose measured in the 3 subjects
in this trial with [64Cu]Cu-SARTATE was 3.95 3 1022 mSv/MBq,
which equates to approximately 8 mSv for 200 MBq administered,
similar to the value reported by Hicks et al. (4). The slight increase
in the latter potentially reflects the fact that their subjects had meta-
static disease, which may affect the estimates. In a PET/CT exami-
nation from vertex of skull to mid thigh, the CT contribution is an
additional 8–15 mSv (24). Therefore, the estimated difference
of about 4 mSv between [68Ga]Ga-DOTA-octreotate (4.2 mSv)
and [64Cu]Cu-SARTATE (8 mSv) may be deemed acceptable
when considering the total dose for the overall combined PET/CT
examination.
This article does not include any estimates of the absorbed dose

to the intracranial lesions that were the therapeutic targets in this
trial, dose–response relationships, or efficacy. One reason is that the
limited spatial resolution of SPECT with a medium-energy collima-
tor and current technology is such that the radioactivity contained
in any mass or lesion less than approximately 50 mm in cross-
sectional dimension will be underestimated (25). New approaches
to image reconstruction and postprocessing are attempting to
address this limitation (26). Most organs measured in this study
were larger than the intracranial lesions and hence not subject to the
same magnitude of underestimation. With the limited number of
enrolled subjects, it was felt that dose–response and efficacy, which
were secondary endpoints of the trial, would not be reliable to
report and that larger series would be required. Lesion dosimetry in
the multifocal, metastatic setting currently remains time-consuming

but might be improved with new machine-based learning ap-
proaches. We have not included [64Cu]Cu-SARTATE estimated
dosimetry for the [67Cu]Cu-SARTATE treatment because of the
differences in the physiologic conditions under which the respective
radiopharmaceuticals were administered (with and without amino
acid infusion). Also, there were differences in the imaging technol-
ogies due to the large difference in spatial resolution, leading to
potential underestimation of the SPECT-based image radiopharma-
ceutical concentrations in organs and other tissues (27). An exam-
ple can be seen by comparing the lesion sizes in PET and SPECT in
Figure 3. This is the subject of further ongoing investigation.

TABLE 2
Average [67Cu]Cu-SARTATE Biodistribution Data

Scan time point

Parameter 1 2 3 4

Hours from infusion 1 4 24 96

Site

Adrenals 0.05 0.05 0.04 0.02

Heart contents 0.39 0.26 0.19 0.02

Liver 8.7 8.6 4.4 1.9

Lungs 2.8 2.3 1.5 0.5

Kidneys 4.5 4.1 3.0 1.1

Lower large intestine 0.47 0.38 0.51 0.21

Pancreas 1.23 0.91 0.53 0.04

Red marrow 1.6 1.5 1.2 0.4

Small intestine 2.2 2.3 1.7 0.6

Spleen 2.8 3.1 2.4 0.7

Urinary bladder 5.6 1.3 1.5 0.6

Remainder of body 69.6 63.2 47.9 14.7

Total 100.0 88.0 64.9 20.7

Data are percentage injected dose (%ID) per organ for all 3
subjects over all 4 treatment cycles (values corrected for
radioactive decay) at each time point.

TABLE 3
Organ-Absorbed Doses from [64Cu]Cu-SARTATE and

[67Cu]Cu-SARTATE

Mean absorbed dose (mGy/MBq)

Organ
[64Cu]Cu-
SARTATE

[67Cu]Cu-
SARTATE

67Cu/64Cu
ratio (mGy)

Adrenals 8.30 3 1022 1.79 3 1021 2.2

Brain 1.29 3 1022 4.12 3 1022 3.2

Breasts 1.32 3 1022 3.85 3 1022 2.9

Gallbladder
wall

2.42 3 1022 5.43 3 1022 2.2

LLI wall 3.68 3 1022 1.13 3 1021 3.1

Small intestine 5.00 3 1022 1.58 3 1021 3.2

Stomach wall 2.07 3 1022 4.88 3 1022 2.4

ULI wall 2.00 3 1022 5.14 3 1022 2.6

Heart wall 2.06 3 1022 5.42 3 1022 2.6

Kidneys 2.46 3 1021 5.45 3 1022 2.2

Liver 9.90 3 1022 1.73 3 1021 1.7

Lungs 3.85 3 1022 8.50 3 1022 2.2

Muscle 1.56 3 1022 2.54 3 1022 1.6

Ovaries 1.79 3 1022 4.85 3 1022 2.7

Pancreas 4.12 3 1022 7.98 3 1022 1.9

Red marrow 2.11 3 1022 6.19 3 1022 2.9

Osteogenic
cells

3.22 3 1022 1.30 3 1021 4.0

Skin 1.20 3 1022 3.66 3 1022 3.0

Spleen 4.78 3 1021 6.42 3 1021 1.3

Testes 1.19 3 1022 4.08 3 1022 3.4

Thymus 1.46 3 1022 4.08 3 1022 2.8

Thyroid 1.35 3 1022 5.34 3 1022 3.9

Urinary
bladder
wall

3.81 3 1022 6.22 3 1022 1.6

Uterus 1.77 3 1022 5.23 3 1022 3.0

Total body 2.32 3 1022 5.19 3 1022 2.2

LLI 5 lower large intestine; ULI 5 upper large intestine.
Data are mean of 3 subjects. [67Cu]Cu-SARTATE estimates are

based on all 4 cycles estimated independently in each subject and
then averaged across all 3 subjects. Mean effective dose was
3.95 3 1022 mSv/MBq for [64Cu]Cu-SARTATE and 7.62 3 1022

mSv/MBq for[67Cu]Cu-SARTATE.

64/67CU-SARTATE IMAGING AND THERAPY % Bailey et al. 709



CONCLUSION

To the best of our knowledge, this is the first reported use of
[64Cu]Cu-SARTATE and [67Cu]Cu-SARTATE as a theranostic
pair. Both compounds were shown to be safe, well-tolerated, and
able to be studied over prolonged imaging time points. No life-
threatening or serious adverse events were observed, nor were there
any adverse events leading to withdrawal from the study or discon-
tinuation of treatment. The matched pairing was shown by PET and
SPECT imaging to have identical targeting to tumors for guiding
therapy, demonstrating a nearly ideal theranostic product pair. The
extended half-life and suitable PET imaging characteristics of 64Cu
should allow for personalized dosimetry before treatment—a capa-
bility not presently possible with conventional PET imaging radio-
nuclides such as 18F and 68Ga. Further studies will be required to
examine the factors influencing the relationship between 64Cu
dosimetry and that observed after therapy with 67Cu.
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KEY POINTS

QUESTION: How do the radiation dosimetry estimates compare
between copper-labeled radiopharmaceuticals and conventional
PET radiotracers?

PERTINENT FINDINGS: In the 3 individuals in this study, radiation
dosimetry from copper-labeled radiopharmaceuticals was
comparable to that from other widely used PET radiotracers such
as 18F-FDG and 68Ga-labeled peptides. 64Cu and 67Cu were found
to be a suitable theranostic pair of radionuclides.

IMPLICATIONS FOR PATIENT CARE: Copper-labeled
radiopharmaceuticals are safe to use in diagnostic imaging and
for radionuclide therapy. In addition, the fact that the longer
physical half-lives of these radiopharmaceuticals allow them to be
manufactured in a central radiopharmacy and transported large
distances to the PET scanner facility will provide greater access
and convenience for patients.
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We present an overview of our prospective fibroblast-activation pro-
tein inhibitor (FAPI) registry study across a 3-y period, with head-to-
head comparison of tumor uptake in 68Ga-FAPI and 18F-FDG PET, as
well as FAP immunohistochemistry. Methods: This is an interim anal-
ysis of the ongoing 68Ga-FAPI PET prospective observational trial at
our department. Patients who underwent clinical imaging with 68Ga-
FAPI PET between October 2018 and October 2021 were included.
Tracer uptake was quantified by SUVmax for tumor lesions and by
SUVmean for normal organs. PET tumor volume (40% isocontour) and
tumor-to-background ratios were calculated. Correlation between
SUVmax and FAP staining in tissue samples was analyzed. Results: In
total, 324 patients with 21 different tumor entities underwent 68Ga-
FAPI imaging; 237 patients additionally received 18F-FDG PET. The
most common tumor entities were sarcoma (131/324, 40%), pancre-
atic cancer (67/324, 21%), and primary tumors of the brain (22/324,
7%). The mean primary tumor SUVmax was significantly higher for
68Ga-FAPI than 18F-FDG among pancreatic cancer (13.2 vs. 6.1, P ,

0.001) and sarcoma (14.3 vs. 9.4, P , 0.001), and the same was true
for mean SUVmax in metastatic lesions of pancreatic cancer (9.4 vs.
5.5, P, 0.001). Mean primary tumor maximum tumor-to-background
ratio was significantly higher for 68Ga-FAPI than 18F-FDG across sev-
eral tumor entities, most prominently pancreatic cancer (14.7 vs. 3.0,
P , 0.001) and sarcoma (17.3 vs. 4.7, P , 0.001). Compared with
18F-FDG, 68Ga-FAPI showed superior detection for locoregional dis-
ease in sarcoma (52 vs. 48 total regions detected) and for distant met-
astatic disease in both sarcoma (137 vs. 131) and pancreatic cancer

(65 vs. 57), respectively. Among 61 histopathology samples, there was
a positive correlation between 68Ga-FAPI SUVmax and overall FAP
immunohistochemistry score (r 5 0.352, P 5 0.005). Conclusion:
68Ga-FAPI demonstrates higher absolute uptake in pancreatic cancer
and sarcoma, as well as higher tumor-to-background uptake along
with improved tumor detection for pancreatic cancer, sarcoma, and
other tumor entities when compared with 18F-FDG. 68Ga-FAPI is a
new tool for tumor staging with theranostic potential.

KeyWords: FAPI; PET; oncology; staging; theranostic

J Nucl Med 2023; 64:711–716
DOI: 10.2967/jnumed.122.264689

Imaging is critically important in the diagnosis and staging of
malignancies, with varying detection rates depending on the tumor
entity and diagnostic modality. PET of cancer cells using 18F-FDG
PET acquires additional molecular information useful for the man-
agement of disease and for improving treatment outcomes (1–3).
Tumor growth and spread are determined not only by cancer cells

but also by the tumor microenvironment, which contains several
nonmalignant components. Besides immune cells, important consti-
tuents are cancer-associated fibroblasts, which are known to be
involved in tumor growth, migration, and progression (4). Although
heterogeneous in their origin, cancer-associated fibroblasts have
common properties that are distinct from normal fibroblasts, expres-
sing proteins not found in their normal counterparts (5). A subpopula-
tion of cancer-associated fibroblasts expresses, among other markers,
fibroblast-activation protein (FAP) a (FAPa), which is associated
with protumorigenic functions (6–10).
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Therefore, these cells represent attractive diagnostic and therapeu-
tic targets. Since 2018, preclinical and clinical data have emerged on
a variety of FAP-directed therapies, including radiolabeled, low-
molecular-weight FAP inhibitors (FAPIs), further underlining their
favorable properties in diagnosis and therapy (11–15).
Data for the superiority of 68Ga-FAPI PET over conventional

imaging have been reported previously in small cohorts (13,16). On
the basis of the favorable imaging characteristics of 68Ga-FAPI PET,
patients were referred for clinical 68Ga-FAPI PET staging both at
initial diagnosis and after intervention and were offered enrollment
in our prospective observational 68Ga-FAPI registry. Clinical indica-
tions for 68Ga-FAPI PET were staging of disease in high-risk patients,
evaluation of the localization of tumor lesions before biopsy or sur-
gery, further workup of equivocal imaging results, or evaluation of
therapeutic options.
In this report, we present the largest cohort to date (to our knowl-

edge), with an overview of the tumor entities diagnosed and staged
with 68Ga-FAPI across a 3-y period, including head-to-head compari-
son of tumor uptake in 68Ga-FAPI and 18F-FDG PET, as well as
FAP immunohistochemistry.

MATERIALS AND METHODS

Study Design and Participants
Patients underwent imaging with 68Ga-FAPI PET between October

2018 and October 2021 at the Department of Nuclear Medicine at the
University Hospital Essen. This is an interim analysis of the ongoing
68Ga-FAPI PET observational trial conducted at the University Hospital
Essen (NCT04571086). Until October 2021, adult patients who under-
went clinical 68Ga-FAPI PET were offered the possibility to consent to a
prospective observational trial for correlation and clinical follow-up of
PET findings. Evaluation of data was approved by the ethics committee
of the University Duisburg–Essen (approvals 20-9485-BO and 19-8991-
BO). Patient subgroups have been reported in previous publications
(n 5 47 (17), n 5 69 (18), and n 5 91 (19)).

Details of data collection (20–22); imaging and administration of
radioligands (18,23,24); imaging analysis, immunohistochemistry, and
FAP scoring (17,25); and statistical analysis (26) are provided in the
supplemental materials (available at http://jnm.snmjournals.org).

RESULTS

Patient Characteristics
Three hundred twenty-four patients were included; their character-

istics are outlined in Table 1. The median age was 59 y (interquartile
range, 16 y). The most common tumor entity was sarcoma (131/324,
40%), followed by primary tumors of the pancreas (67/324, 21%),
brain (22/324, 7%), and lung (14/324, 4%) and pleural mesothelioma
(12/324, 4%). Most patients (235/324, 73%) underwent 68Ga-FAPI
PET imaging for restaging purposes. A breakdown of histopath-
ologic diagnoses, as well as the presence of primary and metastatic
lesions for each category, is provided in Supplemental Table 1.

Tumor Diagnostics and 68Ga-FAPI PET
The mean SUVmax for primary lesions and metastatic lesions on

68Ga-FAPI PET is shown in Figures 1A and 1B, respectively. Mean
values of primary tumor SUVmax ranged from 3.41 for brain tumors
to 21.44 for ovarian tumors. The mean primary tumor SUVmax was
higher than 10 for 9 of 17 (53%) tumor entities with primary lesions,
including prostate (10.4), bladder (10.5), pancreas (13.2), and sar-
coma (14.1), among others. The mean SUVmax for primary lesions
and metastatic lesions using broader subgroups is provided in Sup-
plemental Figure 1.

TABLE 1
Patient Characteristics (n 5 324)

Variable Data

Sex

Male 168 (52%)

Female 156 (48%)

Median age at 68Ga-FAPI scan (y) 59 (16)

Tumor entity

Sarcoma 131 (40%)

Pancreas 67 (21%)

Brain 22 (7%)

Lung 14 (4%)

Pleura 12 (4%)

Cholangiocellular 11 (3%)

Colorectal 11 (3%)

Prostate 11 (3%)

Head and neck 9 (3%)

Bladder 8 (3%)

Lymphoma 7 (2%)

Myeloma 6 (2%)

Ovarian 4 (1%)

Breast 3 (1%)

Duodenum 2 (1%)

Other* 6 (2%)

Tumor staging with 68Ga-FAPI scan†

No evidence of disease 19 (8%)

Stage I 26 (10%)

Stage II 29 (12%)

Stage III 25 (10%)

Stage IV 149 (60%)

Scanning purposes

Staging at initial diagnosis 88 (27%)

Restaging after therapy 235 (73%)

Prior therapy received

None 88 (27%)

Surgery 176 (55%)

Chemotherapy 176 (55%)

Radiation therapy 83 (26%)

Immune therapy 27 (8%)

Hormone therapy 9 (3%)

Radionuclide therapy 3 (1%)

Median uptake time (min)
68Ga-FAPI 14 (24)
18F-FDG 67 (23)

Median time between
68Ga-FAPI and 18F-FDG (d)

0 (2)

*Tumors of cervix (n5 1), liver (n5 1), skin (n5 1), thyroid (n5 1),
and stomach (n5 1) and myoepithelial carcinoma of knee (n5 1).

†Among 7 most common tumor entities (n 5 248), excluding
brain tumors as well as 9 sarcoma patients (not stageable
according to AJCC-8).

Qualitative data are number and percentage; continuous data
are median and interquartile range.
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Staging by 68Ga-FAPI PET is presented in Supplemental Figure 2
for the 7 most common tumor entities in our registry (with at least
10 patients, excluding brain tumors). In our prospective cohort, dis-
tant metastatic disease was detected in most patients with head and
neck cancer (8/9, 89%), pancreatic cancer (44/67, 66%), sarcoma
(79/122, 65%), colon or rectal cancer (7/11, 64%), prostate cancer
(7/11, 64%), bladder cancer (5/8, 63%), and cholangiocellular carci-
noma (CCC, 6/11, 55%). Locoregional-only disease was detected
most often in lung carcinoma (11/14, 79%) and in pleural mesotheli-
oma (9/12, 75%).

68Ga-FAPI PET Versus 18F-FDG PET Imaging
In our cohort, 237 of 324 patients (73%) had undergone addi-

tional 18F-FDG PET, and a head-to-head analysis of both imaging
modalities was performed. Mean SUVmax was significantly higher
for 68Ga-FAPI than for 18F-FDG PET among primary tumors of
the pancreas (13.2 vs. 6.1, P , 0.001) and sarcoma (14.3 vs. 9.4,
P , 0.001), as shown in Figure 2A. Similarly, the mean SUVmax

in metastatic lesions was significantly higher for 68Ga-FAPI than
for 18F-FDG in pancreatic cancer (9.4 vs. 5.5, P , 0.001; Fig. 2B).
For primary tumors, mean tumor-to-background ratio (TBRmax)

(with blood pool background) was significantly higher for 68Ga-FAPI
than for 18F-FDG in pancreatic cancer (9.9 vs. 3.5, P , 0.001) and

sarcoma (10.4 vs. 5.8, P , 0.001), as shown
in Figure 3A. Mean TBRmax (with liver back-
ground) was also significantly higher for
68Ga-FAPI than for 18F-FDG in pancreatic
cancer (14.7 vs. 3.0, P, 0.001) and sarcoma
(17.3 vs. 4.7, P, 0.001), in addition to pros-
tate cancer (7.8 vs. 2.7, P 5 0.017), pleural
mesothelioma (12.9 vs. 5.0, P 5 0.003),
head and neck cancer (14.5 vs. 4.2, P 5
0.013), and CCC (19.5 vs. 3.6, P 5 0.016),
as shown in Figure 3B. Conversely, mean
TBRmax (with muscle background) was
significantly lower for 68Ga-FAPI than for
18F-FDG in pleural mesothelioma (9.4 vs.
17.6, P5 0.004; Fig. 3C).
For metastatic lesions, the mean TBRmax

(with blood pool background) was signifi-
cantly higher for 68Ga-FAPI than for 18F-
FDG in pancreatic cancer (7.0 vs. 3.4, P ,
0.001) and sarcoma (9.8 vs. 5.8, P 5 0.028),

as shown in Figure 4A. Mean TBRmax (with liver background) was
also significantly higher for 68Ga-FAPI than for 18F-FDG in pancre-
atic cancer (10.6 vs. 2.8, P , 0.001) and sarcoma (18.9 vs. 4.7,
P 5 0.003), in addition to prostate cancer (15.1 vs. 4.9, P , 0.001),
pleural mesothelioma (13.5 vs. 4.8, P 5 0.017), and CCC (14.5 vs.
3.9, P 5 0.012), as shown in Figure 4B. Conversely, mean TBRmax

(with muscle background) was significantly lower for 68Ga-FAPI
than for 18F-FDG in pleural mesothelioma (9.4 vs. 17.8, P 5 0.027),
prostate cancer (8.0 vs. 15.6, P 5 0.009), and CCC (10.0 vs. 15.4,
P5 0.024), as shown in Figure 4C.
There were no significant differences between metabolic tumor

volumes measured for primary lesions and metastatic lesions in
68Ga-FAPI and 18F-FDG PET scans across tumor entities, as shown
in Supplemental Figure 3.
Examples of 68Ga-FAPI and 18F-FDG PET scans showing tumor

uptake and FAPa staining in tumor samples are presented in Sup-
plemental Figures 4–8.
A comparison of primary SUVmax and involved regions between

68Ga-FAPI and 18F-FDG PET among metastatic and nonmetastatic
disease and across tumor entities is provided in Supplemental Table 2.
When compared with 18F-FDG, 68Ga-FAPI showed superior detection
for locoregional disease in sarcoma (52 vs. 48 total regions detected)
and for distant metastatic disease in sarcoma (137 vs. 131), pancreatic

cancer (65 vs. 57), head and neck cancer
(15 vs. 13), CCC (12 vs. 11), lung cancer
(9 vs. 8), and bladder cancer (8 vs. 7). How-
ever, 68Ga-FAPI showed inferior detection of
lymphoma compared with 18F-FDG (7 vs. 10).

Immunohistochemistry and FAP Scoring
Sixty-one tissue samples dated within 3 mo

from the date of 68Ga-FAPI PET (median,
20.5 d; interquartile range, 23 d) were ana-
lyzed and scored (sarcoma, n 5 33; pancreas,
n 5 11; pleura, n 5 5; urothelium, n 5 4;
colon or rectum, n 5 3; head and neck, n 5
3; prostate, n5 1; and lung, n 5 1). The cor-
responding SUVmax on

68Ga-FAPI PET mea-
sured for the specific lesions biopsied before
or after 68Ga-FAPI PET, or surgically
removed after 68Ga-FAPI PET, were included
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FIGURE 1. Mean SUVmax on 68Ga-FAPI PET for primary lesions (n 5 221) (A) and hottest meta-
static lesions per patient (n 5 199) (B). Data points represent hottest lesions for individual patients.
Data in A and B were sorted by mean SUVmax in A. Numbers of patients included for every tumor
entity are given on x-axis. Red lines represent mean values. y-axis is split to account for extreme
values. Primary and metastatic lesions for every tumor entity are provided in Supplemental Table 1.
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FIGURE 2. Comparison of mean SUVmax for primary lesions (A) and metastatic lesions (B) between
68Ga-FAPI and 18F-FDG PET across tumor entities. Entities are arranged as presented in Figure 1.
Mean and SD are presented for every bar. Two-tailed paired t test was performed. *P , 0.05. **P ,

0.01. ***P, 0.001.
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in the correlation analysis. Across the 61 samples, there was a signifi-
cant positive correlation between the overall score for FAPa immuno-
histochemistry and 68Ga-FAPI SUVmax (r5 0.352, P5 0.005, Fig. 5).

DISCUSSION

We report findings for 324 patients with 21 tumor entities diag-
nosed and staged by 68Ga-FAPI PET as part of our registry study
over a 3-y period, with a head-to-head analysis of 68Ga-FAPI ver-
sus 18F-FDG PET uptake in tumor and metastatic lesions, as well
as correlation between 68Ga-FAPI uptake and FAPa expression in
tissue samples. This represents the largest cohort, to our knowl-
edge, of patients examined with this novel imaging modality. Our
results demonstrate higher tumor-to-liver uptake ratios for 68Ga-
FAPI than for 18F-FDG in 6 of 14 (43%) of the evaluated tumor
entities (most prominently sarcoma and pancreatic cancer, in addi-
tion to head and neck cancer, prostate cancer, CCC, and pleural
mesothelioma) and comparable results in 8 of 14 (57%). Further-
more, we observed a positive correlation between radiotracer uptake
and FAPa immunohistochemistry staining.
Relatively low 68Ga-FAPI uptake in normal parenchyma improves

tumor delineation, especially in regions with high physiologic glu-
cose uptake. Thus, 68Ga-FAPI demonstrates improved per-region
tumor detection for pancreatic cancer, sarcoma, CCC, prostate

cancer, pleural mesothelioma, and head and neck cancer when
compared with 18F-FDG. As such, 68Ga-FAPI PET is a promising
imaging modality for these entities, and it has the potential for
more precise staging and management of patients, as well as thera-
nostic screening.

68Ga-FAPI PET images the protein FAPa, which is located pri-
marily on cancer-associated fibroblasts in the stroma, but this pro-
tein can also be found on tumor cells. High tumor uptake and low
organ uptake support the potential use of FAPI ligands in a thera-
peutic context, particularly for sarcoma and pancreatic cancer. Use
of FAP-directed radioligand therapy has been reported to be feasi-
ble for breast cancer (11), ovarian cancer (27), and sarcoma and
pancreatic cancer (15,28), as well as multiple advanced and refrac-
tory tumors (14,29,30). All applications of FAP-directed radioli-
gand therapy relied on baseline patient selection by high uptake
on 68Ga-FAPI PET. In addition, FAP-targeting drugs have been
showing clinical promise across various tumor entities; 1 promi-
nent example is talabostat, which has shown tumor control in 21%
of patients with colorectal cancer (31). As such, future drug devel-
opments and their potential clinical applications may be enhanced
through 68Ga-FAPI imaging, which aids in selecting patients
whose tumors exhibit high 68Ga-FAPI uptake and low glycolytic
phenotypes and who would potentially benefit from FAP-directed
radioligand therapy.
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FIGURE 4. Comparison of mean TBRmax for metastatic lesions between 68Ga-FAPI and 18F-FDG PET across tumor entities, with different reference
backgrounds (blood [A], liver [B], and muscle [C]). Entities are arranged as presented in Figure 1. Mean and SD are presented for every bar. Two-tailed
paired t test was performed. *P, 0.05. **P, 0.01. ***P, 0.001.
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Another ongoing clinical trial at our department (NCT05160051)
aims to explore the diagnostic accuracy of 68Ga-FAPI-46 PET and
its impact on management and interreader reproducibility for dif-
ferent FAP-expressing tumor entities. Here, tumor samples will be
collected within 8 wk from the time of the 68Ga-FAPI PET scan to
better elucidate the correlation between 68Ga-FAPI-46 uptake
intensity and histopathologic FAP expression.
Our analysis has several limitations. SUV for 68Ga-FAPI is

reproducible at different time points (18) and is routinely mea-
sured but not yet a well-established metric. In addition, for some
patient subgroups, there were low sample sizes and a referral bias.
We report SUVs from different PET devices; despite cross calibra-
tion based on European Association of Nuclear Medicine Research
Ltd. standards, SUV deviations may have occurred but were not
statistically significantly (e.g., random samples with equal num-
bers of patients, P 5 0.949). Moreover, the fact that quantitative
immunohistochemistry assessment across all planes of whole-
mount pathology specimens was not feasible may have led to
deviations between 68Ga-FAPI SUVmax and immunohistochemis-
try scores.

CONCLUSION

When compared with 18F-FDG, 68Ga-FAPI demonstrates higher
absolute uptake in pancreatic cancer and sarcoma, as well as
higher tumor-to-background uptake along with improved tumor
detection for pancreatic cancer, sarcoma, CCC, prostate cancer,
pleural mesothelioma, and head and neck cancer. A prospective
clinical trial at our department (NCT05160051) is currently
under way.
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FIGURE 5. Correlation of 68Ga-FAPI SUVmax with overall score for FAP-
immunohistochemistry samples within 3 mo from 68Ga-FAPI PET (n5 61).
Overall FAP score refers to highest score assigned for tumor or stroma.
r is Pearson correlation coefficient. Strength of correlation: negligible
(0.00 , r # 60.29), low (60.30 # r # 60.49), moderate (60.50 # r #
60.69), or high (r$ 60.70).
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KEY POINTS

QUESTION: What is the 68Ga-FAPI PET uptake for different tumor
entities?

PERTINENT FINDINGS: Mean SUVmax was significantly higher for
68Ga-FAPI than for 18F-FDG in primary and metastatic pancreatic
cancer lesions and in sarcoma. Mean TBRmax in primary lesions
was better for 68Ga-FAPI than for 18F-FDG in sarcoma, CCC, and
cancers of the head and neck, prostate, pancreas, and pleura and
was comparable for the remaining entities. Radiotracer uptake
correlated positively with FAP expression levels in tissue samples.
68Ga-FAPI was superior to 18F-FDG in detecting locoregional
disease in sarcoma and distant metastatic disease in sarcoma, CCC,
and cancers of the pancreas, head and neck, lung, and bladder.

IMPLICATIONS FOR PATIENT CARE: 68Ga-FAPI PET offers
theranostic screening and has the potential for more precise
staging and management of patients with these entities.
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Improving imaging-based response after neoadjuvant chemotherapy
(NAC) in breast cancer assessment could obviate histologic confirma-
tion of pathologic complete response (pCR) and facilitate deescalation
of chemotherapy or surgery. Fibroblast activation protein inhibitor
(FAPI) PET/MRI is a promising novel molecular imaging agent for the
tumor microenvironment with intense uptake in breast cancer. We
assessed the diagnostic performance of follow-up breast 68Ga-FAPI-
46 (68Ga-FAPI) PET/MRI in classifying the response status of local
breast cancer and lymph node metastases after completion of NAC
and validated this approach immunohistochemically. Methods: In
women who completed NAC for invasive breast cancer, follow-up
68Ga-FAPI PET/MRI and corresponding fibroblast activation protein
(FAP) immunostainings were retrospectively analyzed. Metrics of
68Ga-FAPI uptake and FAP immunoreactivity in women with or with-
out pCR were compared using the Mann–Whitney U test. Diagnostic
performance to detect remnant invasive cancer was calculated for
tracer uptake metrics using receiver-operating-characteristic curves
and for masked readers’ visual assessment categories of PET/MRI
and MRI alone. Results: Thirteen women (mean age 6 SD, 47 6 9 y)
were evaluated. Seven of the 13 achieved pCR in the breast and 6 in
the axilla. FAP immunoreactivity was significantly associated with
response status. The 68Ga-FAPI PET/MRI mean breast tumor-to-
background ratio was 0.9 (range, 0.6–1.2) for pCR and 2.1 (range,
1.4–3.1) for no pCR (P 5 0.001). Integrated PET/MRI could classify
breast response correctly in all 13 women based on readers’ visual
assessment or tumor-to-background ratio. Evaluation of MRI alone
resulted in at least 2 false-positives. For lymph nodes, PET/MRI read-
ers had at least 2 false-negative classifications, whereas MRI alone
resulted in 2 false-negatives and 1 false-positive. Conclusion: To our
knowledge, this was the first analysis of 68Ga-FAPI PET/MRI for
response assessment after NAC for breast cancer. The diagnostic
performance of PET/MRI in a small study sample trended toward a
gain over MRI alone, clearly supporting future prospective studies.

Key Words: FAPI; PET/MRI; breast cancer; neoadjuvant chemother-
apy; deescalation
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In breast cancer, application of systemic neoadjuvant chemo-
therapy (NAC) before curative surgery may achieve resectability,
increase the frequency of breast-conserving treatment, and reduce
the extent of axillary surgery. Moreover, the remission status at
the primary cancer site gives valuable implications on prognosis
and subsequent therapy decisions (1). In German breast centers,
neoadjuvant application of chemotherapy rose from 20% to 58%
from 2008 to 2017, and the pathologic complete response (pCR)
rate rose from 15% to 34% (2). Importantly, pCR implies local
cure from invasive cancer by NAC alone. Knowledge of pCR sta-
tus would thus allow for deescalation of therapy—either abbrevia-
tion of chemotherapy (3) or even omission of breast and axillary
surgery (4). However, pCR can currently be reliably determined
only by histopathologic confirmation, and all patients therefore
undergo complete NAC followed by surgery.
Breast MRI has been shown to provide the most accurate preop-

erative guidance for resection volumes and is sensitive in detecting
remnant cancer (5). Combinations with breast MRI can increase
diagnostic accuracy, such as combination with ultrasound (6),
biopsies (7), machine learning (8), or 18F-FDG PET/MRI (9).
However, no method has yet proven sufficiently accurate and fea-
sible to allow for deescalation of chemotherapy or surgery.
In a recent study, we introduced 68Ga-labeled fibroblast activa-

tion protein inhibitor (FAPI) PET as a novel molecular readout for
invasive breast cancer in integrated breast PET/MRI (10). This
technique takes advantage of expression of the fibroblast activation
protein (FAP) by cancer-associated fibroblasts in the tumor micro-
environment. Further studies have substantiated superior detection
of breast cancer lesions of 68Ga-FAPI PET/CT over 18F-FDG
(11,12). In this study, we aimed to assess the diagnostic perfor-
mance of follow-up breast 68Ga-FAPI-46 (68Ga-FAPI) PET/MRI in
classifying the response status in local breast cancer and lymph
node (LN) metastases after completion of NAC and to validate this
approach immunohistochemically.

MATERIALS AND METHODS

Patients
We retrospectively analyzed 68Ga-FAPI PET/MRI scans and corre-

sponding FAP immunostainings of women with breast cancer. Patients
were referred by their treating oncologist on an individual, clinical
basis to support response assessment after NAC. All patients gave
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written informed consent for 68Ga-FAPI PET/MRI and retrospective
scientific analysis. Analysis was approved by the Ethics Committee of
the Medical Association of Westphalia–Lippe and the Medical Faculty
of the University of M€unster (reference number: 2021-408-f-S). This
study included all breast cancer patients who underwent 68Ga-FAPI
PET/MRI after NAC at the University Hospital M€unster from May
2020 to May 2021. No exclusion criteria were applied. The baseline
scans of 12 of the 13 patients were previously reported (10).

Radiochemistry
Application and production of 68Ga-FAPI were performed accord-

ing to the German Pharmaceuticals Act §13(2b). Precursor was kindly
provided under a material transfer agreement by Uwe Haberkorn (Hei-
delberg, Germany), and radiolabeling was performed as previously
described (10).

Imaging
Women were injected intravenously with 996 33 MBq (mean 6 SD)

of 68Ga-FAPI and examined in a hybrid PET/MRI 3-T scanner with a
4-channel dedicated PET/MRI breast coil (mMR; Siemens Healthineers).
Breast list-mode PET (25 min) with the patient prone was started an aver-
age of 35 min after injection (range, 23–70 min), combined with a stan-
dard breast MRI protocol consisting of the following sequences:
transversal T2-weighted turbo spin-echo spectral attenuated inversion
recovery, diffusion-weighted imaging, T1-weighted fast low-angle shot
contrast-enhanced dynamic imaging (gadobutrol, 0.1 mmol/kg of body
weight [Gadovist; Bayer]), and contrast-enhanced high-spatial-resolution
fat-saturated T1-weighted fast low-angle shot imaging, as described pre-
viously (10). In 11 of 13 patients, no whole-body scans were performed
and lower radiotracer doses corresponding to 1–1.25 MBq/kg of body
weight were injected, compared with baseline doses of 156 6 51 MBq
(10). An interim analysis had established unbiased assessment of breast
PET/MRI at these reduced doses (Supplemental Figs. 1–3; supplemental
materials are available at http://jnm.snmjournals.org).

Image Analysis
Prone single-bed-position follow-up breast PET/MR images after

NAC were analyzed. Visual categorization of MRI alone and integrated
PET/MRI was performed separately by 3 readers for each modality,
with masking of the pathology results. The initial clinical report, final-
ized before pathology was available, was analyzed in consensus by an
MRI reader and a PET/MRI reader: 1 board-certified specialist in radi-
ology (7 y experience in breast imaging) and nuclear medicine (7 y of
experience in nuclear oncology). In addition, anonymized imaging
studies were separately read as MRI alone and integrated PET/MRI by
2 independent readers: 1 senior trainee and 1 board-certified specialist
in radiology (1 and .20 y of experience in breast imaging) and nuclear
medicine (3 and .15 y of experience in nuclear oncology), respec-
tively. These individuals were previously not involved in reading the
cases. The readers were masked to the clinical report of the follow-up
PET/MRI and all data collected afterward but had access to previous
examinations, including baseline prone breast PET/MRI and supine
whole-body PET/MRI or PET/CT. The MRI readers did not have
access to the PET component of follow-up PET/MR images and were
given the reports of previous studies when deemed necessary. Inte-
grated PET/MRI readers evaluated the radiotracer uptake and had addi-
tional access to the MR images, including interpretation when relevant
for tumor bed delineation.

Measurements were performed with spheric and ellipsoid volumes
of interest as described previously (10). Tumor-to-background ratios
(TBRmax/max) represent the ratio of the lesion and entire contralateral
breast SUVmax or a healthy part of the ipsilateral breast when patients
had prior contralateral mastectomy. Follow-up PET measurements are

the means for all readers. Only the main breast lesion and most sug-
gestive LN were considered for analysis.

Breast lesions and LNs were visually assigned to 1 of 3 categories.
For MRI of the breast, the categories were no residual tumor or con-
trast enhancement greater than the background level (category A), pos-
sible residual tumor (i.e., faint contrast enhancement) (category B),
and probable (.75%) residual tumor (i.e., mass lesion with contrast
enhancement) (category C). For MRI of the axilla, the categories were
normal LNs (category A), possible metastasis (discrete change or
enhancement) (category B), and probable (.75%) metastasis (cate-
gory C). For PET/MRI of the breast and axilla, the categories were no
focal uptake (category A), possible focal uptake and possible back-
ground noise (category B), and certain focal uptake (category C).
Majority reads were the most prevalent category, or category B if all
categories were synchronously selected.

Histology
Pathologic response and immunostaining were assessed as part of

the clinical routine according to common standards on resected breast
and axillary tissue as reported previously (10). pCR in the breast was
defined as absence of invasive cancer. One patient had remnant tumor
cells in lymphatic vessels only and was classified as no pCR. FAP
immunohistochemistry was conducted as described previously (10)
and categorized as FAP-negative (category A), mildly positive (cate-
gory B), or intensely positive (category C).

Statistical Analysis
Statistical analysis was performed using Matlab (version R2020a;

MathWorks). Mann–Whitney U tests were used to compare tracer
uptake metrics and FAP immunoreactivity for women with or without
pCR and uptake metrics between baseline and follow-up. A P value of
less than 0.05 was considered statistically significant. For the optimal
threshold in receiver-operating characteristics (ROCs), the costs for
false negatives (FN) and false positives (FP) were weighed as 80%
and 20%, respectively. The calculation of sensitivity and specificity
considered no pCR as positive. Cited diagnostic performance values
were adapted when based on an inverse definition.

RESULTS

Patient Characteristics
We analyzed overall 13 follow-up 68Ga-FAPI PET/MRI scans

of the breast after completion of NAC for breast cancer in 13
women (nonexcluded) (mean age, 47 6 9 y). Twelve women
received prior baseline 68Ga-FAPI PET/MRI scans, published pre-
viously (10). PET/MRI was conducted 12 6 8 d after completion
of NAC. Surgery that established the reference standard was con-
ducted 13 6 5 d after PET/MRI. Seven of 13 women achieved
pCR in the breast, 6 of 10 women with LN metastases at baseline
achieved axillary pCR, and 7 of 13 achieved overall pCR. More
patient characteristics are available in Table 1.

Breast Assessment
Tracer uptake by primary breast lesions in follow-up was mark-

edly decreased to a mean SUVmax of 1.8 (range, 0.9–3.5) from the
baseline mean SUVmax of 14.2 (range, 8.6–29.9) (P , 0.001;
mean reduction to 12% [range, 4–22]). Breast background uptake
was also decreased to a mean SUVmax of 1.3 (range, 0.8–2.7) from
the baseline mean SUVmax of 2.6 (range, 1.1–6.9) (P 5 0.006;
mean reduction to 62% [range, 24–104]). This resulted in a
reduced mean TBRmax/max of 1.4 (range, 0.6–3.1), compared with
a baseline mean TBRmax/max of 7.0 (range, 1.9–16.0) (P , 0.001)
(Fig. 1; Supplemental Table 1; Supplemental Figs. 4 and 5).
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For integrated PET/MRI, the primary breast lesion visual categories
were consistent in 9 of 13 women among the 3 readers. The readers’
majority visual classification resulted in an FN rate of 0, FP rate of 0,
sensitivity of 100%, and specificity of 100%, when only category C
(certain focal uptake) was defined as positive. Considering categories
B (possible focal uptake) and C as positive resulted in an FN rate of
0, FP rate of 2, sensitivity of 100%, and specificity of 71% (Figs. 1,
2C, and 2D; Table 2). Among readers, the SD was 0.1 for lesion and
background SUVmax and TBRmax/max. TBRmax/max demonstrated per-
fect classification of remission status (breast pCR: mean TBRmax/max,
0.9 [range, 0.6–1.2]; no pCR: mean TBRmax/max, 2.1 [range, 1.4–3.1]
[P 5 0.001]) (ROC optimal threshold TBRmax/max, 1.4; sensitivity,
100%; specificity, 100%) (Figs. 1, 2A, and 2D). In contrast, SUVmax

measurements showed relevant overlap between response categories
(pCR: mean SUVmax, 1.1 [range, 0.9–1.8]; no pCR: mean SUVmax,
2.5 [range, 1.3–3.5] [P 5 0.002]) (ROC optimal threshold SUVmax,
1.3; sensitivity, 100%; specificity, 86%) (Figs. 2B and 2D). The rela-
tive SUVmax reduction from baseline was significantly different, but
with a high overlap between response groups in 12 eligible women
(pCR: mean reduction to 10% [range, 4%–20%]; no pCR: mean
reduction to 16% [range, 10%–22%] [P 5 0.03]). Baseline SUVmax

was not significantly different (P5 0.20).
In patient 5, the primary breast lesion was not evaluable on

MRI because of a marker clip susceptibility artifact. MRI-alone
breast lesion categories were consistent in 6 of 12 evaluable
women among readers. Majority categorization for MRI resulted

TABLE 1
Patient Characteristics

Patient no. Age (y) Type Grade Receptor status Systemic therapy Interval from last cycle to PET (d)

1 56 Ductal 2 HR1, HER21 AC T H* 15

2 51 Ductal 2 HR1, HER21 EC T H 15

3 51 Ductal 1 HR1, HER21 EC T H 6

4 35 Ductal 3 TNBC EC T Cb 10

5 46 Ductal 3 HR1, HER22 EC T 6

6 58 Ductal 3 HR2, HER21 EC T H 0

7 56 Lobular 2 HR1, HER21 EC T H 29

8 43 Ductal 2 TNBC T Cb 15

9 38 Ductal 2 HR2, HER21 EC T H 1

10 36 Lobular 2 HR1, HER22 EC T 20

11 59 Ductal 2 HR1, HER22 EC T 14

12 48 Ductal 3 HR2, HER21 EC T H 15

13 34 Ductal 2 HR1, HER2- EC T 8

*Additional investigational drug.
HR 5 hormone receptor; HER25 human epidermal growth factor receptor 2; TNBC5 triple-negative breast cancer; AC 5 doxorubicin;

T 5 taxane; H 5 HER2-antibodies; EC5 epirubicin; Cb 5 carboplatin.

FIGURE 1. Craniocaudal maximum-intensity projections of whole-breast 68Ga-FAPI before and after NAC of patients not achieving or achieving pCR
in breast. Patients with no pCR are, from left to right, patients 2, 3, 4, 10, 11, and 13. Patients with pCR are, from left to right, patients 1, 5, 6, 7, 8, 9, and
12. Baseline and post-NAC TBRmax/max is given for each patient. All images are tuned to an SUV range of 0–5 (Supplemental Figs. 4 and 5). *No pCR
with remnant tumor cells only in lymphatic vessels. **pCR with residual carcinoma in situ.
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in an FN rate of 2, FP rate of 1, sensitivity
of 67%, and specificity of 83% when only
category C (probable tumor) was defined
as positive. Considering categories B (pos-
sible tumor) and C as positive led to an FN
rate of 0, FP rate of 2, sensitivity of 100%,
and specificity of 67% (Figs. 2C and 2D).
Figure 3 shows 2 examples of superior
visualization of remnant breast cancer by
the 68Ga-FAPI PET component compared
with MRI alone and of crucial guidance of
the MRI component toward correct inte-
grated PET/MRI assessment, respectively.
In 13 patients with available immunohis-

tochemistry, FAP staining categories were
associated with remission status (breast
pCR: category A [FAP negative], 1/7; cate-
gory B [mildly positive], 6/7; category C
[intensely positive], 0/7) (no pCR: category
A, 0/6; category B, 2/6; category C, 4/6)
(P 5 0.033) (Figs. 4A and 4B).

Axillary Assessment
Uptake by LN metastases was reduced

after NAC to a mean SUVmax of 1.2,
(range, 0.8–2.0), compared with a baseline
mean SUVmax of 10.0 (range, 3.4–18.7)
(P , 0.001; reduction to 14% [range,
5–40]) (Supplemental Table 2).

FIGURE 2. (A) Breast lesion TBRmax/max bee swarm plots of no pCR and pCR. (B) Corresponding
plots by SUVmax. (C) Category for breast lesions for individual and majority PET/MRI and MRI reads.
(D) ROC curves by TBRmax/max or SUVmax corresponding to individual measurements of 3 readers.
Sensitivity and specificity for individual (dots) and majority (crosses) reads are plotted for PET/MRI
and MRI alone either considering categories B and C positive or considering only category C posi-
tive. Overlying dots were slightly shifted to allow visualization. (E) Axillary node SUVmax for axillary
level 1 LNs. (F) Visual assessment category for LNs. (G) ROC curves for LNs with additionally plotted
results from individual and majority reads.

TABLE 2
Visual Assessment Categories A–C for Individual Readers

Patient no.

Breast LN

Response

Follow-up category

Response

Follow-up category

PET/MRI MRI PET/MRI MRI

1 pCR AAA AAA pCR AAA AAA

2 No pCR CCC CCC pCR AAB ABB

3 No pCR CBC BCC NA NA NA

4 No pCR* CCC BBB No pCR BAB BBC

5 pCR† AAA NA‡ pCR AAA AAA

6 pCR ABB BAC pCR AAA AAA

7 pCR† AAB AAA pCR AAA AAA

8 pCR ABB BCC NA NA NA

9 pCR AAA AAB pCR AAA ABA

10 No pCR CCC CCB No pCR AAA ABA

11 No pCR CCC ABB No pCR BBB BBC

12 pCR AAA ABA NA NA NA

13 No pCR CCC CCC No pCR CCB ABA

*No pCR, with remnant tumor cells only in lymphatic vessels.
†pCR, with residual carcinoma in situ.
‡Clip artifact prevented breast assessment.
NA 5 not applicable.
Majority assessment is highlighted in bold.
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In integrated PET/MRI, visual assessment of LNs was consis-
tent among readers in 7 of 10 women. Majority classification
resulted in an FN rate of 3, FP rate of 0, sensitivity of 25%, and
specificity of 100% when only category C was defined as positive.
Considering categories B and C as positive resulted in an FN rate

of 1, FP of 0, sensitivity of 75%, and specifi-
city of 100% (Figs. 2F and 2G). Among
readers, the SD of SUVmax measurements
of the most intense ipsilateral node was
0.2. Despite imperfect visual assessment, all
readers’ mean SUVmax measurements of
LNs could perfectly classify pCR and no
pCR in the group of 10 affected women (LN
pCR: mean SUVmax, 0.9 [range, 0.8–1.1];
no pCR: mean SUVmax, 1.6 [range, 1.3–2.0]
[P 5 0.001]) (ROC optimal threshold
SUVmax, 1.3; sensitivity, 100%; specificity,
100%). Adding up to 29 contralateral and
ipsilateral initially nonmetastatic LNs to
pCR LNs still resulted in perfect SUVmax-
based classification (pCR and nonmetastatic
LNs: mean SUVmax, 0.9 [range, 0.4–1.2];
ROC optimal threshold: SUVmax, 1.3; sen-
sitivity, 100%; specificity, 100%) (Fig. 2E).
However, when analyzing readers’ individ-
ual measurements, classification was imper-
fect (ranges of 3 readers: ROC optimal
threshold SUVmax, 1.1–1.5; sensitivity, 75%–
100%; specificity, 90%–97%) (Fig. 2G). The
relative SUVmax reduction from baseline was

significantly different between response groups in 9 eligible women
(pCR: mean reduction to 9% [range, 5%–13%]; no pCR: mean reduc-
tion to 23% [range, 14%–40%]; P 5 0.02). Baseline SUVmax was not
significantly different (P5 0.38).
MRI-alone readers were consistent in 4 of 10 women. Majority

MRI categorization resulted in an FN of 4, FP of 0, sensitivity of
0%, and specificity of 100% when only category C was defined as
positive. Considering categories B and C as positive resulted in an
FN of 2, FP of 1, sensitivity of 50%, and specificity of 83% (Figs.
2F and 2G). Figure 5 gives 2 examples of better visualization of
LN metastases by the MRI and 68Ga-FAPI PET components.
In 8 patients with available immunohistochemistry, LN FAP stain-

ing categories were associated with remission status (LN pCR: cate-
gory A, 4/4; category B, 0/4; category C, 0/4) (no pCR: category A,
0/4; category B, 2/4; category C, 2/4) (P5 0.029) (Figs. 4C and 4D).

Combined Assessment
For combined assessment of axillary and breast response status,

majority classification resulted in an FN of 0, FP of 0, sensitivity of
100%, and specificity of 100% for PET/MRI and an FN of 2, FP of
1, sensitivity of 67%, and specificity of 86% for MRI alone when
only category C was defined as positive. Considering categories B
and C as positive resulted in an FN of 0, FP of 2, sensitivity of
100%, and specificity of 71% for both PET/MRI and MRI alone.

DISCUSSION

Currently, no imaging test can identify breast cancer patients
with pCR after NAC with sufficient accuracy to allow for deesca-
lation of therapy by abbreviating chemotherapy or even omitting
surgery.
In this study, we were the first—to our knowledge—to analyze

the diagnostic performance of 68Ga-FAPI PET/MRI in assessing
response to NAC in breast cancer. Combined and breast patho-
logic response could be correctly classified in all 13 patients based
on 68Ga-FAPI uptake on PET/MRI, whereas MRI alone assigned
at least 2 patients falsely. PET/MRI could also classify LN status

FIGURE 3. Examples of breast lesion patients with prone transverse contrast-enhanced fat-
saturated T1-weighted MRI scan, fusion image, and 68Ga-FAPI PET scan at baseline and at follow-
up after NAC. In patient 11, follow-up showed extensive remnant 68Ga-FAPI uptake (TBRmax/max,
2.0) in breast, whereas MRI was negative or slightly positive in circumscribed area near nipple,
depending on reader. Pathology revealed remnant 10-cm invasive cancer matching PET assess-
ment. In patient 12, follow-up showed focal mild 68Ga-FAPI and intense MRI contrast enhancement
adjacent to tumor bed. MRI characteristics established fibroadenoma, allowing classification of
tumor bed as negative on MRI and PET/MRI, later confirmed by pathology.

FIGURE 4. Example immunostainings of FAP in breast and LN tissue.
(A) Breast no pCR classified as intensely positive (category C), showing clus-
tering of FAP-positive fibroblasts, with area and amount exceeding small
areas of remnant cancer cells. (B) Breast pCR with regressive changes and
scattered FAP-positive fibroblasts (category B). (C) LN no pCR with remnant
cancer cells and intermingled FAP-positive fibroblasts (category C). (D) LN
pCR with absence of FAP immunoreactivity (category A). Bars indicate
500 mm for34 magnification and 50 mm for340magnification in insets.
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correctly in at least 2 more patients than MRI alone. Metaanalyses
showed that in the detection of breast cancer remnants after NAC,
MRI had a sensitivity of 88%–92% and a specificity at 60%–69%
(13–16). This makes MRI the most sensitive widely clinically
available noninvasive imaging modality. 18F-FDG/PET comple-
ments breast MRI not in terms of sensitivity (66%–77%) but in
terms of specificity (78%–86%) (15–17). In the context of deesca-
lation, FNs are far more important than FPs. The observed trend of
FAPI-based assessment to improve sensitivity and specificity is
thus particularly remarkable. This trend from our small study sam-
ple is substantiated by the observed higher interobserver agreement
and correlation with semiquantitative measures of FAP uptake and
immunohistochemistry. Furthermore, the observation of a higher
number and area of FAP-positive fibroblasts than of vital remnant
cancer cells in some specimens provides a strong rationale for our
chosen molecular target. In comparison to the breast, for the LNs
the conclusions on assessment of remission status are not as clear,
considering the nonideal prone breast MRI protocol for axillary
nodes with variable image quality and overall less intriguing diag-
nostic PET/MRI performance. However, it is important to consider
that the combination of breast pCR without axillary pCR is rare
and appeared in only 3.3% of initially node-positive patients in a
review of approximately 20,000 U.S. patients (18).
In accordance with the most recent American Society of Clinical

Oncology guidelines (1), we adopted a pCR definition of absence of
invasive cancer, thus allowing remnant in situ cancer in pCR. This
owes to the fact that the response rate of, for example, ductal carci-
noma in situ (DCIS) (19,20) is much lower and that the predictive-
ness of survival of residual DCIS is not given (21) after NAC in
contrast to residual invasive cancer. Therefore, in situ cancer can be
considered a confounder in NAC and associated deescalation con-
cepts. Although our definition of pCR is probably most appropriate
for chemotherapy deescalation, residual DCIS should not be missed
in surgical deescalation. It is important to know that an immunohisto-
chemistry study did not find FAP expression in DCIS, in contrast to
invasive cancer (22). Consistently in our cohort, 2 PET- and MRI-
negative women with known carcinoma in situ at baseline had
noninvasive remnants despite pCR. Even patients with no DCIS at
baseline can have isolated remnant DCIS after NAC, as was found,

for example, in approximately 12% of
patients (19,20) in 2 studies. Thus, when
considering FAPI PET/MRI for surgical
deescalation in future trials, reliable exclu-
sion of DCIS by breast imaging modalities,
such as mammography, would probably be
required.
Our study had limitations, the most im-

portant one being the low number of patients
and its retrospective nature. The obtained
diagnostic performance values thus must
be considered as trends rather than a true
approximation of diagnostic performance.
Considering the overlap with our previous
publication, our study features the same
potential selection bias as discussed previ-
ously (10). We used 68Ga-FAPI scanning
only before and after completion of NAC,
whereas the best accuracies in, for example,
18F-FDG PET are achieved in interim re-
sponse assessments during chemotherapy
(17). Thus, more appropriate imaging time

points may exist for 68Ga-FAPI scanning, particularly if considering
its use for chemotherapy deescalation.

CONCLUSION

Integrated 68Ga-FAPI PET/MRI shows highly promising trends
toward gains in diagnostic performance over MRI alone to cor-
rectly classify response status in the breast and axilla in a small
study sample. Future larger prospective studies are warranted to
more closely approximate the true diagnostic performance and
evaluate whether 68Ga-FAPI PET/MRI ultimately possesses the
potential to guide deescalation of chemotherapy or even surgery.

DISCLOSURE

This study was partly funded by the ninth Deutsche Forschungsge-
meinschaft (DFG) NAMT, DFG–CRC1450-431460824, M€unster,
Germany (project B06), and a rotational clinician scientist position
of the DFG–CRC1009, M€unster, Germany, to Philipp Backhaus. No
other potential conflict of interest relevant to this article was reported.

KEY POINTS

QUESTION: Can 68Ga-FAPI PET/MRI classify response status
after NAC in breast cancer?

PERTINENT FINDINGS: In a retrospective study of 13 women
who completed NAC for breast cancer, follow-up 68Ga-FAPI
PET/MRI perfectly assessed the pathologic response status of the
breast. MRI alone classified at least 2 women falsely.

IMPLICATIONS FOR PATIENT CARE: The diagnostic
performance of 68Ga-FAPI PET/MRI trended toward a gain over
MRI alone, clearly supporting future prospective studies.
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Variations in human epidermal growth factor receptor 2 (HER2)
expression between the primary tumor and metastases may contrib-
ute to drug resistance in HER2-positive (HER21) metastatic esopha-
gogastric cancer (mEGC). 89Zr-trastuzumab PET (HER2 PET) holds
promise for noninvasive assessment of variations in HER2 expression
and target engagement. The aim of this study was to describe HER2
PET findings in patients with mEGC. Methods: Patients with HER21
mEGC were imaged with HER2 PET, 18F-FDG PET, and CT. Lesions
were annotated using measurements (on CT) and maximum SUVs (on
HER2 PET). Correlation of visualized disease burden among imaging
modalities with clinical and pathologic characteristics was performed.
Results: Thirty-three patients with HER21 mEGC were imaged with
HER2 PET and CT (12% esophageal, 64% gastroesophageal junc-
tion, and 24% gastric adenocarcinoma), 26 of whom were also
imaged with 18F-FDG PET. More lesions were identified on 18F-FDG
PET (median, 7 [range, 1–14]) than HER2 PET (median, 4 [range,
0–11]). Of the 8 lesions identified on HER2 but not on 18F-FDG PET, 3
(38%) were in bone and 1 was in the brain. Of the 68 lesions identified
on 18F-FDG but not on HER2 PET, 4 (6%) were in bone and the
remainder were in the lymph nodes (35, 51%) and liver (16, 24%). Of
the 33 total patients, 23 (70%) were HER2 imaging–positive ($50% of
tumor load positive). Only 10 patients had 100% of the tumor load
positive; 2 had 0% positive. When only patients receiving HER2-
directed therapy as first-line treatment were considered (n5 13),
median progression-free survival (PFS) therapy was not significantly
different between HER2 imaging–positive and –negative patients.
Median PFS for patients with at least 1 intense or very intense lesion
(SUV $ 10) was 16 (95% CI: 11-not reached) mo (n57), compared
with 12 (95% CI: 6.3-not reached) mo for patients without an intense
or very intense lesion (n56) (P5 0.35). Conclusion: HER2 PET may
identify heterogeneity of HER2 expression and allow assessment of
lesions throughout the entire body. A potential application of HER2
PET is noninvasive evaluation of HER2 status including assessment of
intrapatient disease heterogeneity not captured by standard imaging
or single-site biopsies.

Key Words: HER2 heterogeneity; esophageal adenocarcinoma;
gastric adenocarcinoma; trastuzumab; HER2 PET
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Esophagogastric cancer (EGC) is the third most common cause
of cancer-related death worldwide, and 20%–30% of patients with
metastatic EGC (mEGC) have human epidermal growth factor
receptor 2 (HER2)–positive disease (1–4). On the basis of data
from 2 trials—the phase III randomized controlled ToGA (5),
which demonstrated improved response rate and survival when
trastuzumab was added to chemotherapy, and the phase III
Keynote-811 (6,7), which demonstrated a better response rate and
survival when trastuzumab was added to chemotherapy in combina-
tion with PD-1 blockade—HER2 is a validated treatment target in
mEGC. Although HER2 immunohistochemistry, HER2-to-CEP17
ratio, and ERBB2 gene copy number can be used to predict
response to trastuzumab-based chemotherapy (8), many patients
with HER2-positive (HER21) EGC develop resistance to HER2-
directed therapies (3). Heterogeneity of HER2 expression between
the primary tumor and metastases and loss of HER2 expression dur-
ing trastuzumab therapy contribute to therapeutic resistance in
HER21 mEGC (9). Whole-body imaging with 89Zr-trastuzumab
PET (HER2 PET) has a potential advantage over single-site biopsy
as it can noninvasively assess variations in HER2 expression and
target engagement.
We previously published the pharmacokinetics, biodistribution,

and dosimetry of 89Zr-trastuzumab in HER21 mEGC (10). HER2
PET images showed optimal tumor visualization 5–8 d after injec-
tion, and no clinically significant toxicities were observed. Here, we
expand the cohort from 10 to 33 patients to further evaluate the
baseline biodistribution of 89Zr-trastuzumab and the association
between imaging results and response to treatment. The distribution of
89Zr-trastuzumab uptake, compared with standard imaging with 18F-
FDG PET and CT, in HER21 mEGC and the ability of this metric to
predict response to HER2-directed therapy have not been described.
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We sought to investigate HER2 PET as a noninvasive tool to evaluate
disease heterogeneity and predict response to treatment. We hypothe-
sized that the intensity of 89Zr-trastuzumab uptake, as measured by
maximum SUV, and HER2 imaging positivity ($50% of active lesions
with 89Zr-trastuzumab uptake) would be associated with response to
HER2-directed therapy.

MATERIALS AND METHODS

Patients and Study Design
Eligible patients had HER21 (immunohistochemistry 31, immuno-

histochemistry 21 and fluorescence in situ hybridization [FISH]
. 2.0) mEGC, measurable or evaluable disease, Karnofsky perfor-
mance $ 60%, and adequate organ function. This was a single-site,
prospective open-label pilot imaging protocol approved by the institu-
tional review board and ethics committee at Memorial Sloan Kettering
Cancer Center (ClinicalTrials.gov identifier NCT02023996). The
study included 2 groups of patients who were imaged with HER2
PET, 18F-FDG PET, and CT. The purpose of imaging in the first
group of patients (group 1) was to find the optimal time for imaging
after injection of the radiotracer and define its pharmacokinetics.
Patients in group 2 underwent imaging to increase the study sample
size and accomplish the secondary objectives of the study including
correlation with tumor molecular analysis and response to treatment,
reported here. All patients gave informed consent for participation in
the study. All visualized lesions (maximum 5/organ) were annotated
in detail using individual-lesion measurements on CT and SUV on
HER2 and 18F-FDG PET by Memorial Sloan Kettering radiologists.
Clinical characteristics, including baseline demographic data and pre-
vious treatments, were manually extracted from the medical record
and managed using REDCap electronic data capture tools (11,12).
Visualized disease burden on each imaging modality and pathologic
tumor characteristics were annotated for each patient.

89Zr-Trastuzumab Drug Product
The details of the drug product, imaging protocol, and biodistribution

have been published previously (10). The 89Zr-trastuzumab was manu-
factured by the Memorial Sloan Kettering Radiochemistry and Molecu-
lar Imaging Probes Core Facility in compliance with a Food and Drug
Administration investigational new drug application. Clinical-grade
trastuzumab (Herceptin; Genentech) was conjugated with p-SCN-Bn-
deferoxamine (Macrocyclics) chelator, followed by radiolabeling with
89Zr, a positron emitter with a 78.4-h half-life. Patient unit doses of
185 MBq/3 mg of 89Zr-trastuzumab were mixed with nonradiolabeled
trastuzumab to achieve a total mass of 50 mg.

Imaging
Each patient underwent whole-body PET/CT from mid skull to

proximal thigh in 3-dimensional mode with attenuation, scatter, and
other standard corrections applied and using iterative reconstruction.
PET images were acquired 5 d after injection, based on the optimal
imaging time of 5–8 d defined previously (10). Patients receiving ther-
apies directed at HER2 were offered repeat imaging 2- to 6-wk after
treatment, at the discretion of the treating physician and the study pri-
mary investigator, to evaluate changes in tumor uptake.

Patients underwent CT imaging of the chest, abdomen, and pelvis
at a median of 7 d from the date of HER2 PET (range, 1–43 d). Local-
ization in the tumor was defined as focal accumulation greater than
adjacent background in areas in which physiologic activity was not
expected. SUVs normalized to lean body mass were determined. We
subclassified each lesion as negative (SUV , 3), low positive (SUV
3–5), moderate (SUV 5–10), intense (SUV 10–15), or very intense
(SUV . 15).

Definition of HER2 Imaging Positivity
Any lesion that was identified by one of the above imaging methods

and was clinically determined to represent a tumor was categorized as
an active lesion. A patient with a HER21 tumor was considered to be
HER2 imaging–positive if $50% of the active lesions were detectable
by HER2 PET. The total number of active lesions identified on CT,
18F-FDG PET, or HER2 PET was used as the denominator for the
tumor load. To determine HER2 imaging positivity, we divided the
total number of lesions identified on HER2 PET by the tumor load.

Definition of HER2 Heterogeneity
Heterogeneity of HER2 status on biopsy was defined on the basis of

variation in HER2 overexpression in multiple disease sites biopsied
(median 3 samples per patient; range, 1–8). For example, a case with 1
lesion that was HER2 immunohistochemistry 31 or 21 and amplified
by FISH and a second lesion that was either negative (immunohisto-
chemistry 11 or 01) or equivocal by FISH would be classified as hav-
ing heterogeneous disease. Genomic assessment of ERBB2 amplification
was not used to establish heterogeneity, as not all patients underwent
somatic mutation analysis. Heterogeneity of HER2 expression by HER2
PET was defined in the protocol, on the basis of previously published
data (13), by the percentage of tumor load that showed tracer uptake.
Group stratification was as follows: group A, the entire tumor load
showed tracer uptake (100%); group B, the dominant part of the tumor
load showed tracer uptake ($50%); group C, only a minor part of the
tumor load showed tracer uptake (,50%); and group D, the entire tumor
load lacked tracer uptake (0%). Groups B and C were considered to
have heterogeneous uptake (.0% and,100% of tumor load positive).

Statistical Analysis
The primary objectives of the protocol were to evaluate the feasibil-

ity of detecting tumors using HER2 PET in the first 10 patients with
HER21 EGC and to evaluate the safety, biodistribution, and pharma-
cokinetics of 89Zr-trastuzumab, all of which were reported previously
(10). HER2 PET imaging was considered feasible on the basis of anti-
body imaging positivity in 7 or more of the 10 patients in the first
cohort. Secondary objectives, reported here, were to describe tumor
molecular analysis with imaging results and to evaluate imaging
results in the context of response to treatment. HER2 imaging positiv-
ity was estimated on the basis of the 33 patients with the 1-sided 90%
confidence limit. Patients with $50% of the total tumor load with
89Zr-trastuzumab uptake were considered HER2 imaging–positive,
and patients with,50% were considered HER2 imaging–negative.

Overall survival (OS) and progression-free survival (PFS) were calcu-
lated from the date of treatment until time of death (for OS) or until the
date of progression or death, whichever came first (for PFS). Patients who
did not experience the event of interest by the end of the study were cen-
sored at the time of last available follow-up (for OS) or last available CT
(for PFS). Because the study population was heterogeneous and included
both patients receiving first-line treatment for metastatic disease and those
receiving treatment for refractory disease, we restricted the OS and PFS
analyses to the homogenous group of patients who were receiving first-line
therapy at the time of the HER2 PET (n5 13). OS and PFS were estimated
using Kaplan–Meier methods and compared between subgroups (A/B vs.
C/D; SUV intensity) using the permutated log-rank test. All P values were
based on 2-tailed statistical analysis, and a P value of less than 0.05 was con-
sidered to indicate statistical significance. All analyses were conducted in R
version 4.0.4 (R Development Core Team, 2022) (14).

RESULTS

Summary of Patients
Thirty-three patients with metastatic HER21 gastric (24%),

gastroesophageal junction (GEJ) (64%), or esophageal (12%)
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adenocarcinoma were imaged with HER2 PET and CT, and 26 of
these patients were also imaged with 18F-FDG PET (Table 1).
HER2 status was assessed using biopsy or resection specimens of
the primary tumor (21/33, 64%) or metastasis (12/33, 36%) and
was confirmed by immunohistochemistry 31 (26/33, 79%), immu-
nohistochemistry 21 and amplification by FISH (6/33, 18%), or
ERBB2 amplification by next-generation sequencing with MSK-
IMPACT (Memorial Sloan Kettering-Integrated Mutation Profiling
of Actionable Cancer Targets) (1/33, 3%) (15). All patients had
metastatic disease at the time of enrollment; most patients had
metastases to the lymph nodes (23/33, 70%) or liver (19/33, 58%),
followed by lung (11/33, 33%), peritoneum (8/33, 24%), bone (3/
33, 9%), or other tissues. Most patients underwent prior treatment
with HER2-directed therapy (20/33, 61%, had received at least
1 line of HER2-directed therapy); the median time from diagnosis
to HER2 PET was 13mo. The median number of lines of therapy
received at the time of HER2 PET was 2 (range, 1–6), and the
median number of total lines of therapy received throughout the
course of illness was 3 (range, 1–9). Thirty patients (91%) were
receiving HER2-directed therapy, and 13 (39%) were receiving

first-line HER2-directed therapy at the time of HER2 PET (Supple-
mental Table 1; supplemental materials are available at http://jnm.
snmjournals.org). Among patients receiving HER2-directed therapy
at the time of HER2 PET, the median time on treatment was 4mo
(range, 0–47mo) for all patients and 14mo (range, 4–47mo) for
those receiving first-line therapy (Supplemental Table 2).

The total number of lesions identified on each imaging modality
is summarized in Table 1. The median number of lesions identified
by each modality is as follows: baseline CT, 5 (range, 1–15);
HER2 PET, 4 (range, 0–11); and 18F-FDG PET, 7 (range, 1–14)
(Supplemental Table 3).

89Zr-Trastuzumab PET Captures Nonstandard Disease Sites
The potential clinical applications of HER2 PET imaging include

identification of disease sites not captured by standard imaging,
establishment of sites of HER2 heterogeneity not captured by
biopsy, and early assessment of response to HER2-directed therapy.
We included specific case examples to illustrate these points. The
first is a case of metastatic HER21 GEJ poorly differentiated carci-
noma in which HER2 PET identified a right cerebellar metastasis
(SUV 2.6) that had not been detected on 18F-FDG PET (Fig. 1A).

TABLE 1
Patient and Treatment Characteristics

Characteristic
Prior trastuzumab

(n 5 19)
No prior trastuzumab

(n 5 14)
Total

(n 5 33)

Median age at diagnosis (y) 59 (range, 40–76) 59 (range, 34–79) 59 (range, 34–79)

Patients with metastasis at diagnosis (n) 17 (89) 10 (71) 27 (82)

Primary tumor site (n)

Esophageal 2 (11) 2 (14) 4 (12)

GEJ (Siewert I-II) 14 (74) 7 (50) 21 (64)

Gastric 3 (16) 5 (36) 8 (24)

Method used to confirm sample is HER21 (n)

FISH 3 (16) 3 (21) 6 (18)

IHC 15 (79) 11 (79) 26 (79)

NGS 1 (5) 0 (0) 1 (3)

Patients with HER2 heterogeneity across
samples (n)

3 (16) 6 (43) 9 (27)

Patients receiving HER2-directed therapy at the
time of scan (n)

16 (84) 14 (100) 30 (91)

Median no. of lines of treatment at the time of
HER2 PET

3 (range, 2–6) 1 (range, 1–2) 2 (range, 1–6)

Median total lines of treatment received 3 (range, 2–7) 3 (range, 1–9) 3 (range, 1–9)

Median time on treatment at the time of HER2
PET (d)

93 (range, 0–212) 394 (range, 7–1,410) 126 (range, 0–1,410)

Total lesions detected on imaging (all patients)

Median, CT 5 (range, 1–11) 5.5 (range, 1–15) 5 (range, 1–15)

Median, HER2 4 (range, 1–7) 3.5 (range, 0–11) 4 (range, 0–11)

Median, 18F-FDG PET 6.5 (range, 1–13) 7 (range, 1–14) 7 (range, 1–14)

Patients with $ 1 lesion intense or very intense
on HER2 PET (n)

8 (42) 7 (50) 15 (45)

Median SUVmax per patient on HER2 PET 7.8 (range, 3.20–23.8) 9.8 (range, 0–22.2) 9.2 (range, 0–23.8)

Median SUVmean per lesion on HER2 PET 6.5 (range, 2.8–14.2) 7.8 (range, 0–15.9) 7.0 (range, 0–15.9)

Data are number, with percentages in parentheses, or median, with the minimum to maximum in parentheses.
IHC 5 immunohistochemistry; NGS 5 next-generation sequencing.
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The finding was confirmed on brain MRI, and the patient underwent
stereotactic radiosurgery to treat this lesion.
Among all patients, more total lesions were visualized on 18F-

FDG PET (n5 178) than on HER2 PET (n5 135) (Fig. 1B). Of
the total lesions positive on HER2 PET, most were in lymph nodes
(41/135 [30%]) or the liver (32/135 [24%]). For 18F-FDG PET,
most were also in lymph nodes (70/178 [39%]) or the liver (48/
178 [27%]). However, primary tumor and bone lesions were
detected at a higher frequency on HER2 PET (primary tumor:
21/135 [16%]; bone: 10/135 [7%]) than on 18F-FDG PET (primary
tumor: 18/178 [10%]; bone: 11/178 [6%]).
Five patients had at least 1 lesion positive on HER2 PET and

negative on 18F-FDG PET (range, 0–4); 18 patients had at least 1
lesion positive on 18F-FDG PET and negative on HER2 PET
(range, 0–8). Of the 8 lesions that were positive on HER2 PET and
negative on 18F-FDG PET, 3 were in the bone (38%) and 3 were in
lymph nodes (38%) (Fig. 1B). In contrast, most lesions that were
positive on 18F-FDG PET and negative on HER2 PET were in the
lymph nodes (35/68 [51%]) and the liver (16/68 [24%]); only 4 of
68 (6%) were in the bone.

HER2 PET Illustrates HER2
Heterogeneity
The next case example illustrates hetero-

geneous liver uptake of the radiotracer on
HER2 PET, suggesting that HER2 overex-
pression is heterogeneous (Fig. 2A). How-
ever, liver biopsy for this patient, obtained
from a single site of 89Zr-trastuzumab avid-
ity, showed HER2 immunohistochemistry
31 and, as expected, did not capture the
intrapatient heterogeneity seen on imaging.
As defined in our prespecified analysis,

patients with $50% of the total tumor load
with 89Zr-trastuzumab uptake were consid-
ered HER2 imaging–positive, and patients
with,50% were considered HER2 imaging–
negative. As described in the “Materials
and Methods” section, we stratified patients
into 4 groups by percentage of tumor load
that showed tracer uptake (13). Of the 33
patients, 23 (70%) were HER2 imaging–
positive (group A or B) (1-sided 90% confi-
dence limit, 57% for feasibility) (Fig. 2B).
Only 10 patients had 100% of the tumor
load positive; 2 had 0% positive. Of the 30
patients who were receiving HER2-directed
therapy at the time of the scan, 20 (66%)
had $50% active lesions (group A or B).
Of the 13 patients who were receiving first-
line HER2-directed therapy at the time of
the scan, 8 (62% of the group, 24% of the
total cohort) had$50% active lesions (group
A or B). Although all the patients without
any tracer uptake (6% of the cohort) were
receiving second-line or later treatment, most
patients receiving advanced lines of therapy
were HER2 imaging–positive, supporting the
notion that HER2 remains a relevant bio-
marker beyond the first-line setting.
We next describe the proportion of

patients in group A or B and group C or D
with at least 1 intense or very intense lesion on HER2 PET.
Among those with $50% of tumor load positive (group A or B),
57% of patients had at least 1 intense or very intense lesion,
whereas only 20% in those with ,50% of tumor load positive
(group C or D) had at least 1 intense or very intense lesion.
Biopsy-proven HER2 heterogeneity was present in 30% of
patients in group A or B and in 20% of patients in group C or D. A
slightly higher proportion of patients in group A or B (61%) had
received trastuzumab therapy at the time of the scan, relative to
those in group C or D (50%).
In addition to looking at individual-lesion positivity by HER2

PET, we subclassified each lesion as negative (SUV, 3), low posi-
tive (SUV 3–5), moderate (SUV 5–10), intense (SUV 10–15), or
very intense (SUV . 15). In the case example shown in Figure 2A
in which all biopsies were HER2 immunohistochemistry 31, the
tumor load positivity for 89Zr-trastuzumab uptake was ,50%
(group C). Although the patient had at least 1 intense or very intense
lesion, the patient’s PFS on second-line HER2-directed therapy
(3mo) was less than the median among all patients with at least 1
intense or very intense lesion (5mo).

A

B

FIGURE 1. Disease sites captured by HER2 and 18F-FDG PET. (A) 18F-FDG PET, MRI, and HER2
PET images from a patient with cerebellar metastasis. The images shown are from a patient with de
novo metastatic HER21 GEJ poorly differentiated carcinoma with mixed adeno and squamous dif-
ferentiation. HER2 PET (right) demonstrated a right cerebellar metastasis (SUV 2.6) without corre-
sponding uptake on 18F-FDG PET (left) and confirmed on brain MRI (middle). (B) Number of lesions
identified by HER2 PET and 18F-FDG PET among all patients. Total number of lesions avid on HER2
PET (red) and 18F-FDG PET (blue) is shown. Total numbers of lesions better identified only on HER2
(orange) or 18F-FDG PET (green) are also shown.
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Survival of Patients Receiving First-Line Treatment
at the Time of the Scan
Survival was evaluated only among patients receiving first-line

HER2-directed therapy at the time of the HER2 PET (n5 13).
The baseline characteristics of this group are summarized in Sup-
plemental Table 4. Among surviving patients (n5 2), the median
follow-up time was 50.0mo (range, 45.8–54.3mo). At the time of
the data lock in July 2021, 11 total deaths and 12 progression
events had been observed. When only patients receiving HER2-
directed therapy in the first-line setting were considered, the
median PFS was 15mo (95% CI: 8.6–not reached).
The median PFS among patients in group A or B (n5 8) was

14mo (95% CI: 11.0–not reached), compared with 15mo (95% CI:
8.6–not reached) among patients in group C or D (n5 5) (Fig. 2C).
Among patients receiving HER2-directed therapy in the second-line
setting, most patients in both groups (A/B n5 7, C/D n5 2) pro-
gressed or died before 3mo. Given the small number of patients in
this subgroup, PFS should be interpreted with caution.

HER2 PET and Response to HER2-Directed Therapy
We next stratified patients by the presence or absence of at least

1 intense or very intense lesion on baseline HER2 PET and

compared PFS among patients receiving
first-line HER2-directed therapy at the time
of the scan (n5 13). The median PFS was
16mo (95% CI: 11–not reached) and 12mo
(95% CI: 6.3–not reached), respectively
(Fig. 2D). Given the small number of pa-
tients in this subgroup, PFS should be inter-
preted with caution.
The final 2 case examples (Fig. 3) illus-

trate the potential role of HER2 PET in pre-
dicting response to HER2-directed therapy.
In Figure 3A, a patient with HER21 mEGC
had $50% tumor load uptake of 89Zr-trastu-
zumab on baseline imaging (group B) and at
least 1 intense or very intense lesion. Both
HER2 and 18F-FDG PET showed primary
tumor avidity; less than 3 wk after initiation
of trastuzumab-based treatment, the primary
tumor remained 18F-FDG PET–avid but was
no longer avid on HER2 PET, indicating
HER2 receptor saturation by trastuzumab.
This patient had a PFS of 13mo on first-line
HER2-directed therapy, and the disease re-
mained HER21 on postprogression biopsy,
with subsequent response to second-line
HER2-directed therapy. In contrast, the
patient in Figure 3B, who had $50% tumor
load uptake of 89Zr-trastuzumab on baseline
imaging (group B) but no intense or very
intense lesions, had no change in primary
tumor 89Zr-trastuzumab uptake after initia-
tion of first-line HER2-directed treatment
and had a relatively short PFS of 6mo on
treatment.

Patients Not Receiving HER2-Directed
Therapy
Of the 3 patients who were not receiving

HER2-directed therapy at the time of the
scan, 1 underwent repeat liver biopsy that demonstrated equivocal
HER2 status by both immunohistochemistry and FISH (the initial
specimen, obtained at an outside institution, was HER2 immunohis-
tochemistry 31). The second patient recently had disease progres-
sion on HER2-directed therapy, and biopsy of a splenic lesion
demonstrated HER2 immunohistochemistry 1–21 and nonamplifi-
cation on FISH. The third patient underwent repeat biopsy of the
primary GEJ mass, which showed HER2 immunohistochemistry
11 (negative); therefore, this patient did not receive additional
HER2-directed therapy.

DISCUSSION

Our data suggest that antibody imaging with HER2 PET is fea-
sible and allows noninvasive assessment of global variations in
HER2 expression and target enhancement. HER2 PET identified
bone lesions more so than soft-tissue lesions. Compared with
HER2 PET, 18F-FDG PET identified more lymph node lesions
and it is unclear whether these findings represent true disease or
inflammation.
HER2 PET may help visualize heterogeneity of HER2 expres-

sion and allow assessment of lesions throughout the entire body.
The percentage of tumor load positive for 89Zr-trastuzumab varied
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FIGURE 2. HER2 disease heterogeneity illustrated by 89Zr-trastuzumab PET (HER2 PET). (A) 18F-
FDG PET and HER2 PET images from a patient with metastatic HER21 gastric adenocarcinoma with
heterogeneous HER2 expression in the liver. Heterogeneous 89Zr-trastuzumab uptake on imaging is
shown (blue arrows demonstrate positive lesions, upper figure). Liver biopsy at a site of 89Zr-
trastuzumab uptake demonstrates HER2 positivity with immunohistochemistry 31 in 60% of cells
(lower). (B) The percentage of tumor load with 89Zr-trastuzumab uptake. Patients were stratified
into 4 groups by percentage of tumor load showing tracer uptake. Total patients in groups A–D are
shown in gray. Number of patients receiving first-line HER2-directed therapy in each group is
represented in blue. Patients with at least 1 intense or very intense lesion on HER2 PET (SUV$ 10)
are represented in red. Of the 15 patients with at least 1 intense or very intense lesion (15/33
[45%]), 6 were in group A (6/33 [18%]) and 7 were in group B (7/33 [21%]). (C) PFS stratified by per-
centage of tumor load positive in patients receiving first-line HER2-directed therapy (P 5 0.353,
using permutated log-rank test comparing the 2 groups). (D) PFS stratified by presence of at least
1 lesion with intense or very intense 89Zr-trastuzumab uptake (SUV $ 10) in patients receiving
first-line HER2-directed therapy (P 5 0.159, using permutated log-rank test comparing the
2 groups). IHC5 immunohistochemistry.
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among patients: approximately two thirds of the patients in our
study had $50% tumor load positivity and one third had ,50%
positivity. The percentage of tumor load with tracer uptake was not

significantly associated with PFS in the small subgroup analysis of
patients receiving first-line HER2-directed therapy. The case exam-
ple shown in Figure 1 highlights the potential for HER2 PET to
identify lesions in the brain before symptomatic presentation, with-
out a biopsy. This has not been previously demonstrated in the liter-
ature. In addition, the case example shown in Figure 2 illustrates
the potential for biomarker-directed imaging to identify sites of dis-
ease heterogeneity that are not captured by standard imaging and
biopsy. There was a trend toward improved PFS among patients
with at least 1 lesion on HER2 PET with SUV greater than or equal
to 10 who were receiving first-line HER2-directed therapy, though
this difference was not significant. A larger study would be needed
to associate HER2 PET findings with PFS.
Although the clinical application of evaluating disease heteroge-

neity by HER2 PET has not been clearly established for EGC,
HER2 PET has been used to help guide clinical decision making
for other HER21 tumor types. In a study of 20 patients with
breast cancer, including 7 patients with metastases that were inac-
cessible for biopsy, HER2 PET was used to support clinical deci-
sion making and changed management in 8 of 20 patients (40%)
(16). Similarly, in a cohort of 12 patients with HER2-mutant lung
cancer, pretreatment HER2 PET identified 89Zr-trastuzumab–avid
lesions in 4 patients, all of whom responded to HER2-directed
therapy with ado-trastuzumab emtansine (T-DM1); in contrast,
among the 8 patients without uptake of 89Zr-trastuzumab, only 3
(37%) responded to T-DM1 treatment (17).
Our study demonstrates that intensity of 89Zr-trastuzumab uptake

varies between and within patients and can be used to stratify
patients, although the clinical application of this has not yet been
determined. At least 1 lesion with an SUV $ 10 on HER2 PET
may be associated with response to HER2-directed therapy, though
this remains to be validated in future studies. Although the percent-
age of tumor load positive was used to establish feasibility in this
study, it remains unclear whether this is a marker of likelihood to
respond to HER2-directed therapy.
HER2 PET is limited by the high background tracer uptake in

several key organs, including the liver, making it challenging to
identify discrete tumors using this technique. The current study is
limited by its descriptive design. In addition, the study is limited
by patient exposure to trastuzumab before HER2 PET due to par-
tial target saturation. Further investigation specifically including
previously untreated patients is required to determine whether
HER2 PET can be used as a clinical predictive tool in patients
with HER21 mEGC.

CONCLUSION

HER2 PET may identify heterogeneity of HER2 expression and
allows assessment of lesions throughout the entire body. HER2
PET has a potential advantage over single-site biopsy in assess-
ment of HER2 heterogeneity. Bone lesions were better identified
than soft-tissue lesions on HER2 PET. Until further studies vali-
date the preliminary clinical findings presented, we anticipate that
HER2 PET will remain a valuable research tool.
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KEY POINTS

QUESTION: Is HER2 PET an effective tool for noninvasive
assessment of variations in HER2 expression and target engagement
in patients with HER21 mEGC?

PERTINENT FINDINGS: In a pilot study of HER2 PET in 33 patients
with HER21 mEGC, 70% of patients were HER2 imaging–positive
($50% of tumor load positive) and most patients had variable
HER2 uptake across disease sites. Among patients receiving
HER2-directed therapy as first-line treatment, median PFS was
longer for those with at least 1 intense or very intense lesion on
HER2 PET.

IMPLICATIONS FOR PATIENT CARE: A potential application of
HER2 PET is noninvasive evaluation of intrapatient heterogeneity
of HER2 status not captured by single-site biopsies in patients
with HER21 mEGC.
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18F-FDG and prostate-specific membrane antigen (PSMA) PET have
been used to assess eligibility for PSMA-targeted therapy by some cen-
ters. However, it remains unclear whether both examinations are needed
as a part of workup in the clinical practice or whether PSMA PET alone,
as was done in the positive phase 3 VISION trial, is sufficient to identify
suitable candidates. The aim was to reanalyze all patients who under-
went both 18F-FDG and PSMAPET for PSMA-targeted therapy eligibility
assessment using the VISION trial criteria. Methods: Eighty-nine men
with metastatic castration-resistant prostate cancer referred to 177Lu-
PSMA therapy from June 2019 to October 2021 who underwent both
18F-FDG and PSMA PET (using either 68Ga-PSMA-11 or 18F-PSMA-
1007) examinations within 2 wk were included in this analysis. Eligibility
status was determined in accordance with either knowledge of both
18F-FDG and PSMA PET (clinical routine) or VISION criteria with PSMA
PET–only (study reassessment, done twice with liver only for PSMA-11
and liver/spleen as reference for PSMA-1007). A metastasis seen on
18F-FDG PET or CT but not on PSMA PET was denoted as a mismatch
finding and led to exclusion from 177Lu-PSMA therapy. On the basis of
clinical assessment, 52 patients received 177Lu-PSMA therapy, and 37
did not; all patients were reassessed. Results: Patients treated with
177Lu-PSMA therapy had significantly longer overall survival than those
not treated (12.4 vs. 6.8 mo, P, 0.01). PSMA-only analysis (spleen/liver
reference) and 18F-FDG/PSMA mismatch reads had substantial agree-
ment (Cohen k 5 0.73). Eighteen percent (n 5 16/89) of patients had a
mismatch finding based on 18F-FDG/PSMA PET. With the liver/spleen
reference, a minor fraction of patients who had no mismatch finding
(and were therefore treated) would have been withheld from therapy by
PSMA-only analysis (3%). Three percent (n 5 3) of all patients had an
18F-FDG/PSMA mismatch finding not detected by PSMA PET–only
(VISION-like) analysis. For patients not receiving PSMA therapy, the
overall survival was not statistically significantly different comparing
18F-FDG/PSMA mismatch versus nonmismatch (P 5 0.61) patients.
Conclusion: 18F-FDG and PSMA PET provide complementary informa-
tion, yet less than 5% of patients had mismatch findings not detected
using PSMA PET–only. Based on our data, 18F-FDG/PSMA mismatch
examination and PSMA-only analysis have a substantial level of
agreement.

Key Words: prostate cancer; PET; PSMA-11; PSMA-1007; PSMA
therapy
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Radioligand therapy targeting the prostate-specific membrane
antigen (PSMA) with 177Lu (177Lu-PSMA) is an efficacious therapy
option in patients with end-stage metastatic castration-resistant pros-
tate cancer (1). Recently, the VISION trial, an open-label interna-
tional phase 3 trial comparing PSMA therapy against standard of
care, demonstrated superiority of the additional 177Lu-PSMA therapy
compared with standard of care only; overall survival was signifi-
cantly longer when receiving 177Lu-PSMA therapy with standard of
care (2). This led to U.S. Food and Drug Administration approval in
March 2022. This approval is a hallmark for nuclear medicine, as it
is the first novel theragnostic treatment option available for an entity
with high prevalence (in contrast to relatively rare neuroendocrine
tumors).
Men with metastatic castration-resistant prostate cancer have multi-

ple treatment options available, and 177Lu-PSMA is now being tested
in earlier treatment lines (3,4). Identification of patients who are most
suited for PSMA therapy is critical for outcome, given the rate of
nonresponders of approximately 50% (RECIST response in the
VISION trial) (2). This is relevant, because pretherapeutic PSMA
PET should allow for an improved prognostication of overall survival
time and prediction of response, as it directly assesses the expression
of the PSMA target (5,6). To assess eligibility, the VISION trial relied
on PSMA PET in combination with diagnostic CT to exclude patients
with low PSMA expression in metastases that meet specific size crite-
ria (7). Patients not fulfilling the criteria had worse overall survival,
which was shown by a subsequent analysis (8). The use of PSMA
PET–only to assess 177Lu-PSMA therapy eligibility was adopted by
many departments of nuclear medicine and is considered the clinical
standard (9).
In contrast, the initial prospective 177Lu-PSMA therapy trials

used both PSMA and 18F-FDG PET examinations to assess ther-
apy eligibility; this procedure was adopted by many departments
of nuclear medicine, including ours (10,11). Dual tracer screening
was implemented assuming that a PSMA-negative metastasis that
is missed by PSMA PET might heavily influence the response to
177Lu-PSMA therapy. An 18F-FDG–positive and PSMA-negative
metastasis is denoted as a mismatch finding.
However, it remains unclear whether the combination of PSMA

and 18F-FDG is clinically needed. Therefore, the aim of this study
was to compare 18F-FDG/PSMA mismatch evaluation head-to-
head with an analysis relying only on PSMA PET. To this end, we
performed a retrospective reread of the pretherapeutic PSMA PET
images according to the VISION trial protocol.
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MATERIALS AND METHODS

Patient Cohort
Among 119 patients who were referred to PSMA and 18F-FDG PET

to assess 177Lu-PSMA therapy eligibility at the University Hospital
Essen between June 2019 and October 2021, the patients whose image
data were available and whose 18F-FDG and PSMA PET images were
obtained within 2 wk of each other (n5 89) were included. Patient char-
acteristics are shown in Table 1. A total number of 52 patients were trea-
ted with 177Lu-PSMA therapy, whereas 37 patients were not treated with
177Lu-PSMA therapy. Median prostate-specific antigen (PSA) level was
176 ng/mL (interquartile range, 32.5–526.3) in the cohort receiving
177Lu-PSMA therapy and 65.7 ng/mL (interquartile range, 16.8–290.7)
in the remaining patients. In total, 53 (59.6%) patients underwent
PSMA-11 PET, whereas 36 (40.4%) patients underwent PSMA-1007
PET examination. Ethical approval for this retrospective study was pres-
ent (local ethics committee approval no. 19-8570-BO).

Clinical 18F-FDG/PSMA Mismatch Analysis to Assess
Therapy Eligibility

Patients with PSMA and 18F-FDG PET for PSMA therapy assess-
ment with a maximum interval of 2 wk between the PET examinations
were analyzed. In our clinical routine, 177Lu-PSMA therapy eligibility
was assessed based on visual analysis of PSMA PET and 18F-FDG
PET to rule out clinically relevant mismatch. Inspired by the target
lesion definition of the RECIST 1.1 criteria, visceral metastases/soft-
tissue lesions with longest diameter of at least 10 mm and lymph nodes
with short-axis diameter exceeding 15 mm that have 18F-FDG uptake
higher than liver and PSMA uptake lower than spleen/liver were con-
sidered as clinically relevant mismatches. In addition, for the bone
lesions, more than 3 bone metastases without osteolytic correlates,
which are regarded as unmeasurable in RECIST 1.1 criteria, with 18F-
FDG uptake higher than liver and PSMA uptake lower than liver was
regarded as a clinically relevant mismatch (12). Visual uptake generally
higher than liver or spleen for all lesions on PSMA PET was necessary
for therapy eligibility. All men were discussed in a multidisciplinary
tumor board. A metastasis in organs or bone delineated on 18F-FDG
PET with no corresponding PSMA uptake was rated as a mismatch
finding, and the patient was excluded from 177Lu-PSMA therapy. The
mean activities administered for 68Ga-PSMA-11 and 18F-PSMA-1007
PET were 117.5 6 56.5 and 328.3 6 76.3 MBq, respectively. Supple-
mental Table 1 (supplemental materials are available at http://jnm.
snmjournals.org) provides details on the criteria used to assess 177Lu-
PSMA therapy eligibility. Clinical reads of PET images have been re-
assessed by 2 nuclear medicine physicians to ensure consistency.

Retrospective Application of the VISION PSMA PET–Only
Eligibility Criteria

All PSMA PET examinations were analyzed by the same nuclear
radiologist who helped design the criteria, trained the readers, and
supervised the centralized eligibility analysis for the VISION trial.
The reader was unaware of the clinical assessment and 18F-FDG PET
acquisition. If available, diagnostic contrast-enhanced CT was used as
was done for the VISION trial, and if not available, the in-line CT
from the PET/CT was used. Images were viewed using MIM Software
7.1.7. Analysis was completed twice and in accordance with VISION
criteria, which only used PSMA-11; first, the liver was regarded as a
reference organ for positivity threshold. In a second approach, for
patients who were imaged with PSMA-1007 and excluded because of
low PSMA expression, the spleen was used as a reference organ. In
summary, to be VISION eligible, PSMA-positive lesions above the
organ threshold (liver or spleen) and no PSMA-negative lesion had to
be present; to ensure the latter, the CT component was used. PSMA
negativity of the following CT findings meeting these size criteria led
to exclusion: lymph node of at least 2.5 cm; solid organ metastases of

at least 1-cm short axis; bone metastases with soft-tissue component
of at least 1 cm.

PSMA Therapy
Besides the previously described image-based criteria for therapy

eligibility, the EANM procedure guidelines were followed (9). 177Lu-
PSMA therapy was performed as previous published (13). Briefly, the
PSMA-617 ligand (ABX GmbH) was conjugated with 177Lu (ITG Iso-
tope Technology). A median cumulative dose of 24.4 (interquartile
range, 12.3–29.8) GBq was administered per patient; cycles were
repeated every 6–8 wk.

Statistical Analysis
R and SPSS (Version 29; IBM) were used for statistical analysis, test-

ing, and plotting. Kaplan–Meier estimates were used. Cox regression
analysis was used for analysis of censored data, and the log rank test was
used to compare groups regarding survival time. Agreement between
PSMA-only analysis (using spleen/liver as a reference organ) and 18F-
FDG/PSMA mismatch read was evaluated with Cohen k analysis.

TABLE 1
Patient Characteristics

Parameter Total

Median age (y) 71 (IQR, 65–78)

Gleason sum score (n) 67

#7 11 (16.4)

$8 56 (83.6)

Median previous therapy lines 4 (IQR, 2–4)

Previous therapies (n) 86

Abiraterone 74 (86.0)

Enzalutamide 61 (70.9)

Docetaxel 77 (89.5)

Cabazitaxel 25 (29.1)

Other 23 (26.7)

ECOG PS 53

0 20 (37.7)

1 25 (47.2)

2 8 (15.1)

Treated with 177Lu-PSMA (n) 52 (58.4)

Median cycles 4 (IQR, 2–4)

Median cumulative dose (GBq) 24.4 (IQR, 12.3–29.8)

Median PSA (ng/mL) 113 (IQR, 25.4–461.5)

Median ALP (U/L) 158.5 (IQR, 91.5–330.2)

Median LDH (U/L) 269.5 (IQR, 223.7–438)

Median Hb (g/dL) 11.4 (IQR, 9.6–12.7)

Mismatch, n (%) 16 (18.5)

Low PSMA uptake according to
PSMA-only VISION evaluation
(with spleen) (n)

18 (20.2)

IQR 5 interquartile range; ECOG PS 5 Eastern Cooperative
Oncology Group Performance Status; ALP 5 alkaline phosphatase;
LDH: lactate dehydrogenase; Hb 5 hemoglobin.

Data in parentheses are percentages, unless otherwise
indicated.
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Difference in PSA response rate of at least 50% for the patients treated
with 177Lu-PSMA was analyzed with a x2 test. P , 0.05 was regarded
as statistically significant.

RESULTS

Detection of 18F-FDG/PSMA Mismatch Using PSMA PET Alone
Eighty-nine of 119 patients referred to PSMA therapy underwent

18F-FDG and PSMA PET within 2 wk of each other (Fig. 1). The
rate of 18F-FDG/PSMA mismatch findings was 18% (n 5 16/89).
Substantial agreement between PSMA-only analysis (in accordance
to modified VISION criteria using liver/spleen as a reference
organ) and 18F-FDG/PSMA mismatch read was observed (n 5

81/89, 91%, Cohen k: 0.73; Fig. 2). Three percent (n 5 3/89,
denominator: total cohort) had an 18F-FDG/PSMA mismatch find-
ing, although they were deemed eligible for PSMA therapy by the
PSMA-only analysis (Fig. 3; Table 2). Twelve percent (n 5 11/89,
denominator: total cohort) had no mismatch finding and were not
eligible for 177Lu-PSMA therapy according to the VISION-like
analysis (of this group, not all patients were treated with PSMA
therapy because of insufficient clinical parameters).
Of the 89 analyzed patients referred to PSMA therapy, 52 patients

(58%) received PSMA therapy. Table 2 provides details of the reasons
for exclusion from 177Lu-PSMA therapy. Of those patients treated,

7 patients (13%, n 5 7/52, denominator:
treated patients) were treated because of the
clinical assessment but would not have been
eligible for 177Lu-PSMA therapy according
to the PSMA-only (VISION-like) analysis.
Of patients treated with 177Lu-PSMA therapy,
23 patients (44%, n 5 23/52, denominator:
treated patients) had undergone PSMA-1007
PET for eligibility assessment.

VISION-like Analysis of Patients
(Separated According to the PSMA
Ligand Used)
This first assessment used the VISION-

prescribed threshold of activity greater
than liver for PSMA positivity and like-
wise activity equal to or less than liver for
PSMA negativity. In the cohort imaged with
PSMA-11, 3 patients (6%, n5 3/53, denom-

inator: patients imaged with PSMA-11) deemed eligible by the PSMA-
only analysis would have been ineligible because of 18F-FDG/PSMA
mismatch findings. In the PSMA-1007 cohort, no patient with a mis-
match finding was rated as therapy eligible by the PSMA-only analysis.
Only 1 treated patient (2%, n 5 1/53, denominator: patients imaged
with PSMA-11) without an 18F-FDG/PSMA mismatch finding was
excluded in the PSMA-11 cohort though the VISION read. However, 6
treated patients imaged with PSMA-1007 (17%, n 5 6/36, denomina-
tor: patients imaged with PSMA-1007) were excluded from PSMA
therapy based on the PSMA-only readwithout amismatch finding.

VISION-like Analysis of Patients with Adjusted
Reference Organ
To adjust for the higher hepatic PSMA uptake, the eligibility of

patients imaged with PSMA-1007 was reassessed using the spleen
as additional reference organ (Fig. 4). After this adjustment, only 3
patients (3%, n 5 3/89, denominator: total cohort) of the total
cohort including patients imaged with either PSMA tracer were not
eligible because of the PSMA-only VISION analysis but showed
no mismatch finding and were treated. For PSMA-1007, only 2
patients (6%, n 5 2/36, denominator: patients imaged with PSMA-
1007) were excluded without a mismatch finding and were treated.
However, only 3 patients (3%, n 5 3/89, denominator: total cohort)

of the total cohort had a mismatch finding, which was not detected by
the PSMA-only analysis (Table 2). See sup-
plemental Table 2 for details on mismatch
and PSMA-only VISION evaluation devia-
tions. For comparison, supplemental Figure 1
provides the cross tables for the clinical reads
(mismatch finding or low PSMA expression)
and the VISION analysis (original and spleen
adjusted) separately for the used ligand.

Overall Survival of Total Cohort and
Untreated Patients
The overall survival of patients treated

with 177Lu-PSMA therapy was signifi-
cantly longer than that of those not treated
(12.4 [95% CI, 8.6–25.5] vs. 6.8 [95% CI,
4.2–9.5] mo, P , 0.01; hazard ratio, 0.454,
P , 0.01).
The overall survival of patients not

treated with 177Lu-PSMA therapy was not

FIGURE 1. Flow chart of included patients.

FIGURE 2. Exemplary patient who was ineligible for 177Lu-PSMA therapy (PSMA-only evaluation
and 18F-FDG/PSMA assessment). Large osteolytic lesion in the sacrum with soft-tissue component
(A, yellow arrow) with low PSMA uptake (B, red arrows) and intensive 18F-FDG uptake (C, blue arrows).
18F-FDG has also shown additional liver metastases that were not detected by non–contrast-enhanced
CT or PSMA PET (C, arrowheads).
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statistically significantly different between those with (n 5 15) or
without an 18F-FDG/PSMA mismatch (n 5 22) finding (4.7 [95%
CI, 2.4–6.8] vs. 9.2 [95% CI, 3.3–14.3] mo, P 5 0.61; hazard ratio,
1.224, P 5 0.6), but this analysis was limited because of the low
number of patients (n 5 37). Patients not treated with 177Lu-PSMA
therapy did not have a statistically significantly different survival
time if they were VISION (spleen adjusted) eligible or not (4.7
[95% CI, 2.4–16.1] vs. 9.2 [95% CI, 3.3–14.3] mo, P 5 0.42; haz-
ard ratio, 0.73, P 5 0.4; Fig. 5).

Outcome of the Patients Receiving 177Lu-PSMA
Of the 89 analyzed patients referred to our department, 52

patients (58%) received 177Lu-PSMA therapy. PSA50RR of all
patients treated with 177Lu-PSMA was 51%. Of those patients
treated, 7 patients would not have been eligible for 177Lu-PSMA
therapy according to the PSMA-only (VISION-like, only liver
used as reference) analysis but were still treated because of the
clinical assessment. PSA50RR of those patients was not statisti-
cally significantly different from patients who were eligible (40%
vs. 52.4%, P 5 0.66). The overall survival time of patients who
were clinically treated with 177Lu-PSMA, although they should
have been excluded according to VISION reevaluation, was 7.46mo

(n 5 7; 95% CI, 5.2–18.3) in contrast to
12.4mo (95% CI, 4.7–20.1) of the patients
who were eligible and treated with 177Lu-
PSMA; the difference was not statistically
significant (P5 0.7).

DISCUSSION

In the present study, we investigated dif-
ferent imaging approaches to assess eligi-
bility for 177Lu-PSMA therapy and found
high agreement of PSMA-only and 18F-
FDG/PSMA mismatch assessment. Specifi-
cally, we explored the need for 18F-FDG
PET in addition to PSMA PET. Only 3%
of patients were deemed ineligible for ther-
apy in excess of a PSMA-only analysis
because of 18F-FDG/PSMA mismatch find-
ings on 18F-FDG and PSMA PET. Seven
patients (n 5 7/89; 8%, denominator: total

cohort) were excluded because of the PSMA-only VISION-like anal-
ysis but clinically treated with PSMA therapy, and this was only 3
patients (3%) if the reader used the PSMA-only modified VISION
criteria with liver as the reference organ for PSMA-11 and spleen for
PSMA-1007.

177Lu-PSMA therapy is an emerging treatment option in prostate
cancer, which builds on the theragnostics principle, meaning that
the diagnostic target can be used for whole-body imaging and ther-
apeutic approaches (14). The assessment of PSMA expression is
therefore a prerequisite to assess therapeutic eligibility (15). How-
ever, the rate of nonresponders is considerably high, motivating the
search for additional selective examinations before 177Lu-PSMA
therapy. The reason for this lies in the tumor biology of advanced
prostate cancer. Prostate cancer has a remarkable early tendency to
spread to distant organs; at the time of prostatectomy, up to 70% of
patients have prostate cancer cells in the bone marrow (16). This
may lead to a parallel progression of distinct cancer phenotypes
and dedifferentiation throughout the course of the disease, leading
to tumor heterogeneity (17). In fact, neuroendocrine transdifferen-
tiation may lead to loss of PSMA expression and often occurs in
liver metastases (18). Therefore, liver metastases are associated
with worse overall survival rate and require dedicated treatment,

FIGURE 3. Exemplary patient who showed 18F-FDG/PSMA mismatch that was not detected by
PSMA-only analysis. PSMA-11 PET/CT showed no significant CT correlate of bone lesions
(A), which have high PSMA uptake (B). However, 18F-FDG PET/CT showed more than 20 additional
bone lesions (C).

TABLE 2
Differences Between 177Lu-PSMA Eligibility Decisions Made by Our Department (Using 18F-FDG and PSMA PET) and

PSMA-Only (VISION-like) Reevaluation

Visual criteria used
for PET analysis

Eligibility
decision

Clinical 177Lu-PSMA eligibility decisions

Ineligible: mismatch
despite of sufficient

PSMA uptake

Ineligible: low
PSMA uptake and

mismatch
Ineligible: low
PSMA uptake

Eligible and
received therapy

PSMA-only criteria
(using liver)

Ineligible 0 13 4 7

Eligible 2 1 0 45

PSMA-only criteria
(using spleen/
liver for PSMA-
1007)

Ineligible 0 13 2 3

Eligible 2 1 2 49
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especially when 177Lu-PSMA therapy is used; otherwise, transdif-
ferentiated metastases without PSMA expression would not be ade-
quately targeted (19,20).
The assessment of tumor heterogeneity of advanced prostate can-

cer is challenging (21). Using PSMA PET alone, distinct uptake pat-
terns can be observed that are associated with distinct rates of overall
survival (22). Especially, low PSMA expression is associated with
short overall survival time (6,22,23). The PSMA expression is also
relevant to assess the PSMA tumor volume response to systemic
therapy; otherwise, decreasing PSMA tumor volume can be errone-
ously assessed as response to therapy, which could also represent
a reduction of differentiated tumor volume with an increase of de-
differentiated proportions (24). To this end, PSMA/18F-FDG mis-
match examination may be used; multitracer approaches may reveal

considerable tumor heterogeneity in prostate
cancer, especially in end-stage prostate can-
cer under PSMA therapy (25,26).
We have found a rate of patients with

mismatch findings of 18%, which is in line
with previous reports (27). Interestingly,
the overall survival rate of patients who
were not treated with PSMA therapy was
not different comparing patients with and
without mismatch finding (4.7 vs. 9.2mo,
P 5 0.61). However, a tendency to shorter
overall survival in case of mismatch is rec-
ognizable in the cohort of patients who did
not receive 177Lu-PSMA therapy. This could
indicate that the tumor phenotype may not
be adequately characterized by manual mis-
match analysis (i.e., searching for metastases
with a flip-flop phenomenon). We have pre-
sented the characteristics of patients who
have not received PSMA therapy in Supple-
mental Table 3 for those with and without a

mismatch finding. There was no difference regarding the levels of
PSA, lactate dehydrogenase, alkaline phosphatase, or hemoglobin.
However, a confounding effect could still be present, causing the
mismatch and nonmismatch groups to have a similar overall survival
by disguising a potential difference. Also, the finding might par-
tially be explained by the definition of mismatch; patients rated as
mismatch could potentially also show less PSMA uptake and would
therefore have been excluded from therapy in a PSMA-only VISION
analysis. In contrast, Michalski et al. (28) showed that patients
receiving 177Lu-PSMA therapy have a significantly shorter overall
survival in case of a mismatch finding. This could be in line with our
finding because we compared the implications of mismatch in a
cohort not treated with PSMA therapy; therefore, the lower PSMA
expression of patients with mismatch was not linked to treatment

FIGURE 4. Exemplary cases of patients referred to 177Lu-PSMA therapy. PSMA-11 PET imaging
showed destructive osseous metastasis with large PSMA-negative soft-tissue component (A, dashed
red circle). Therefore, patient was rated as not eligible for 177Lu-PSMA therapy by PSMA PET–only
VISION analysis. PSMA-1007 PET imaging demonstrates bone metastasis (B, arrow) with uptake
lower than liver (B, blue dashed circle), and thus VISION analysis excluded the patient from 177Lu-
PSMA therapy. In the modified VISION analysis using spleen instead of liver as threshold organ, the
patient was included as bone metastasis had higher uptake than spleen (B, red dashed circle).

FIGURE 5. Overall survival of entire cohort and patients not treated with 177Lu-PSMA therapy. Overall survival for total cohort of patients with appropri-
ate PET examinations is shown (A); patients treated with 177Lu-PSMA therapy have significantly longer overall survival time. Looking at patients who
were not treated with 177Lu-PSMA therapy, there was no statistically significant difference in patients with a mismatch finding compared with those with-
out (B). Likewise, patients excluded from 177Lu-PSMA therapy according to the PSMA-only VISION evaluation (spleen-adjusted threshold for PSMA-
1007 group) did not have shorter survival compared with excluded patients (C).
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efficacy. However, the potential value of 18F-FDG PET before
PSMA therapy start might be in assessing the prognosis of the
patient. Recently, it was shown that PSMA PET was predicting
response to PSMA therapy, whereas 18F-FDG PET was prognosticat-
ing the outcome (29). Therefore, 18F-FDG PET might have a valu-
able role in addition to the mismatch assessment.
In contrast to previous phase 2 trials, we did not require a specific

SUV threshold for therapy eligibility but used visual uptake higher
than liver (10,11). The TheraP study and earlier LuPSMA trial
required higher PSMA positivity for eligibility (SUVmax of 20 in
1 lesion and of 10 in remaining lesions or SUVmax higher than 1.5
times liver activity) (10,21). This higher threshold may select for
patients who respond better to 177Lu-PSMA but also withhold therapy
from many patients who would have benefited. We found that the liver
as the reference organ for PSMA-1007 may lead to the exclusion of
patients who were clinically treated with 177Lu-PSMA therapy. There-
fore, we proposed the spleen as an alternative reference organ for
patients imaged with PSMA-1007 before 177Lu-PSMA therapy, which
is in line with previous publications. For example, the spleen was
recently recommended as a reference organ for the PROMISE frame-
work (miTNM criteria) instead of the liver for PSMA ligands with
liver dominant excretion (30). Also, the spleen was used as reference
in a study comparing PSMA-11 and PSMA-1007 (31).

CONCLUSION

The combination of 18F-FDG and PSMA PET may help in the
assessment of tumor heterogeneity and dedifferentiation in end-
stage prostate cancer, yet only a small fraction of patients was
withheld from therapy because of 18F-FDG/PSMA mismatch find-
ings not detected by PSMA-only VISION analysis. Further studies
investigating the potential of 18F-FDG/PSMA imaging for predict-
ing treatment response to 177Lu-PSMA therapy are warranted.
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KEY POINTS

QUESTION: Is 18F-FDG PET needed to assess 177Lu-PSMA
therapy eligibility?

PERTINENT FINDINGS: The VISION-like analysis, which only
regarded PSMA PET and CT to assess eligibility for 177Lu-PSMA
therapy, resulted in a minor rate of patients who showed an
18F-FDG/PSMA mismatch finding that has been not detected;
therefore, the mismatch evaluation before the start of PSMA
therapy might be omitted. A spleen-adjusted threshold should
be used for PSMA-1007 imaging studies to assess therapy
eligibility.

IMPLICATION FOR PATIENT CARE: With careful evaluation,
PSMA PET/CT alone might be sufficient for 177Lu-PSMA therapy
eligibility assessment. However, further studies investigating the
potential of 18F-FDG/PSMA for outcome prognosticating of
patients treated with 177Lu-PSMA therapy are warranted.
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Unspecific 18F-PSMA-1007 Bone Uptake Evaluated Through
PSMA-11 PET, Bone Scanning, and MRI Triple Validation in
Patients with Biochemical Recurrence of Prostate Cancer
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18F-PSMA-1007 PET is used in the management of patients with pros-
tate cancer. However, recent reports indicate a high rate of unspecific
bone uptake (UBU) with 18F-PSMA-1007, which may lead to a false-
positive diagnosis. UBU has not been evaluated thoroughly. Here, we
evaluate the frequency of UBU and bone metastases separately for
18F-PSMA-1007 and 68Ga-PSMA-11 in biochemical recurrence (inter-
individual comparison). Additionally, we investigate UBU seen in
18F-PSMA-1007 through follow-up examinations (intraindividual com-
parison) using 68Ga-PSMA-11 PET, bone scintigraphy, and MRI.
Methods: First, all patients (n 5 383) who underwent 68Ga-PSMA-11
PET between January 2020 and December 2020 and all patients
(n 5 409) who underwent 18F-PSMA-1007 PET between January 2020
and November 2021 due to biochemical recurrence were included for
an interindividual comparison of bone metastases and UBU rate. In a
second approach, we regarded all patients with UBU in 18F-PSMA-
1007, characterized by focal bone uptake with an SUVmax . 4 and
prostate-specific antigen (PSA) # 5 ng/mL, who underwent additional
68Ga-PSMA-11 PET (n 5 17) (interindividual comparison). Of these, 12
patients also had bone scintigraphy and whole-body MRI within a 1- to
5-wk interval. Bone uptake seen on 18F-PSMA-1007 but not on any of
the other 4 modalities (CT, MRI [n 5 1], bone scanning, and 68Ga-
PSMA-11 PET) was recorded as false-positive. Results: Patients
scanned with 18F-PSMA-1007 PET had a significantly higher rate of
UBU than those scanned with 68Ga-PSMA-11 (140 vs. 64; P , 0.001);
however, the rate of bone metastases was not significantly different
(72 vs. 64; P5 0.7). In the intraindividual comparison group, workup by
CT, MRI, bone scanning, and 68Ga-PSMA-11 PET resulted in a positive
predictive value for 18F-PSMA-1007 focal bone uptake (mean SUVmax,
6.1 6 2.9) per patient and per lesion of 8.3% and 3.6%, respectively.
Conclusion: In patients with PSA# 5 ng/mL and SUV. 4 at biochemi-
cal recurrence, most 18F-PSMA-1007 focal bone uptake is likely to be
false-positive and therefore due to UBU. In the case of low clinical like-
lihood of metastatic disease, 18F-PSMA-1007 bone uptake without
morphologic surrogate should be assessed carefully with regard to
localization and clinical context. However, the rate of bone metastases
was not higher with 18F-PSMA-1007 in the clinical routine, indicating
that experienced reporting physicians adjust for UBU findings.

KeyWords: prostate cancer; PET; PSMA-11; PSMA-1007

J Nucl Med 2023; 64:738–743
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Up to 60% of prostate cancer patients develop biochemical recur-
rence (BCR) after initial radiotherapy or radical prostatectomy in 10 y
of follow-up (1). Local salvage therapy and complete metastatic abla-
tion of oligometastatic prostate cancer may provide a curative pathway
and an alternative to initiation of palliative androgen deprivation ther-
apy (2). Therefore, to determine location and extent of recurrent PC is
of the utmost importance for directing salvage therapy.
The recent European Association of Urology Prostate Cancer

guideline recommended that prostate-specific membrane antigen
(PSMA) PET should be offered to BCR patients with a persistent
prostate-specific antigen (PSA) level greater than 0.2 ng/mL if the
results will influence subsequent treatment decisions (3). PSMA
PET readers need proper training, as each PSMA ligand features
distinct characteristics (4,5).
More recently, 68Ga-labeled PSMA ligands are increasingly re-

placed by 18F-labeled compounds offering mostly technical and logis-
tic advantages including lower positron energy; improved spatial
resolution; longer half-life; high-yield production in cyclotrons; and
large batch production, thereby enabling long-distance distribution and
potential cost savings (4). Moreover, 18F-PSMA-1007 exhibits blood
clearance through the liver that leads to only minimal urinary excre-
tion, yielding potential advantages for pelvic tumor assessment (6,7).
However, unspecific bone uptake (UBU) on 18F-PSMA-1007 PET,
reported in a considerable fraction of patients, may lead to false-
positive findings as metastasis; this in turn may result in overstaging,
leading to inadequate therapy (4,8,9). However, despite large observa-
tional data, UBU have not been correlated systematically by other
imaging, including 68Ga-PSMA-11 PET/CT, MRI, and bone scanning.
Therefore, the aim of this study was 2-fold. First, we evaluated the

rate of UBU and bone metastases reported in clinical reads separately
for 18F-PSMA-1007 and 68Ga-PSMA-11 PET to estimate the rele-
vance of UBUs (interindividual group). Second, we present a single-
center experience with 18F-PSMA-1007 UBU in 17 patients, who
underwent follow-up examinations to clarify the nature of the bone
uptake. In those patients, we evaluated 18F-PSMA-1007 UBUs
intraindividually with bone scanning, 68Ga-PSMA-11 PET, and MRI.
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MATERIALS AND METHODS

Patient Characteristics
Patient characteristics are shown in Table 1 and Supplemental Table 1

(supplemental materials are available at http://jnm.snmjournals.org). All
patients were recruited at the Department of Nuclear Medicine of the Uni-
versity Hospital Essen. The analysis was performed retrospectively, and
the need for study-specific written consent was waived (Ethics approval
no. 22-10694-BO and 21-9865-BO). Briefly, 2 patient cohorts were inves-
tigated: First, the rate of UBU and bone metastases in all patients scanned
with 68Ga-PSMA-11 in the last year before the introduction of 18F-
PSMA-1007 was compared with the respective rates in all patients
scanned with 18F-PSMA-1007 in the first year of its use in our Depart-
ment (interindividual comparison group). Additionally, patients who
received 18F-PSMA-1007 and underwent 68Ga-PSMA-11 due to 18F-
PSMA-1007 UBU clinical workup were included (intraindividual group).

Inclusion Criteria of the Interindividual Comparison Group
All patients who received 68Ga-PSMA-11 PET between January 2020

and December 2020 and all patients who received 18F-PSMA-1007 PET
between January 2020 and November 2021 were regarded for the interin-
dividual comparison group. Of these, 383 and 409 patients were referred
to PET due to BCR or persistence and further analyzed with regard to
the rate of UBU and bone metastases. For this group of patients, bone-
related imaging findings were retrospectively extracted from our archives
regardless of the finding’s SUVmax and regardless of preimaging prostate-
specific antigen (PSA) values in the case of histologically proven prostate

cancer and biochemical recurrence (BCR) or PSA persistence without
any known metastases.

The incidence of UBU and bone metastases on 18F-PSMA-1007
and 68Ga-PSMA were compared in different preimage PSA–level
groups (PSA , 1 ng/mL vs. 1–5 ng/mL vs. . 5 ng/mL).

Inclusion Criteria of the Intraindividual Comparison Group
The SUVmax of UBU was reported among different studies with similar

image acquisition, and the measurements ranged between 3.6 and 21.1
(4,10). Therefore, in this study, UBU was defined as focally increased
18F-PSMA-1007 uptake in the bone with an SUVmax higher than 4 and
clear visualization in the maximum-intensity-projection images without
CT correlate (no lytic or osteoplastic reaction). Patients with 18F-PSMA-
1007 PET UBU were offered additional workup in the case of histologi-
cally proven prostate cancer, BCR of prostate cancer, PSA levels at the
time of imaging# 5 ng/mL, and no known distant metastases.

Patients underwent additional clinical whole-body 68Ga-PSMA-11
PET/MRI and bone scanning (together with SPECT/CT). Patient data-
sets were analyzed retrospectively.

Imaging and Image Interpretation of the Intraindividual
Comparison Group

Tracer precursors (PSMA-11 and PSMA-1007) were obtained from
ABX advanced biochemical compounds (ABX GmbH). 18F-PSMA-
1007 and 68Ga-PSMA-11 were synthesized on site using a kit-based
approach on automated platforms with comprehensive pH, radiochem-
ical, chemical, and radionuclide purity control tests.

After intravenous injection (1116 20 min) of 18F-PSMA-1007 (350.66
61.8 MBq), PET/CT was obtained between the base of the skull and mid-
thighs with the patient supine. A Biograph Vision and Biograph mCT were
used for image acquisition (all: Siemens Healthineers). Full-dose CT was
acquired for attenuation correction (210 mAs, 120 keV, 5123 512 matrix,
128 3 0.6 mm slice thickness). PET emission data were attenuation
corrected by help of the CT data and iteratively reconstructed (Vision—4
iterations; 5 subsets; voxel size, 3.33 3.33 3 mm3; Gauss filtering, 4 mm,
and mCT—3 iterations; 21 subsets; voxel size; 4.07 3 4.07 3 3 mm3;
Gauss filtering; 4 mm) with time-of-flight information and point-spread
function correction (HD PET).

68Ga-PSMA-11 PET/MR (n 5 14) or PET/CT (n 5 3) was used to
acquire coregistrated images. The mean injected dose and mean imaging
delay were 133.36 81.2 MBq and 676 14 min, respectively. PET/MRI
examination was performed with an integrated 3.0-T Biograph mMR
scanner (Siemens Healthineers), and simultaneous PET and 3D Dixon-
volumetric interpolated breath-hold examination (VIBE) sequences for
MRI-based scatter correction were performed, followed by a standardized
whole-body MRI protocol. The following MR sequences of choice were
acquired: high-resolution T2-weighted fast spin-echo sequences (axial,
coronal, and sagittal planes), diffusion-weighted sequences (b values,
b5 0, 500, 1,000 s/mm2), and dynamic contrast-enhanced imaging sequences
(namely, T1-weighted VIBE sequence obtained every 7 s during 5–10 min).
PET emission data were iteratively reconstructed (3 iterations; 21 subsets;
voxel size, 2.093 2.093 2.03mm3, Gauss filtering, 4 mm).

Whole-body planar bone scintigraphy imaging was performed after
2.5–4 h of the administration of the median dose of 628.5 MBq (range,
584–652 MBq) 99mTc-3,3-diphosphono-1,2-propanodicarboxylic acid
radiopharmaceutical in a continuous mode at a rate of 15 cm/min on a
256 3 1,024 acquisition matrix of anterior and posterior planes with a
dual-head g-camera equipped with a low-energy, high-resolution colli-
mator (Symbia T2 or Intevo; Siemens Healthineers). In all cases of
uncertain radionuclide accumulations on bone scan, SPECT/CT images
were acquired (15 s/view step and shoot with 1283 128 matrix).

The time interval between the PET image acquisitions was between 1
and 5 wk. Images were interpreted using a dedicated workstation and soft-
ware (SyngoVia; Siemens). All available imaging modalities were present

TABLE 1
Patient Characteristics (n 5 17)

Characteristic Data

Median age (y) 71 (69.5–74)

Initial T (n)

T1 0

T2 5 (29.5%)

T3 8 (47%)

T4 0

Unknown 4 (23.5%)

Gleason score (n)

3 1 3 1 (5.9%)

3 1 4 2 (11.8%)

4 1 3 5 (29.4%)

4 1 4 2 (11.8%)

5 1 5 1 (5.9%)

Unknown 6 (35.3%)

Previous therapy to prostate (n)

Radical prostatectomy 17 (100%)

Additional adjuvant/salvage
radiotherapy

8 (47.1%)

Blood levels

Median PSA (ng/mL) 0.5 (0.2–1)

Median ALP (IU/L) 70 (55–83)

Median bone-specific ALP 12.7 (11.5–17.8)

IQR 5 interquartile range; ALP 5 alkaline phosphatase.
Data in parentheses are IQRs, unless otherwise specified.
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for retrospective image reading. All PET and bone scintigraphy images
were interpreted by 2 nuclear medicine physicians, and MR images were
interpreted by 2 radiologists. Two nuclear medicine physicians performed
semiquantitative analyses of the PET data retrospectively in consensus. For
example, a focal bone uptake of 18F-PSMA-1007 (Fig. 1A) showing con-
trast enhancement (Fig. 1D), diffusion restriction (Fig. 1E), and radiotracer
uptake in 68Ga-PSMA PET (Fig. 1B) and bone scintigraphy (Fig. 1C) was
rated as bone metastasis. Conversely, a focal 18F-PSMA-1007 uptake of
the bone without any suspicious finding on bone scan, 68Ga-PSMA-11,
and MRI was rated as false-positive (Figs. 1F–1H).

Statistical Analysis
SPSS Statistics (version 22; IBM Inc.) was used for statistical ana-

lyses. The compliance of variables to normal distribution was deter-
mined using the Kolmogorov–Smirnov test. Patient characteristics were
presented as median (interquartile range [IQR] or range) or mean 6 SD
in accordance with the data distribution. The x2 or Pearson goodness-of-
fit tests were used to compare the differences of bone metastases and
UBU in between 2 PSMA PET agents. A P value of less than 0.05 was
considered statistically significant. A Sankey diagram was designed with
the online Diagram Generator (Acquire Procurement Services, http://
sankey-diagram-generator.acquireprocure.com).

RESULTS

Rate of Reported Bone Metastases and UBU in the
Interindividual Group (Comparing 68Ga-PSMA-11 and
18F-PSMA-1007 Cohorts, n 5 792)
A total of 792 PSMA PET scans of patients with BCR were

included (n5 409 for 18F-PSMA-1007 and n5 383 for 68Ga-PSMA-
11) to evaluate the frequency of UBU and bone metastases. Among
the patients who were imaged with 18F-PSMA-1007, 332 (81.2%),
33 (8%), 13 (3.2%), 3 (0.1%), and 115 (28.1%) patients underwent

radical prostatectomy, definitive radiotherapy,
transurethral prostate resection, local ablative
treatments, and adjuvant/salvage radiotherapy
as previous local therapy, respectively.
Among the patients who were imaged with
68Ga-PSMA-11, 324 (84.6%), 28 (7.3%), 7
(1.8%), 1 (0.2%), and 99 (25.8%) patients
underwent radical prostatectomy, definitive
radiotherapy, transurethral prostate resection,
local ablative treatments, and adjuvant/
salvage radiotherapy as previous local ther-
apy, respectively. Overall, there was no statis-
tically significant difference for the bone
metastases rate when the final reports of 18F-
PSMA-1007 and 68Ga-PSMA-11 were com-
pared (72 vs. 64; P 5 0.7). Stratifying by
PSA value, 229 of 397 (57.7%) patients
undergoing 18F-PSMA-1007 and 201 of 360
(55.8%) patients undergoing 68Ga-PSMA-11
PET had PSA levels lower than 1ng/mL.
A fraction of the 138 of 397 (34.8%) patients
undergoing 18F-PSMA-1007 and the 147
of 360 (40.8%) patients undergoing 68Ga-
PSMA-11 PET had PSA levels between 1
and 5ng/mL. Thirty of 397 (7.6%) patients
undergoing 18F-PSMA-1007 and 12 of 360
(3.3%) patients undergoing 68Ga-PSMA-11
PET had .5ng/mL of PSA. There was no
statistically significant difference of bone
metastasis detection between 18F-PSMA-1007

and 68Ga-PSMA-11 among different PSA groups (P 5 0.2, 0.2, and
0.6 for PSA levels groups , 1ng/mL, 1–5ng/mL, and . 5ng/mL,
respectively) (Fig. 2).
UBU was reported at a significantly higher rate with 18F-PSMA-

1007 than it was in the 68Ga-PSMA-11 group (140 [34.2%] vs. 64
[16.7%]; P , 0.001). Moreover, there was at least 1 identifiable
benign bone lesion with focal PSMA uptake in 22 (5.4%) and 11
(2.9%) of the 18F-PSMA-1007 and 68Ga-PSMA-11 PET reports,
respectively. There was no significant difference between the PSA-
level groups and UBU rate for both agents (P 5 0.4 and 0.6,
respectively, for 18F-PSMA-1007 and 68Ga-PSMA-11).

FIGURE 1. Exemplary cases of UBU regarded as true-positive and false-positive. Axial slices of a
patient with suspected UBU on 18F-PSMA-1007 PET (A, arrow). Suggestive uptake was seen on
68Ga-PSMA-11 PET/MRI (B, arrow) and on bone scan SPECT/CT (C, arrow). Corroborating these
findings, the MRI showed contrast enhancement (D, arrowhead) and diffusion restriction (E, arrow-
head). Therefore, the bone uptake was rated as true-positive. A second patient is shown in F–H.
Axial slices of a patient with unspecific 18F-PSMA-1007 uptake rated as false-positive in left inferior
pubic ramus (SUVmax, 5.6) without any CT correlate (F, arrow) are shown. There was no suspicious
finding either in 68Ga-PSMA-11 PET/MRI (G, dashed circle) or bone SPECT/CT (H, dashed circle).
Therefore, this bone uptake was considered as false-positive.

FIGURE 2. Frequency of bone metastases is presented separately for
PSA groups and PET tracers (18F-PSMA-1007 or 68Ga-PSMA-11). There
was no statistically significant difference of bone metastasis detection
between 18F-PSMA-1007 and 68Ga-PSMA-11 among 3 different PSA level
groups. mets5 metastasis.
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Patient Characteristics of the 18F-PSMA-1007 and 68Ga-PSMA-
11 PET Intraindividual Comparison Cohort (n 5 17)
Seventeen prostate cancer patients (mean age, 70.9 y; median

duration of disease, 43.7mo [IQR, 18.6–122.9]) underwent both
68Ga-PSMA-11 and 18F-PSMA-1007 PET due to clinical indica-
tion. The median time interval between PET scans was 22 d (IQR
8.0–29.5) days. Most patients were also evaluated with bone scan-
ning and SPECT/CT (n 5 14) and whole-body MRI (n 5 15), and
12 patients were evaluated with all 4 modalities. All the patients
had PSA recurrence after radical prostatectomy, and 8 of 17
patients also had undergone adjuvant or salvage radiation therapy.
Twelve of 17 patients had a PSA level lower than 1, and 5 of 17
had PSA levels between 1 and 5 ng/mL. Further characteristics of
the patients are outlined in Table 1.
Local recurrence was detected on 18F-PSMA-1007 in 7 (41.1%)

of the patients with a median SUVmax of 8.1 (range, 3.48–24.6);
41.1% (7/17) of the patients were rated as pelvic lymph node–
positive on 18F-PSMA-1007 PET. The median SUVmax and size of
the most prominent pelvic lymph node was 10.9 (range, 3.2–37.6)
and 0.5 cm (range, 0.4–1.2), respectively. Moreover, 4 patients
were staged as extrapelvic lymph node–positive (n 5 2 inguinal
and 2 retroperitoneal; median SUVmax 5 5.1 [range: 3.4–10.2]) by
18F-PSMA-1007 PET.

Intraindividual Analysis of 18F-PSMA-1007 Bone Uptake by
Bone Scanning and 68Ga-PSMA-11 PET/MRI
In 18F-PSMA-1007 PET, 34 suggestive bone uptake findings

(in 17 patients) were seen (Supplemental Figs. 1–17 for details
on patients). Evaluation of the UBUs and final decisions are sum-
marized in Figure 3. Eleven patients (64.7%) showed unifocal,
4 patients (23.5%) showed oligofocal, and 2 patients (11.8%)

showed multifocal 18F-PSMA-1007 bone uptake without any cor-
relative lesion on CT (n 5 13 ribs, n 5 10 pelvis, n 5 4 vertebrae,
n 5 3 scapula, n 5 2 sternum, n 5 1 clavicula, n 5 1 humerus
head). Distribution of the false-positive bone uptake on 18F-PSMA-
1007 is presented in Figure 4.
The per-patient true-positive rate was 8.3%, the per-lesion (n 5 28)

true-positive rate was 3.6%; the positive predictive value of bone
uptake seen in 18F-PSMA-1007 PET was 8.3% (95% CI, 27%–

23.8%) per patient (n 5 12) and 3.6% (95% CI, 23.3%–10.5%) per
lesion (n 5 28) (only n 5 12 patients with all modalities, that is,
MRI, bone scanning, and 68Ga-PSMA-11 PET, were included).

One lesion with PSMA expression (SUVmax 6.7 and 3 on 18F-
PSMA-1007 and 68Ga- PSMA-11 PET, respectively) in the left
ischiopubical junction without any correlative CT lesion was
regarded as true-positive because it was also positive on the bone
scan and showed contrast enhancement on T1-weighted images
with diffusion restriction on MRI (Fig. 1). The patient with true-
positive pelvic bone metastasis had a PSA level of 0.91 ng/mL,
PSA doubling time of 1mo, 83 IU/L of alkaline phosphatase, and
21.5 ug/L of bone-specific alkaline phosphatase.
One lesion with PSMA expression (SUVmax 6.1 and 2.3 on 18F-

PSMA-1007 and 68Ga-PSMA-11 PET, respectively) without any
significant CT correlation was evaluated as enchondroma on MRI
(Supplemental Fig. 17). Follow-up examinations of the bone find-
ings are summarized in Figure 3.
All other sites of 18F-PSMA-1007 focal bone uptake were rated

as false-positive and likely UBU.

DISCUSSION

In this article, we investigated 18F-PSMA-1007 PET UBU in
patients with BCR by 68Ga-PSMA-11 PET, MRI, and bone scanning

correlation. In patients with correlative im-
aging, the positive predictive value of 18F-
PSMA-1007 PET for bone metastases was
very low. We present a systematic confirma-
tion of 18F-PSMA-1007 PET UBU. How-
ever, the higher rate for 18F-PSMA-1007 than
for 68Ga-PSMA-11 PET did not translate into
more frequent diagnosis of bone metastases if
images were read by experienced readers.
PSMA PET has become the reference

standard examination of the staging and re-
staging of patients with prostate cancer
(11,12). It was shown previously that PSMA
PET is superior to CT and bone scanning in
primary staging of patients with high-risk
prostate cancer (12). PSMA-11 was assessed
in most prospective trials on PSMA-directed
imaging, which led to recent Food and
Drug Administration approval. Several other
PSMA ligands have been studied. For exam-
ple, 18F-DCF-Pyl showed high diagnostic
accuracy and was also approved by the Food
and Drug Administration (13). Head-to-head
comparison of 18F-DCF-Pyl and 18F-PSMA-
1007 revealed near equal tumor detection in
a small group of patients with newly diag-
nosed prostate cancer (14). In France, the
ligand 18F-PSMA-1007 is available through
expanded access.

FIGURE 3. Sankey Diagram summarizing the evaluation of UBUs seen in 18F-PSMA-1007 PET.
BS 5 bone scan; FP 5 false-positive; TP 5 true-positive; PSMA 5 prostate-specific membrane
antigen; § 5 no suspicious finding; ⨁ 5 suspicious finding. A total number of 34 UBUs were
detected on 18F-PSMA-1007 PET. One lesion was regarded as true-positive (bone metastasis) and
1 lesion was rated as benign because of characteristic MRI findings. Thirty-three UBU were rated as
false-positive on 18F-PSMA-1007 PET and 4 instances of false-positive bone uptake were seen on
68Ga-PSMA-11 PET (triple validation was only available in a subcohort).
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PSMA ligands show comparable tumor uptake and distribution,
but also have distinctive biodistribution features (5). 18F-PSMA-
1007 has a liver-dominant excretion, which offers advantages for
the assessment of local prostate cancer infiltration (6). Because of
lesser ligand accumulation in the bladder, the differentiation
between true tracer uptake and urinary background activity is often
easier, which facilitates the detection of local recurrence.
The rise of 18F-PSMA-1007 is mainly caused by the ease of

cyclotron-based 18F-fluorine production, which enables the synthe-
ses of larger quantities of PSMA ligands compared with 68Ga
generators (4). Additionally, 18F-fluorine offers a longer half-life
than 68Ga, enabling an optimized patient management (4). More-
over, the lower positron energy of 18F enables a higher spatial
resolution and higher signal-to-background ratio than 68Ga (4).
Despite these benefits of 18F-PSMA-1007, it has been reported that

the rate of UBU is notably higher than that of 68Ga-PSMA-11 (8,15).
In our study, 33 UBUs have been reported for 18F-PSMA-1007 PET
and 4 for 68Ga-PSMA-11 (triple validation was available only in a
subcohort). This makes the clear delineation of bone metastases chal-
lenging in patient cohorts in which bone metastases have a low preva-
lence, such as in men with biochemically recurrent prostate cancer at
low PSA level. The false-positive assessment of bone uptake may
potentially lead to inadequate treatment when anticipating that 18F-
PSMA-1007 has the same high specificity of other PSMA ligands.
UBU has also been reported in other PSMA-targeting tracers.

For example, preliminary reports indicate that rhPSMA-7 also
shows UBU (16). The cause of UBU is not yet known. Unconju-
gated fluorine, activated bone marrow granulocytes (15), and
PSMA expression in nonprostate cancer tissue have been discussed
previously (17,18).
Interestingly, UBUs of 18F-PSMA-1007 show a distinct distribu-

tion pattern. Especially, uptake in the ribs and pelvis can be
observed, yet the explanation for this is unknown. Despite a higher
UBU rate for 18F-PSMA-1007, the rate of bone metastases was not
different in the cohorts of patients imaged with 18F-PSMA-1007

versus 68Ga-PSMA-11 in patients with BCR. For this, all patients
scanned in the year before transition to 18F-PSMA-1007 were com-
pared with all patients scanned in the year after the tracer switch.
This observation indicates that experienced nuclear medicine physi-
cians can detect the UBU pattern and identify the lesions as un-
specific. The distinctive pattern of UBU at the above-described
locations may contribute to this observation. Current knowledge on
UBU for 18F-PSMA-1007 and radioligands with similar bone pat-
tern should be summarized in a comprehensive reader training
before local implementation of these tracers.
This study comes with limitations. First, the comparisons of

patient cohorts before and after the change of PSMA tracers (from
68Ga-PSMA-11 to 18F-PSMA-1007) were analyzed retrospec-
tively. Therefore, the analysis might be prone to selection bias and
missing information. In the subgroup of patients undergoing MRI,
bone scanning, and 68Ga-PSMA-11 as well as18F-PSMA-1007
PET, the additional PSMA PET and bone scintigraphy were per-
formed only when clinically indicated and after patient approval
and the data collection was done retrospectively. Therefore, our
cohort with 4 imaging assessments was relatively small, and the
results may not be transferable to larger cohorts. Finally, histopa-
thologic confirmation and follow-up imaging were not acquired for
this study.

CONSLUSION

In patients with BCR of prostate cancer and PSA # 5 ng/mL,
focal bone uptake on 18F-PSMA-1007 PET (SUV . 4) was most
often false-positive/UBU when compared with 68Ga-PSMA-11
PET, MRI, and bone scanning. 18F-PSMA-1007 false-positive/
UBU findings were most commonly located in the ribs and pelvis.
Bone uptake in 18F-PSMA-1007 and 18F radioligands with similar
bone pattern should therefore be evaluated carefully with regards to
the location and clinical context. Most likely due to reader experi-
ence, the rate of bone metastases was not higher when clinical
cohorts of patients with BCR imaged with 68Ga-PSMA-11 and 18F-
PSMA-1007 were compared. To prevent false bone upstaging and
consequently incorrect therapy management of the patients, 18F-
PSMA-1007 PET should be performed by experienced physicians
with knowledge of UBU distribution pattern and characteristics
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FIGURE 4. Anatomic distribution of UBU seen on 18F-PSMA-1007 PET.
Thirty-two instances of bone uptake were seen on 18F-PSMA-1007 PET
(in multiple regions) and 4 instances of bone uptake were seen on 68Ga-
PSMA-11 (all located in ribs). Most common UBU localizations for 18F-
PSMA-1007 were ribs and pelvis.
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KEY POINTS

QUESTION: How clinically relevant is the previously reported
occurrence of UBU on 18F-PSMA-1007 PET in prostate cancer?

PERTINENT FINDINGS: Bone uptake seen on 18F-PSMA-1007
PET in patients with BCR, PSA # 5 ng/mL, and SUV . 4 is
likely false-positive. Common locations for false positive
findings were ribs and pelvis. However, in the clinical routine,
the rate of reported bone metastases of patients imaged
with 18F-PSMA-1007 or 68Ga-PSMA-11 is comparable,
indicating that reporting physicians adapt to the tracer
characteristics.

IMPLICATIONS FOR PATIENT CARE: When metastatic disease
is suspected in biochemical recurrent prostate cancer, osseous
18F-PSMA-1007 uptake without morphologic correlate has to be
carefully assessed.
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A Pilot Study of 68Ga-PSMA11 and 68Ga-RM2 PET/MRI for
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Targeting of lesions seen on multiparametric MRI (mpMRI) improves
prostate cancer (PC) detection at biopsy. However, 20%–65% of highly
suspicious lesions on mpMRI (PI-RADS [Prostate Imaging-Reporting
and Data System] 4 or 5) are false-positives (FPs), while 5%–10% of
clinically significant PC (csPC) are missed. Prostate-specific membrane
antigen (PSMA) and gastrin-releasing peptide receptors (GRPRs) are
both overexpressed in PC. We therefore aimed to evaluate the potential
of 68Ga-PSMA11 and 68Ga-RM2 PET/MRI for biopsy guidance in
patients with suspected PC. Methods: A highly selective cohort of 13
men, aged 58.0 6 7.1 y, with suspected PC (persistently high prostate-
specific antigen [PSA] and PSA density) but negative or equivocal
mpMRI results or negative biopsy were prospectively enrolled to
undergo 68Ga-PSMA11 and 68Ga-RM2 PET/MRI. PET/MRI included
whole-body and dedicated pelvic imaging after a delay of 20 min. All
patients had targeted biopsy of any lesions seen on PET followed by
standard 12-core biopsy. The SUVmax of suspected PC lesions was col-
lected and compared with gold standard biopsy.Results: PSA and PSA
density at enrollment were 9.8 6 6.0 (range, 1.5–25.5) ng/mL and
0.20 6 0.18 (range, 0.06–0.68) ng/mL2, respectively. Standardized sys-
tematic biopsy revealed a total of 14 PCs in 8 participants: 7 were csPC
and 7were nonclinically significant PC (ncsPC). 68Ga-PSMA11 identified
25 lesions, of which 11 (44%) were true-positive (TP) (5 csPC). 68Ga-
RM2 showed 27 lesions, of which 14 (52%) were TP, identifying all
7 csPC and also 7 ncsPC. There were 17 concordant lesions in 11
patients versus 14 discordant lesions in 7 patients between 68Ga-
PSMA11 and 68Ga-RM2 PET. Incongruent lesions had the highest rate
of FP (12 FP vs. 2 TP). SUVmax was significantly higher for TP than FP
lesions in delayed pelvic imaging for 68Ga-PSMA11 (6.49 6 4.14 vs.
4.05 6 1.55, P 5 0.023) but not for whole-body images, nor for 68Ga-
RM2. Conclusion: Our results show that 68Ga-PSMA11 and 68Ga-RM2
PET/MRI are feasible for biopsy guidance in suspected PC. Both radio-
pharmaceuticals detected additional clinically significant cancers not
seen on mpMRI in this selective cohort. 68Ga-RM2 PET/MRI identified
all csPC confirmed at biopsy.

Key Words: 68Ga-RM2; 68Ga-PSMA11; biopsy guidance; PET/MRI;
prostate cancer
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The most common pathway to diagnose prostate cancer (PC) is
through prostate needle biopsy driven by high serum prostate-
specific antigen (PSA). PSA is a highly sensitive but not very spe-
cific marker for PC. Therefore, relying solely on elevated PSA for
prostate biopsy leads to unnecessary biopsies with negative results or
overdiagnosing of nonclinically significant PC (ncsPC) (1). Transrec-
tal ultrasound (TRUS) is widely available and used to guide prostate
biopsies. It consists of systematic sampling of the entire prostate
using 12 passes through the rectum or perineum. This standardized
procedure can miss cancers located in the prostate anteriorly (2).
Multiple trials showed that multiparametric MRI (mpMRI)–guided
prostate biopsy had higher accuracy in detecting clinically significant
PC (csPC), that is, Gleason score $ 3 1 4, than TRUS (3–5). How-
ever, 20%–65% of suspicious lesions on mpMRI (PI-RADS [Pros-
tate Imaging-Reporting and Data System] 4 or 5) are false-positives
(FPs), while 5%–10% of csPC may be missed by mpMRI (6–10).
Like TRUS, mpMRI also has blind spots in the transition and central
zone of the prostate where PC lesions may be overlooked (11).
PET combined with MRI and prostate-specific membrane antigen

(PSMA) targeting radiopharmaceuticals improved PC imaging signifi-
cantly. However, PSMA-targeted compounds have certain limitations
related to expression in other normal tissues and pathologies, while
up to 10% of PC are PSMA-negative (12,13). 68Ga-RM2 is a PET
radiopharmaceutical that targets gastrin-releasing peptide receptors
(GRPRs), which are highly overexpressed in PC, while benign pros-
tate tissues show lower expression (14). GRPR expression is particu-
larly high at earlier stages of prostatic carcinogenesis, making it an
interesting target for initial staging (15,16). PSMA- and GRPR-
targeting radiotracers have been reported as being complementary
(17,18). 68Ga-PSMA11 PET/CT–targeted prostate biopsy showed a
high accuracy of 80.6% (19) whereas 68Ga-PSMA11 PET/MRI, with
its high soft-tissue contrast and various functional sequences, per-
formed better, with an accuracy of 90% (20).
In this prospective pilot study, we aimed to evaluate the poten-

tial of combined 68Ga-PSMA11 and 68Ga-RM2 PET/MRI for
biopsy guidance in a highly selective patient cohort who had prior
negative or equivocal mpMRI (PI-RADS 1–3) results or prior neg-
ative prostate biopsy but persistent elevated PSA and PSA density,
therefore considered highly suspicious of having PC. We also
assessed the potential for detection of csPC.

MATERIALS AND METHODS

Participants
Participants with negative or equivocal mpMRI (PI-RADS 1–3)

results or prior negative prostate biopsy with clinical suspicion for PC,
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defined as persistently elevated and rising PSA and PSA density, were
prospectively enrolled and underwent either 68Ga-PSMA11 PET/MRI
first followed by 68Ga-RM2 PET/MRI within 2 wk or vice versa. This
prospective, open-label, Health Insurance Portability and Accountabil-
ity Act–compliant study was approved by the local institutional review
board and was registered on ClinicalTrials.gov (NCT03809078). All
patients provided written informed consent. The intended total number
of participants was 20; however, the Food and Drug Administration
approval for 68Ga-PSMA11 during the timeline of the protocol made
funding and completion of planned enrollment unfeasible.

Scanning Protocols
PET/MRI. Imaging was performed using a 3T time-of-flight–enabled

PET/MRI scanner (SIGNA PET/MRI; GE Healthcare), as previously
described (17,21). Image acquisition started at 46 6 3 (range, 40–51) min
after injection of 1766 39 (range, 81–208) MBq of 68Ga-PSMA11 and at
45 6 3 (range, 40–49) min after injection of 139 6 9 (range, 116–155)
MBq of 68Ga-RM2. Simultaneous PET/MRI was acquired from vertex to
midthigh with an acquisition time of 4 min per bed position. Additional
dedicated 20-min pelvic images were acquired after a delay of 26 6 6
(range, 19–41) min for 68Ga-PSMA11 and 25 6 6 (range, 13–38) min for
68Ga-RM2. The PET/MRI scans were acquired 76 3 (range, 2–12) d apart.
Synthesis of 68Ga-PSMA11 and 68Ga-RM2 was previously described (17).
mpMRI. mpMRI was performed as routine clinical scanning before

prostate biopsy using a 3T scanner (MR750; GE Healthcare) with an
external 32-channel body array coil. The imaging protocol consisted of
T2-weighted imaging, diffusion-weighted imaging, and dynamic contrast-
enhanced imaging sequences. Diffusion-weighted imaging was obtained
using a combination of b-values (b50/800/1,400/calculated 2,000 s/mm2).
Detailed acquisition parameters were previously described (22).

Image Analysis
Two nuclear medicine physicians reviewed and analyzed PET images

independently and in random order. Any focal uptake of 68Ga-RM2 or
68Ga-PSMA11 with an SUVmax above adjacent prostate background and
not associated with physiologic accumulation was recorded as suspicious
for PC. A region of interest was drawn over suspected lesions to measure
SUVmax and SUVpeak and served as an identification marker. SUVpeak is
defined as the average SUV within a small, fixed-size region of interest
(1 cm3) (23). The MR portion was used for anatomic and lesion (if any
were seen) correlation. For segment-based sensitivity and specificity cal-
culation, the prostate was divided into the same 12 segments as for sys-
tematic prostate biopsy on MR images.

mpMRI was analyzed using the PI-RADS criteria, version 2 (24).
Lesions with a PI-RADS score $ 3 were recorded. A PI-RADS score
of 3 was considered equivocal, PI-RADS of 4 likely, and PI-RADS 5
highly likely for PC.
Prostate Biopsy. Prostate biopsies were performed transrectally

under peripheral nerve block anesthesia by a single urologist. 68Ga-
RM2 and 68Ga-PSMA PET/MRI and mpMRI were reviewed by the
urologist, radiologist, and nuclear medicine physician. Any PET-
positive lesions were annotated on the correlating mpMRI. The trans-
rectal ultrasound probe (Noblus; Hitachi Aloka) was attached to the
robotic arm of a prostate fusion biopsy system (Eigen/Artemis), which
enabled registration and fusion of mpMRI with real-time ultrasound to
create a 3-dimensional model of the prostate with delineated annota-
tions. PET-guided biopsy included a maximum of 3 cores per target
lesion. Next, systematic 12-core biopsy was obtained consisting of 1
core through the apex, mid, and base regions, both medially and later-
ally, from left and right prostate lobes (25,26).

Statistical Analysis
Statistical analysis was performed using Stata 16.1 (StataCorp LP)

and R version 4.1.1 (r-project.org). Continuous data are presented as

median 6 SD, minimum (min)–maximum (max) values. Sensitivity
and specificity are given in percentage with 95% CI. A Student t test
was used to assess significance between SUV of whole-body and
delayed pelvic imaging. Comparison between biopsy-positive and
biopsy-negative prostate segments for PI-RADS and SUVmax was
done by Wilcoxon rank-sum testing adjusted for clustering.

RESULTS

Thirteen men, aged 58.0 6 7.1 y (range, 41.0–69.0 y), with sus-
pected PC were prospectively enrolled. PSA and PSA density at
the time of PET/MRI were 9.8 6 6.0 (range, 1.5–25.5) ng/mL and
0.20 6 0.18 (range, 0.06–0.68) ng/mL2, respectively. Prostate
biopsy before imaging was available in 12 of 13 patients of whom
9 were negative and 3 showed Gleason 3 1 4 cancer (negative
mpMRI). All patients’ characteristics are summarized in Table 1.

mpMRI
All participants underwent routine prebiopsy mpMRI: 5 partici-

pants had a negative scan result and 10 lesions were seen in 8 par-
ticipants. There were 3 PI-RADS 3 (equivocal), 6 PI-RADS 4, and
1 PI-RADS 5 lesions. At study enrollment, 4 of the PI-RADS 4
lesions had a negative prostate biopsy result and 2 PI-RADS 4 and
the 1 PI-RADS 5 lesion were equivocal on prior mpMRI from out-
side institutions (Table 1). Biopsy confirmed 3 true-negative (TN)
participants and 6 true-positive (TP) lesions, of which all were
csPC, and 4 FP lesions. The highest number of false-negatives
(FNs) was seen in mpMRI with 9; however, only 2 FNs were
csPC. Sensitivity and specificity were 30% (95% CI, 5, 77%) and
95% (95% CI, 85, 98%), respectively.

Prostate Biopsy
Prostate biopsies were performed 19 6 12 (range, 2–38) d after

PET/MRI. A median of 8 6 3 (range, 2–13) additional PET-
guided biopsies were performed in addition to systematic 12-core
template. One patient refused to undergo systematic biopsy and
had PET-guided biopsy only. Histopathology showed PC in 8 of
13 (61.5%) patients, with a total of 14 PC lesions (multifocal dis-
ease in 6 patients), of which 7 (50%) were csPC. Standard tem-
plate prostate biopsy found 6 of 14 (42.9%) PC, of which 2 were
csPC. PET-guided biopsy identified 8 of 14 (57.1%) PC lesions,
of which 5 were csPC. Standard template biopsy was negative in 1
patient, for whom both 68Ga-RM2 and 68Ga-PSMA PET–guided
biopsy showed Gleason 3 1 4 cancer.

68Ga-PSMA11 PET/MRI
68Ga-PSMA11 PET/MRI found 25 intraprostatic lesions in the

13 participants (Fig. 1). SUVmax decreased significantly from the
whole-body to the dedicated pelvic images, but all lesions were
identified at both time points. Biopsy confirmed 11 PC lesions, of
which 5 were csPC, 14 FP, and 2 FN (both csPC). The SUVmax of
TP lesions was significantly higher than FP on the delayed pelvic
but not on the whole-body images. No other statistically signifi-
cant differences were observed between SUVmax and SUVpeak for
68Ga-PSMA11 PET/MRI, including comparison of csPC and
ncsPC. SUV measurements are summarized in Table 2. Sensitivity
and specificity were 63% (95% CI, 19, 92%) and 83% (95% CI,
73, 94%), respectively.

68Ga-RM2 PET/MRI
68Ga-RM2 PET/MRI showed 27 intraprostatic lesions in 12 of

13 participants. The participant with a negative 68Ga-RM2 PET
result had negative prostate biopsies and was considered TN as
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cancer of unknown primary was found (FP in 68Ga-PSMA11 PET).
No statistically significant changes were found between SUVmax

and SUVpeak from whole-body and delayed pelvic images. 68Ga-
RM2 PET detected all lesions identified on standard and PET-
guided biopsy (14 TP, of which 7 were csPC and 7 ncsPC). There
were 13 FP on 68Ga-RM2, of which 12 were the same lesions as
on 68Ga-PSMA11. When the SUVmax and SUVpeak of TP and FP
lesions were compared, no statistically significant changes were

found on whole-body or delayed pelvic images (Table 2). Sensitiv-
ity was 83% (95% CI, 40, 97%), whereas specificity was 67%
(95% CI, 40, 86%).

Comparison Between 68Ga-PSMA11 and 68Ga-RM2
Concordance between both radiopharmaceuticals was seen in 17

lesions in 11 participants. Of these, 11 lesions were PC, with 6 being
csPC (Supplemental Fig. 1; supplemental materials are available at
http://jnm.snmjournals.org). Noncongruent uptake was observed in 14
lesions in 7 patients. Among these, 3 were PC with 1 csPC seen on
68Ga-RM2 (Supplemental Fig. 2), whereas 10 were FP (68Ga-
PSMA11 and 68Ga-RM2 each had 5 FP). In 3 patients, a difference
in intensity of tracer uptake was observed (Fig. 2). Table 3 gives a
semiquantitative measurement (target tumor–to–normal prostate ratio)
of lesions for 68Ga-PSMA11 and 68Ga-RM2 PET.
No lymph node or other distant metastases were identified on

68Ga-PSMA11 or 68Ga-RM2 PET/MRI.

DISCUSSION

In this pilot study, we evaluated the utility of 68Ga-PSMA11 and
68Ga-RM2 PET/MRI for prostate biopsy guidance in men with sus-
pected PC but negative or equivocal mpMRI results or negative
prostate biopsy. In this small cohort, PET-guided biopsy detected
more PC lesions than systematic 12-core biopsy, which was not
surprising given the plethora of work showing the superiority of
mpMRI-guided over standard biopsy (3,4,8). When compared with

FIGURE 1. Venn diagram of 68Ga-PSMA11 and 68Ga-RM2 positivity
with their congruent lesional uptake compared with biopsy results.

TABLE 1
Patients’ Characteristics

Characteristic Data (n 5 13)

Age (y) 58.0 6 7.1 (41.0–69.0)

PSA (ng/mL) 9.8 6 6.0 (1.5–25.5)

PSA density (ng/mL2) 0.20 6 0.18 (0.06–0.68)

Prior biopsy (n) 12/13

Negative: 9/13

Gleason score 3 1 4: 3/13

Prior mpMRI (n) 13/13

Negative: 6/13

PI-RADS 3: 3/13

PI-RADS 4: 4/13

PI-RADS 5: 0/13
68Ga-PSMA11

Injected activity (MBq) 176 6 39 (81–208)

Uptake time (min) 46 6 3 (40–51)

Delay time to pelvic PET/MRI (min) 26 6 6 (19–41)

Time between scans (d) 7 6 3 (2–12)
68Ga-RM2

Injected activity (MBq) 139 6 9 (116–155)

Uptake time (min) 45 6 3 (40–49)

Delay time to pelvic PET/MRI (min) 25 6 6 (13–38)

Time between scans (d) 7 6 3 (2–12)

Numeric factors are expressed as median 6 SD, with range in parentheses.
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mpMRI, PET-guided biopsy not only found more TP lesions, but
also more importantly, more csPC.
A recently published study explored 68Ga-PSMA617 and 68Ga-

RM26 PET/CT for biopsy guidance in 112 men with suspected PC
(27). Of these participants, 35% had csPC and 4% ncsPC. Dual-
tracer PET/CT-guided biopsy showed the highest detection rate
without misdiagnosis of csPC (77%), followed by 68Ga-PSMA617
(70%), 68Ga-RM26 (56%), and mpMRI (36%). Despite the small
number of participants and selective cohort, we identified a higher
percentage of csPC (7/14 lesions, 50%) and ncsPC (7/14 lesions,
50%). The overall high sensitivity for PET-guided biopsy seen
in Qiu et al. (27) was comparable with our study; however, we
observed a higher sensitivity for 68Ga-RM2 (83%), leading to the
detection of all biopsy-verified csPC and ncsPC with an FP rate sim-
ilar to that of 68Ga-PSMA11. This might suggest that this specific
subgroup of men with negative anatomic imaging despite persistent
elevated PSA may have a different tumor biology. PSMA and
GRPR expression have been reported as complementary (17,18),
with GRPR showing particular overexpression in earlier stages of
PC (15). Therefore, GRPR-targeting radiopharmaceuticals may be a
suitable alternative for biopsy guidance in men with suspected PC.

68Ga-PSMA11 PET/MRI (sensitivity, 96%; specificity, 81%)
showed a better performance than PET/CT (sensitivity, 100%; speci-
ficity, 68%) for guiding prostate biopsy (19,20). In this study, sensi-
tivity for 68Ga-PSMA11 was slightly less at 63%, which might be
related to the specific subgroup of patients; however, specificity was
higher at 83%. These overall high rates for PET/MRI are certainly
attributable to the high soft-tissue contrast of MRI but also related to

the vast experience in MRI-fusion biopsy. The opportunity of
switching from MRI to PET fusion for targeted prostate biopsy
enables improved detection rates of csPC, especially in cases for
which mpMRI is inconclusive, as seen in this present study. As
PET/MRI scanners are not ubiquitously available, software fusion of
MRI and PET has been shown to be feasible and demonstrated
increased sensitivity of index lesion identification (28).
The PRIMARY trial investigated the added value of combining

68Ga-PSMA11 PET/CT with mpMRI for detecting csPC in men
undergoing initial biopsy for suspected PC (29,30). Interestingly,
all men with an SUVmax of $12 on 68Ga-PSMA11 PET had csPC
at biopsy, independent of mpMRI results. In cases of PI-RADS
$ 4, an SUVmax of $9 showed 100% specificity and positive pre-
dictive value in csPC detection. In our study, the median SUVmax

for csPC on 68Ga-PSMA11 PET was 7. This again could indicate
a different tumor biology and expression pattern of PSMA in this
specific subgroup of patients or differences in imaging technique.

The SUVmax from 68Ga-RM2 PET was higher than that from
68Ga-PSMA11, but so was the SD for csPC and ncsPC, resulting
in no significant differences. Despite earlier reports that GRPR
expression is low to none in benign prostatic hyperplasia (BPH)
(14,15), we observed uptake in BPH nodules.
We chose to additionally measure SUVpeak because SUVmax is a

single pixel value that might be affected by noise (31,32). SUVpeak

may be a more robust quantitative measure because of its larger
volume (23,33). We did not find any significant differences in
SUVpeak between TP and FP lesions or csPC and ncsPC for 68Ga-
PSMA11 or 68Ga-RM2. SUVpeak might be a more suitable measure

FIGURE 2. A 58-y-old man presenting with PSA of 12.8 ng/mL and PSA density of 0.41 ng/mL2. (A and B) 68Ga-RM2 (B, axial PET [left-most image], fused
PET/MRI [second image], MRI [third image], and maximum-intensity-projection images [right-most image]) shows intense uptake in anterior prostate (red
arrows), which is less pronounced on 68Ga-PSMA11 PET/MRI (A). PET-guided biopsy demonstrated Gleason 3 1 4 prostate cancer. (C) Coregistration of
biopsy needle tracks are shown in green; index tumor is outlined in red onmpMRI as well as on 3-dimensional–rendered image. A5 anterior; P5 posterior.
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for assessment of treatment response than single-time-point mea-
surements (34).
Prostate biopsy bears an array of risks such as hematuria, rectal

bleeding, infection, and pain (35,36). It is critical to identify the
patients who will benefit from biopsy and distinguish csPC from
indolent cancers. An area of unmet need are men whose mpMRI
results are negative or equivocal but who have a high suspicion
for PC. These patients usually undergo serial imaging procedures,
even multiple biopsies to find the source of their elevated PSA.
Our results indicate that a combined approach of 68Ga-RM2 and
68Ga-PSMA11 PET/MRI has high sensitivity and specificity in
localizing csPC and may help the urologist making subsequent
treatment decisions. The higher upfront cost of such an approach
may be cost-effective when compared with subsequent costs in its
absence. This needs to be validated in larger studies.
The limitations of this study include the small number of partici-

pants, although this is common for pilot studies, and the highly
selective patient cohort. However, the latter may be a positive dif-
ferentiator for the use of PET/MRI in this clinical scenario. The
sequence of biopsies performed—PET-guided prostate biopsy first,
followed by standard template biopsy—might have affected the
results of standard template biopsy due to swelling, bleeding, and
tissue distortion.

CONCLUSION

68Ga-PSMA11 and 68Ga-RM2 PET/MRI are feasible for biopsy
guidance in men with suspected PC despite negative or equivocal
mpMRI results. Both radiopharmaceuticals detected additional
csPC not seen on mpMRI. 68Ga-RM2 identified all csPC and
ncsPC confirmed at biopsy. The incongruent uptake pattern for
68Ga-PSMA11 and 68Ga-RM2 reflect their different biologic tar-
gets and expression. Larger studies are needed to shed light on
their respective expression pattern at various stages of PC as well
as to guide future clinical use.
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KEY POINTS

QUESTION: Are 68Ga-PSMA11 and 68Ga-RM2 PET/MRI useful
tools for guiding prostate biopsies in patients with suspected PC
despite negative or equivocal mpMRI results?

PERTINENT FINDINGS: 68Ga-PSMA11– and 68Ga-RM2–guided
prostate biopsy led to the detection of additional csPC not seen
on mpMRI in this selective cohort of patients with prior negative
or equivocal mpMRI results or negative prostate biopsy but
persistently elevated PSA and PSA density. 68Ga-RM2 PET/MRI
accurately identified all csPC and ncsPC confirmed at biopsy.

IMPLICATIONS FOR PATIENT CARE: 68Ga-PSMA11– and
68Ga-RM2–guided prostate biopsy help detecting csPC and might
therefore avoid unnecessary biopsies and associated risks.
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Targeted a-Therapy Using 225Ac Radiolabeled Single-Domain
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Targeted radionuclide therapy (TRT) using targeting moieties labeled
with a-particle–emitting radionuclides (a-TRT) is an intensely investi-
gated treatment approach as the short range of a-particles allows
effective treatment of local lesions and micrometastases. However,
profound assessment of the immunomodulatory effect of a-TRT is
lacking in literature. Methods: Using flow cytometry of tumors, sple-
nocyte restimulation, and multiplex analysis of blood serum, we stud-
ied immunologic responses ensuing from TRT with an antihuman
CD20 single-domain antibody radiolabeled with 225Ac in a human
CD20 and ovalbumin expressing B16-melanoma model. Results:
Tumor growth was delayed with a-TRT and increased blood levels of
various cytokines such as interferon-g, C-C motif chemokine ligand 5,
granulocyte-macrophage colony-stimulating factor, and monocyte
chemoattractant protein-1. Peripheral antitumoral T-cell responses
were detected on a-TRT. At the tumor site, a-TRT modulated the cold
tumor microenvironment (TME) to a more hospitable and hot habitat
for antitumoral immune cells, characterized by a decrease in protu-
moral alternatively activated macrophages and an increase in antitu-
moral macrophages and dendritic cells. We also showed that a-TRT
increased the percentage of programmed death-ligand 1 (PD-L1)–
positive (PD-L1pos) immune cells in the TME. To circumvent this im-
munosuppressive countermeasure we applied immune checkpoint
blockade of the programmed cell death protein 1–PD-L1 axis. Combi-
nation of a-TRT with PD-L1 blockade potentiated the therapeutic
effect, however, the combination aggravated adverse events. A long-
term toxicity study revealed severe kidney damage ensuing from
a-TRT. Conclusion: These data suggest that a-TRT alters the TME and
induces systemic antitumoral immune responses, which explains why
immune checkpoint blockade enhances the therapeutic effect of a-TRT.
However, further optimization is warranted to avoid adverse events.

Key Words: actinium-225; immunology; oncology; single-domain anti-
body; radionuclide therapy
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In patients with disseminated malignancies, targeted radionu-
clide therapy (TRT) holds promise for treatment of both primary
lesions and micrometastases for which local radiotherapy is no
longer applicable (1). In TRT, radiolabeled compounds are systemi-
cally administered to deliver radiation proximal to cancer cells.
Therefore, tumor-targeting agents are coupled to a-, b–-, or Auger
electron–emitting radionuclides (2). Various targeting modalities
were developed and engineered to serve as TRT agents, with most
prominent examples being radiolabeled monoclonal antibodies
(mAbs), variants thereof and peptides (3). However, mAb-based
TRT has been hampered by poor tissue penetration and myelosup-
pression as a result of bone marrow accumulation (4,5). So, the use
of mAb fragments has been reassessed, leading to the development
of single-domain antibodies (sdAbs), the antigen-binding fragments
of heavy chain–only mAbs (6). SdAbs retain high affinity to their
cognate epitope, with the additional benefit of binding to epitopes
often inaccessible to mAbs. Hence, sdAbs have been extensively
studied for many applications in the field of oncology, including
imaging (7). Imaging studies have shown accumulation of sdAbs in
local and disseminated cancer deposits with low background, a
much-desired trait for TRT agents (8).
TRT with a-emitting radionuclides (a-TRT) is an intensely

investigated treatment modality, as the short range of a-particles
(,100mm) allows effective treatment of local lesions and micro-
metastases with little to no crossfire (1). Because of the short range
of a-particles, these were initially assumed to be of limited use in
larger tumors and primarily intended for treatment of micrometas-
tases. However, Kratochwil et al. described a reduction of tumor
burden in patients with sizeable tumors (9). Whether this feature
can be ascribed solely to the radiation aspect of a-TRT is up for
debate as it has been shown that bystander immune activation con-
tributes to the therapy outcome (10). Despite ongoing clinical
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translation, immunologic changes as a result of a-TRT have not
been studied in detail. To investigate immune involvement on
a-TRT, we treated melanoma-bearing mice with sdAb-mediated
a-TRT.
We used an immunocompetent mouse B16-melanoma model

expressing the transgenes human complex of differentiation 20
(huCD20) and ovalbumin to assess the outcome and immune-
modifying properties of a-TRT performed with well-characterized
antihuCD20 sdAb 9079 labeled with 225Ac (11). We analyzed
tumor cell targeting in vivo and the ability of the therapy to delay
tumor growth. Systemic effects on 225Ac-9079 were studied
through analysis of serum cytokine levels and tumor specificity of
CD8pos splenocytes. The tumor microenvironment (TME) was ana-
lyzed by flow cytometry to assess tumor-infiltrating immune cells
and their expression of inhibitory immune checkpoint ligands and
receptors. Furthermore, we ventured into immuno-a-TRT, where
we supplemented the 225Ac-9079 treatment regimen with immune
checkpoint blockade (ICB) of the programmed cell death protein 1
(PD-1)–programmed death-ligand 1 (PD-L1) axis. Finally, we
assessed the radiation burden in the long term in healthy mice 4mo
after administration of 225Ac-9079.

MATERIALS AND METHODS

Cell Line
Mycoplasma-free huCD20 transgenic B16-melanoma cells (B16-

huCD20) were provided by Jan Tavernier (VIB-UGent). These were
cultured and tested for antigen expression and cell surface expression
of huCD20 as previously described (11).

sdAb and 225Ac Radiolabeling
SdAb 9079 binds huCD20 and serves as a targeting moiety for TRT

in the B16-huCD20 model (11). SdAb R3B23 binds the M protein of
5T2MM cells and was used as a nontargeting control sdAb throughout
this study (12). Carrier-free 225Ac (DG Joint Research Centre) was
conjugated to sdAbs using 2-(4-isothiocyanatobenzyl)-1,4,7,10-tetra-
azacyclododecane-1,4,7,10-tetraacetic acid (DOTA; Macrocyclics).
Radiochemical purity was evaluated using instant thin-layer chroma-
tography. [225Ac]Ac-DOTA-sdAbs with a radiochemical purity of
more than 95% and molar activity of 78.8 and 158.9 kBq/nmol were
used for therapy and biodistribution purposes, respectively. Hence-
forth, [225Ac]Ac-DOTA-9079 will be referred to as 225Ac-9079,
[225Ac]Ac-DOTA-R3B23 as 225Ac-R3B23, and [225Ac]Ac-DOTA-
sdAbs as 225Ac-sdAbs.

Animal Model
C57BL/6 mice (Charles River) were transplanted subcutaneously in

the right thigh with 10E5 B16-huCD20 cells. Experiments were per-
formed in accordance with the European guidelines for animal experi-
mentation and approved by the ethical committee for use of laboratory
animals of the Vrije Universiteit Brussel.

Ex Vivo Biodistribution of 225Ac-sdAbs and Dosimetry
Mice bearing subcutaneous tumors of 2506 100 mm3 were injected

intravenously with a single injection of 25 kBq (65.0 mg) of 225Ac-
9079 or 225Ac-R3B23 coinfused with Gelofusine (150 mg/kg) (13).
Various organs, tissues, and tumors were isolated and weighed, and
their level of radioactivity was analyzed using a g-counter (Wizard2;
Perkin Elmer). Results were expressed as percentage injected activity
per gram of tissue. Next, the absorbed doses were calculated by multi-
plying the obtained residence time with the corresponding S value.

Therapy
For the therapy experiments studying a-TRT as a stand-alone ther-

apy, mice received 3 repeated intravenous injections of 52.86 1.7 kBq
or 98.16 4.7 kBq of 225Ac-9079 (63.3 mg) on days 3, 9, and 14 of
subcutaneous B16-huCD20 tumor growth, with a cumulative radioac-
tive dose of 180kBq or 300 kBq, respectively. Control mice received
3 repeated intravenous injections of 95.86 4.6 kBq of 225Ac-R3B23
(63.3 mg), with a cumulative radioactive dose of 300 kBq. All mice
had palpable subcutaneous tumors when therapy started.

A similar set-up was used for immuno-TRT therapy in which
a-TRT was combined with ICB. Mice received repeated intravenous
injections of 98.16 4.7 kBq of 225Ac-9079 (63.3 mg) on days 3, 6,
and 15 of subcutaneous B16-huCD20 tumor growth, with a cumula-
tive radioactive dose of 300 kBq. ICB was performed by intraperito-
neal administration of 100 mg/injection of antibody on days 7, 10, 14,
and 17. Antimurine PD-L1 blocking antibody (RRID:AB_2800597),
rat IgG2b, k isotype control (IC) antibody (RRID:AB_11149687),
antimurine PD-1 blocking antibody (RRID:AB_2800576), and rat
IgG2a, k IC antibody (RRID:AB_11149687) were used.

Acute Serum Cytokine Analysis
To analyze the immediate inflammatory response to a-TRT on

serum cytokine levels, blood was collected 6 h after the last treatment.
Cytokine content was determined using the Bio-Plex Pro Mouse Cyto-
kine 23-plex Assay (RRID:AB_2857368).

Single Cell Suspensions
Tumors were mechanically dissected and enzymatically digested by

an enzyme mix of DNase I (Sigma-Aldrich), Dispase II (Roche), and
Collagenase I (Sigma-Aldrich) to obtain a single cell suspension. Red
blood cell lysis was performed using NH4Cl-Tris solution.

Flow Cytometry
Surface antigen staining was performed on single-cell suspensions

preincubated with anti-CD16/32 antibodies (RRID:AB_312801) and a
live/dead marker (LIVE/DEAD Fixable Green Dead Cell Stain Kit;
Thermo Fisher Scientific). Cells were washed and stained with 2 anti-
body panels binding CD45.2 (RRID:AB_1727492), CD3E (RRID:AB_
2737945), CD4 (RRID:AB_396956), CD8a (RRID:AB_394081), CD11b
(RRID:AB_396960), CD11c (RRID:AB_2725779), CD206 (RRID:AB_
10895754), PD-L1 (RRID:AB_2738911), PD-L2 (RRID:AB_2739947),
PD-1 (RRID:AB_394284), F4/80 (RRID:AB_2743450), Ly6G (RRID:
AB_1727560), and MHC-II (RRID:AB_2565979). Cells were acquired
on the Celesta flow cytometer (BD Biosciences) and analyzed using the
FlowJo X software (RRID:SCR_008520; BD Biosciences). t-SNE plots
arising from this process were generated using the FlowJo X software.

Restimulation of Splenocytes
Spleens were mashed through a 40-mm cell strainer (Falcon) and

transferred to a tube containing RPMI1640 medium, after which cells
were stimulated for 48 h with 100 pmol of peptides (Anaspec). As a
control, splenocytes were cultured in RPMI1640 medium. ELISA
(enzyme-linked immunosorbent assay) was performed on culture
supernatant to measure interferon (IFN)-g in supernatant (mouse IFN-
g ELISA; Invitrogen).

Statistical Analysis
Kaplan–Meier curves showing the time to reach humane endpoints

were statistically analyzed using log-rank (Mantel–Cox) and Gehan–
Breslow–Wilcoxon tests. One-way ANOVA was performed for all
other results and corrected for multiple comparisons via Tukey’s
multiple-comparisons correction. All statistical analyses were con-
ducted in GraphPad Prism 9.3.1 (GraphPad Software). Sample sizes
(n) and the number of times experiments were repeated (N) are indi-
cated in the figure legends. The asterisks in the figures indicate the
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level of statistical significance (*P , 0.05; **P , 0.01; ***P ,

0.001; ****P , 0.0001). Nonsignificant changes are not indicated.

Data Availability Statement
The data generated in this study are available within the article and

the supplemental files (supplemental materials are available at http://
jnm.snmjournals.org). Biodistribution files, multiplex data, and flow
cytometry files are available on request from
the corresponding author.

RESULTS

225Ac-9079 Specifically Accumulates in
B16-huCD20 Tumors
We evaluated accumulation of 225Ac-

9079 in B16-huCD20 tumor and tissues that
do not express huCD20 at 1, 24, 48, and
72 h after intravenous injection. Mice in-
jected with 225Ac-R3B23 were euthanized
at 1 h after injection for comparison.
B16-huCD20 tumors showed a significant
accumulation of 225Ac-9079, yet not 225Ac-
R3B23, at 1 h after injection (P , 0.0061)
(Fig. 1A). We observed little uptake and
retention over time of 225Ac-9079 in nontu-
mor tissues, with the exception of the kid-
neys via which sdAbs are excreted from the
body. Dosimetry calculations showed an
absorbed dose delivered to B16-huCD20
tumors than that to the spleen, bone mar-
row and other tissues (excluding kidneys)
(Fig. 1B).

225Ac-9079 Delays B16-huCD20 Tumor Growth
Mice injected subcutaneously in the thigh with B16-huCD20 cells

were randomized 3 d after injection to receive a cumulative dose of
180or 300kBq of 225Ac-9079. Fractionated treatment was given on
days 3, 9, and 14 after tumor cell inoculation, resulting in delivery of a
cumulative absorbed dose of 4 or 6Gy to B16-huCD20 tumors,
respectively (Supplemental Fig. 1A). For comparison, mice received a
cumulative dose of 300kBq of 225Ac-R3B23. Tumor growth was
delayed when mice were treated with 300kBq of 225Ac-9079 (P5

0.0148; Fig. 2A). This therapeutic effect translated into an increased
time to reach humane endpoints in mice treated with 180or 300kBq
of 225Ac-9079 (P 5 0.0236 and P 5 0.0014, respectively; Fig. 2B).
No evidence of acute, systemic treatment-related toxicity was observed,
as indicated by the animals’ body weight (Fig. 2C).

Peripheral Immune Responses Suggest Antigen-Specific
Immune Activation on Treatment with 225Ac-9079
We analyzed 23 cytokines in serum collected at 6 h after the last

treatment to address the immune activating potential of a-TRT. All
cytokines, except for interleukin (IL)-3, were detected in blood sam-
ples (Fig. 3A; Supplemental Fig. 2). Statistical tests compared 225Ac-
9079 conditions with 225Ac-R3B23, with P values displayed
separately in Supplemental Table 1. Cytokine serum levels of IL-1b,
IL-10, tumor necrosis factor (TNF)-a, keratinocyte chemoattractant
(KC), IFN-g, C-C motif chemokine Ligand 5 (CCL5), monocyte che-
moattractant protein-1 (MCP-1), and granulocyte-macrophage colony-
stimulating factor (GM-CSF) were significantly upregulated in both
225Ac-9079 conditions (Fig. 3A; Supplemental Fig. 2). The serum
levels of IL-4, IL-12(p40), and granulocyte colony-stimulating factor
(G-CSF) were significantly increased only in mice administered
300kBq of 225Ac-9079 (Fig. 3A; Supplemental Fig. 2). The serum
levels of IL-9 and macrophage inflammatory protein (MIP)-1a were
significantly increased only in mice administered 180kBq of 225Ac-
9079 condition (Fig. 3A; Supplemental Fig. 2). No significant changes
were observed for the cytokines IL-1a, IL-2, IL-5, IL-6, IL-12p70,
IL-13, IL-17, eotaxin, MIP-1b (Fig. 3A; Supplemental Fig. 2).

FIGURE 1. Ex vivo biodistribution data show accumulation of 225Ac-
9079 in B16-huCD20 tumors. (A) Tumor uptake of 225Ac-9079 and 225Ac-
R3B23 was quantified at 1, 24, 48, and 72 h after injection and 1 h after
injection, respectively (N5 1, n52–3 per time point). Bar graph shows
individual values with grouped mean 6 SD. (B) Tissue dosimetry on
administration of 225Ac-9079 was performed using trapezoid exponential
fitting with grouped mean 6 SD (N51, n5 3). %IA/g5percentage
injected activity per gram of tissue; p.i.5 after injection.

FIGURE 2. Therapy with 225Ac-9079 impedes tumor growth. (A) Pooled times to reach tumor volume
of 250 mm3 are shown by group. Bar graph shows individual values with grouped mean 6 SD. (B)
Pooled Kaplan–Meier curve showing time at which mice reached humane endpoints. (C) Pooled weight
of treated mice over course of time. Graph shows grouped mean 6 SD (N 5 2, n 5 6). CTRL 5
225Ac-labeled nontargeting sdAb.
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CD8pos splenocytes were stimulated with peptides, derived from
antigens expressed by B16-huCD20 tumor cells, including the 2
melanoma differentiation antigens glycoprotein 100 (gp100)25–33
and tyrosinase-related protein 2 (Trp2)181–188 next to 2 model
neoantigens: ADP dependent glucokinase (ADPGK)299–307 and oval-
bumin257–264. Production of IFN-g, a measure of T-cell activation, was
demonstrated only in mice treated with 300kBq of 225Ac-9079 in
response to ADPGK and ovalbumin (P 5 0.0019 and P, 0.0001,
respectively) (Fig. 3B). In contrast, we were unable to show IFN-g
induction on stimulation with gp100 or Trp2 peptides.

225Ac-9079 Modulated the TME to Favor Antitumoral Cells
B16-huCD20 tumors were isolated when they reached 2506

100 mm3. Single-cell suspensions of these tumors were subjected
to flow cytometry analysis to study the tumor immune signature
(Supplemental Figs. 3 and 4). Statistical tests compared 225Ac-9079
conditions with 225Ac-R3B23, and P values are displayed separately
in Supplemental Table 2. Multicolor flow cytometry analyses of TME
showed a similar T-cell count and no major differences among T-cell
subpopulations (Fig. 4A). PD-1-expression on CD4pos T-cells was
significantly upregulated in tumors of mice treated with 225Ac-9079
(Fig. 4B; Supplemental Fig. 5B).

Among tumor-infiltrating myeloid cells,
the significant decrease in total myeloid
numbers coincided with a significant decrease
in protumoral alternatively activated macro-
phages (M2) in tumors treated with 225Ac-
9079 (Fig. 5A; Supplemental Fig. 5E).
Furthermore, a significant increase in antitu-
moral classically activated macrophages (M1)
and dendritic cells (DCs) was also observed in
tumors treated with 225Ac-9079 (Fig. 5A;
Supplemental Figs. 5F and 5G). Within the
immune cells, we observed that PD-L1 was
significantly increased on cDC2s and M1
macrophages residing in tumors treated with
225Ac-9079 (Fig. 5B; Supplemental Fig.
5H). No difference in expression level was
observed for inhibitory immune checkpoint
ligand PD-L2 (Fig. 5B).

PD-L1 Checkpoint Blockade Further
Reduces Tumor Growth After 225Ac-9079
Therapy Yet Coincides with Severe
Weight Loss
Mice injected subcutaneously in the thigh

with B16-huCD20 cells were randomized
3 d after injection to receive a cumulative
dose of 300kBq of 225Ac-9079 on days 3,
6, and 15 intravenously or 100mg of mAbs
on days 7, 10, 14, and 17 intraperitoneally
after tumor cell inoculation (Supplemental
Fig. 1B). Tumor growth was delayed when
mice were treated with 300kBq of 225Ac-
9079 combined with PD-L1 but not with
PD-1 ICB (Fig. 6A). However, administration
of both 225Ac-9079 and PD-L1 ICB resulted
in extensive weight loss, which was not
observed with the combination of 225Ac-9079
and PD-1 ICB (Fig. 6B).

Long-Term Toxicity Study Reveals Organ Damage After a-TRT
with 225Ac-9079
Healthy mice received a single injection of 300 kBq of 225Ac-

9079or phosphate-buffered saline and were monitored until month
4 after treatment, at which time mice treated with 225Ac-9079
showed a weight loss of 20% or more (Supplemental Fig. 1C). All
mice were euthanized, and organs of interest were isolated and
weighed. Liver, heart, and lungs displayed a minor reduction in
weight, whereas the mass of the spleen and kidneys was signifi-
cantly reduced by 29.5%6 4.3% (P5 0.0011) and 65.5%6
1.8% (P , 0.0001) in mice treated with 225Ac-9079 (Fig. 7).

DISCUSSION

In this study, we showed that a-TRT with 225Ac-9079 in the
B16-huCD20 melanoma mouse model has therapeutic potential as
it delays tumor growth. We further showed stimulation of cytokine
release, tumor-specific CD8pos T-cell responses, and a shift from a
tumor-promoting TME to a TME characterized by an immune
contexture that enables tumor cell rejection, including activated
(PD-1pos) T-cells, classically activated macrophages, and DCs.
Finally, we showed that ICB with anti-PD-L1 mAbs combined
with a-TRT improves tumor control compared with either therapy
alone, albeit coinciding with adverse events (i.e., weight loss).

FIGURE 3. Peripheral immune responses suggest immune activation on treatment with 225Ac-
9079. (A) Multiplex analysis of cytokine levels 6 h after last administration of 225Ac-sdAbs. Heatmap
is generated using z-transformed cytokine levels (N 5 1, n 5 6). (B) Analysis of IFN-g production by
splenocytes stimulated with cancer antigen–derived peptides. Graph shows individual values with
grouped mean 6 SD (N 5 1, n 5 3). CTRL 5 225Ac-labeled nontargeting sdAb; G-CSF 5 granulo-
cyte colony-stimulating factor; GM-CSF 5 granulocyte-macrophage colony-stimulating factor; KC
5 keratinocyte chemoattractant; TNF-a 5 tumor necrosis factor-a.
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We evaluated the potential of 225Ac-9079 as an a-TRT agent and
showed specific accumulation in B16-huCD20 tumors of immuno-
competent mice, sparing muCD20pos cells. This observation is in
line with previous work performed with the same sdAb, albeit con-
jugated to another linker and radionuclide (11). For therapeutic effi-
cacy, a dose approximating 5Gy was desired as literature described
little therapeutic effect given solid tumors’ resilience to radiation
(14). Hence 180 and 300kBq of 225Ac-9079 were administered,
corresponding to respective delivery of 4 and 6Gy in tumor. The
observed delay in tumor growth with 225Ac-9079 is in line with
published studies that highlight the potential of 225Ac as a therapeu-
tic radionuclide (9).
Serum cytokine levels were quantified as markers for systemic

immune activation, and various cytokines were enhanced. In-
creased levels of MCP-1 and GM-CSF suggest monocytes or mac-
rophage migration or infiltration and DC maturation, respectively
(15,16). Furthermore, elevation of antitumoral cytokines such as
IFN-g and CCL5 advocates activation of CD8pos T-cells and serves
as predictor of response to ICB (17). A recent study investigating
adoptive cell transfer and a-TRT described the secretion CCL5 and
IFN-g from tumor on treatment (18). These results prompted us to res-
timulate isolated spleens with cancer-associated epitopes. Intriguingly,
IFN-g secretion revealed that splenocytes recognized and reacted to
ADPGK and ovalbumin but not toward melanoma differentiation anti-
gens. Evidence of high-avidity antitumoral CD8pos T-cells responses
on a-TRT has not yet been published.
After analyzing systemic responses, we evaluated a-TRT–

mediated alteration of the TME, which is emphasized by an increase

in professional antigen presenting cells at the expense of im-
munosuppressive subsets of myeloid cells. More specifically, alter-
natively activated macrophages (M2) are significantly decreased in
numbers. These cells are involved in wound healing under physio-
logic conditions and attenuating immune responses to prevent collat-
eral tissue damage (19). In malignancy, M2 macrophages are
enthralled by tumor cells to overexert immunosuppressive functions,
quench uprising antitumoral responses, and facilitate tumor progres-
sion and metastasis (19). Unlike, M2 macrophages, we documented
an increase in M1 macrophages and DCs, professional antigen pre-
senting cells involved in the education of T-cell responses (20). This
observation is consistent with the cytokine profile of MCP-1 and
GM-CSF, hinting at macrophage infiltration and DC maturation.
DCs can acquire antigens, migrate, and present these to T-cells
within lymph structures to elicit a clonal T-cell response, which ties
in with the identification of antitumoral T-cells in the spleen (21).
Regarding the expression pattern of immune checkpoint receptors in
the TME, we noted that a-TRT upregulated expression of PD-1 on
CD4pos T-cells as well as its ligand, PD-L1, on various cell types in
the TME. In recent studies involving a-TRT, a similar observation
was made (18). Ligation of PD-1 to PD-L1 impairs T-cell receptor
signaling, in turn interfering with the effector function of antitumoral
T-cells (20). In short, we observed that 225Ac-9079 altered the tumor
immune compartment, favoring myeloid cells that likely facilitate
antigen processing, presentation, and education of T-cell responses,
were it not for the presence of inhibitory markers such as PD-1 and
PD-L1. To overcome this hurdle we performed ICB of the PD-1–PD-
L1 axis to enhance the therapeutic effect of sdAb-mediated a-TRT.

FIGURE 4. a-TRT increased PD-1 expression on tumoral CD4pos T-cells. (A) Composition of T-cell subpopulations, among T-cells. (B) Concatenated
t-distributed stochastic neighbor embedding (t-SNE) plot of the T-cell lineage, overlayed with T-cell subpopulations. Concatenated t-SNE heatmaps
show expression of PD-1 on T-cell subpopulations per treatment group. Heatmap range represents marker mean fluorescence intensity (MFI). Graph
shows individual values with grouped mean6 SD (N5 1, n5 6). CTRL5 225Ac-labeled nontargeting sdAb.
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Synergy between a-TRT and ICB occurred only in combination
with PD-L1 blockade in these experiments, despite literature stating
PD-1 synergizes with a-TRT as well (22). Intriguingly, PD-L1 ICB
on its own did not amount to a therapeutic effect, compared with
the IC, whereas PD-1 had therapeutic benefit on its own. We sur-
mise that PD-L1 ICB after a-TRT is this effective because of the
immune alterations induced on a-TRT, setting the stage to unleash
all this immunologic potential. Besides the effect of anti-PD-L1
mAbs as a blocking agent, antibody-dependent cellular cytotoxicity
(ADCC) also comes into play. Unlike the PD-1 mAb, the PD-L1
mAb used in this study is able to induce ADCC (23). Hence, we
surmised that PD-L1pos tumor and stromal cells in the TME are
clad with mAbs on PD-L1 ICB, flagging them for ADCC by
FcgRpos effector cells, such as B cells, NK cells, and M1 macro-
phages, which highly infiltrate tumors subjected to a-TRT (24).
Unfortunately, mice that received a combination of a-TRT and
PD-L1 ICB experienced extensive weight loss, resulting in prema-
ture attainment of a humane endpoint. We presume that this phe-
nomenon is the result of the combination therapy’s ensuing
cytokine storm as mice receiving a similar amount of radioactivity
or ICB, as monotherapy, did not lose weight during the course of

the experiment. Curiously, a-TRT with PD-1 ICB did not result in
weight loss, suggesting the onset of ADCC by the PD-L1 mAb may
have played a crucial role in this process.
To investigate late-stage systemic radiation burden, we adminis-

tered similar therapeutic doses to healthy mice, which allowed
long-term follow up. We noted that 4mo after administration of
225Ac-9079, mice started losing weight. The spleen and kidneys of
these mice were severely reduced in size compared with unirra-
diated mice, suggesting that a-TRT inflicted severe damage to
these organs. Damage to tubular epithelial cells and loss of renal
function on a-TRT was described by Scheinberg et al. (25). Unlike
the kidneys, spleen biodistribution data does not advocate for a sub-
stantial accumulation of 225Ac-9079. Hence, we surmise that the
loss of spleen weight is not directly related to the radiation aspect
and is more likely a systemic effect due to the extensive weight
loss. Cheal et al. demonstrated that injection of 296kBq of 225Ac is
tolerated by mice; however, the study relied on a pretargeted
approach using haptens, resulting in minimal kidney retention (26).
With about 10 times the size of a hapten, a 15 kDa sdAb is excreted
via the kidneys’ glomerulus with moderate retention, resulting in
kidneys being the dose-limiting organ of sdAb-mediated TRT.

FIGURE 5. a-TRT reduced M2 macrophage and increased M1 macrophage and DC count in tumor tissue. (A) Composition of myeloid subpopulations
among myeloid cells. (B) Concatenated t-SNE plot of myeloid lineage, overlayed with myeloid subpopulations. Concatenated t-SNE heatmaps showing
expression of PD-L1 and PD-L2 on myeloid subpopulations per treatment group. Heatmap ranges represent marker mean fluorescence intensity (MFI).
Graph shows individual values with grouped mean6 SD (N5 1, n5 6). CTRL5 225Ac-labeled nontargeting sdAb.
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Hence, the pretargeting approach is worthwhile investigating to cir-
cumvent the limitations imposed by the kidneys for sdAb-mediated
TRT (27). Other possible avenues are modulation of sdAb protein
sequence, cleavable linkers, and novel coupling methods to avoid a
high radiation burden on the kidneys (28). In this regard, a limita-
tion of this study is the lack of histologic evaluation of kidneys,
which would have yielded more insight into the extent of renal

damage inflicted upon a-TRT. Further-
more, immune analyses were performed at a
single time point. Though this provided
valuable insights, it might not reflect the
dynamic nature of the immune system and
its contribution to immune-related adverse
events. Finally, the antihuCD20 sdAb used
in this study does not bind mouse CD20,
thus introducing a bias in the healthy
organ dosimetry. However, antihuCD20
TRT using mAbs was previously per-
formed in patients and displayed an accept-
able safety profile (5).
Future perspectives for ameliorating the

therapeutic index of a-TRT consists of
combination strategies to reduce the radia-
tion burden on dose-limiting organs such
as kidneys as well as titration of ICB. Fur-
ther tweaking of the therapy regimen should
circumvent kidney damage as well as
immune-related adverse events.

CONCLUSION

To our knowledge, this is the first study
addressing immune activation in a mela-
noma model on a-TRT with 225Ac-sdAbs.
Our findings suggest that a-TRT alters the
TME and induces systemic antitumoral im-
mune responses, which in turn were un-
hinged via ICB to enhance therapeutic effect
but warrants further optimization because of
synergistic adverse effects.
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FIGURE 7. Long-term toxicity study reveals major organ damage 4 mo
after administration of 225Ac-sdAbs. Weight of whole isolated organs,
4 mo after administration of 225Ac-9079 or phosphate-buffered saline
(PBS). Bar graph shows individual datapoints and grouped mean 6 SD
(N5 1, n5 3).

FIGURE 6. Therapy with 225Ac-9079 acts in synergy with immune checkpoint blockade but
potentiates adverse effects. (A) Grouped tumor kinetics are shown during course of experiment by
individual mouse. (B) Weight of treated mice during course of experiment, displayed as individual
values (N5 1, n5 9).
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KEY POINTS

QUESTION: Does a-TRT result in a sufficient release of immunologic
cues to induce systemic antigen-specific T-cell responses?

PERTINENT FINDINGS: Upon restimulation of spleens with
cancer-associated peptides, we observed a significant T-cell
activation, suggesting that a-TRT can induce tumor-specific
immunity toward immunogenic neoantigens.

IMPLICATIONS FOR PATIENT CARE: Induction of T-cell
responses with a-TRT implies that synergistic immunologic
applications enhance the therapeutic effect by potentiating
antitumoral T-cells. Hence, combination trials gain in interest,
especially at the advent of pembrolizumab (PD-1 blocking mAb)
being approved for treatment of non-Hodgkin lymphoma and
various other malignancies.
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Fibroblast Activation Protein–Targeted Radioligand Therapy
for Treatment of Solid Tumors

Spencer D. Lindeman1, Ramesh Mukkamala1, Autumn Horner1, Pooja Tudi1, Owen C. Booth1, Roxanne Huff1,
Joshua Hinsey1, Anders Hovstadius1, Peter Martone1, Fenghua Zhang1, Madduri Srinivasarao1, Abigail Cox2, and
Philip S. Low1

1Department of Chemistry and Institute for Drug Discovery, Purdue University, West Lafayette, Indiana; and 2Department of
Comparative Pathobiology, Purdue College of Veterinary Medicine, West Lafayette, Indiana

Fibroblast activation protein (FAP) has received increasing attention as
an oncologic target because of its prominent expression in solid
tumors but virtual absence from healthy tissues. Most radioligand
therapies (RLTs) targeting FAP, however, suffer from inadequate
tumor retention or clearance from healthy tissues. Herein we report a
FAP-targeted RLT comprising an FAP6 ligand conjugated to DOTA
and an albumin binder (4-p-iodophenylbutyric acid, or IP) for
enhanced pharmacokinetics. We evaluated the performance of the
resulting FAP6-IP-DOTA conjugate in 4 tumor models, 3 of which
express FAP only on cancer-associated fibroblasts, that is, analo-
gously to human tumors. Methods: Single-cell RNA-sequencing data
were analyzed from 34 human breast, ovarian, colorectal, and lung
cancers to quantify FAP-overexpressing cells. FAP6-DOTA conju-
gates were synthesized with or without an albumin binder (IP) and
investigated for binding to human FAP-expressing cells. Accumulation
of 111In- or 177Lu-labeled conjugates in KB, HT29, U87MG, and 4T1
murine tumors was also assessed by radioimaging or biodistribution
analyses. Radiotherapeutic potency was quantitated by measuring
tumor volumes versus time. Results: Approximately 5% of all cells in
human tumors overexpressed FAP (cancer-associated fibroblasts
comprised $77% of this FAP-positive subpopulation, whereas $2%
were cancer cells). FAP6 conjugates bound to FAP-expressing cells
with high affinity (dissociation constant,$1 nM). 177Lu-FAP6-IP-DOTA
achieved an 88-fold higher tumor dose than 177Lu-FAP6-DOTA and
improved all tumor–to–healthy-organ ratios. Single doses of 177Lu-
FAP6-IP-DOTA suppressed tumor growth by about 45% in all tested
tumor models without causing reproducible toxicities. Conclusion:
We conclude that 177Lu-FAP6-IP-DOTA constitutes a promising can-
didate for FAP-targeted RLT of solid tumors.

Key Words: radioligand therapy; FAP; albumin binder; scRNA-seq;
cancer-associated fibroblasts
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A subset of cancer-associated fibroblasts (CAFs) is character-
ized by expression of a cell-surface serine protease termed fibro-
blast activation protein (FAP) that participates in remodeling of the
extracellular matrix during tumor growth and metastasis (1).
Approximately 90% of epithelial cancers upregulate FAP (2), and
FAP-targeted PET tracers have been shown to image at least 28

different cancer types in humans (3). Because of FAP’s broad
expression on CAFs and its nearly complete absence from healthy
tissues, FAP has recently been explored as a receptor for targeted
radioligand therapy (RLT) in a diversity of solid tumors (4,5).
Optimal FAP-targeted radiotherapy might be expected to satisfy

several criteria. First, it will contain a therapeutic radionuclide that
effectively irradiates multiple cancer cells near each CAF. Second,
the targeting ligand will possess high affinity and specificity for
FAP to minimize uptake by its homologs in healthy organs. Third,
the pharmacokinetic properties of the resulting conjugate will be
optimized to ensure prolonged tumor accumulation and rapid clear-
ance from normal tissues.
To achieve these objectives, we first derivatized a new FAP-

targeting ligand (FAP6) with DOTA via a polyethylene glycol
spacer. We then incorporated the established albumin binder
4-p-iodophenylbutyric acid (IP) (6) into our FAP-targeting radioli-
gand (Fig. 1), since such appendages have been observed to prolong
the pharmacokinetics and improve tumor uptake of RLTs (7–10).
We demonstrate here that the resulting conjugate, FAP6-IP-DOTA,
exhibits high FAP affinity, prolonged circulation, increased tumor
uptake, and minimal retention in healthy tissues. Moreover, the
final 177Lu-labeled RLT causes no obvious toxicity to healthy tis-
sues while achieving significant anticancer efficacy in 4 different
murine tumor models.

MATERIALS AND METHODS

Reagents, vendors, syntheses, and full experimental procedures
are detailed in the supplemental materials (available at http://jnm.
snmjournals.org).

Single-Cell RNA-Sequencing (scRNA-Seq) Analysis
We analyzed scRNA-seq data collected on fresh human tumor sam-

ples; the results of this analysis were reported elsewhere previously
(11). FAP gene expression was extracted, quantitated, and plotted on a
log(2) scale for comparison among different cell types in each cancer
tissue, according to online tutorials (12).

Cell Culture and Transduction
4T1, KB, HT29, and U87MG cells were purchased from American

Type Culture Collection and cultured as reported previously (13,14).
HEK-293T cells with high levels of FAP expression (HEK-hFAP)
were generated as formerly described (13).

Radiolabeling
FAP6 conjugates were diluted in ammonium acetate (0.5 M, pH 8.0).

111In[InCl3] (Cardinal Health) was added to obtain a specific activity of
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no more than 4.0 MBq/nmol, or 177Lu[LuCl3] (RadioMedix) was added
to obtain a specific activity of no more than 11.0MBq/nmol. The result-
ing solutions were heated to 90!C for 10–20 min, and the radiopurities
of the products were analyzed by radio–high-performance liquid chro-
matography. Radiopurity exceeded 95% in all studies.

Cell Binding Studies
Flow Cytometry. Antihuman FAP antibody conjugated to allophy-

cocyanin dye was used for staining all cell lines except 4T1 cells,
which were stained with antimouse FAP antibody and then a second-
ary allophycocyanin-conjugated antibody.
Displacement Assay. HEK-hFAP cells grown to confluency in

24-well plates were coincubated with FAP6-rhodamine and increasing
concentrations of FAP6-DOTA or FAP6-IP-DOTA. The cells were
then washed, dissolved, and analyzed by a fluorescent plate reader.
Binding Assay. Hs894 CAFs grown to confluency in 24-well plates

were incubated with increasing concentrations of 111In-FAP6-DOTA or
111In-FAP6-IP-DOTA in the absence or presence of an excess of FAP6
ligand. The cells were then washed, dissolved, and analyzed by
a g-counter.

Animal Husbandry
The mice were provided normal rodent chow and water ad libitum

and maintained on a standard 12-h light–dark cycle. All animal proce-
dures were approved by the Purdue Animal Care and Use Committee.

Tumor Models
BALB/c mice were inoculated on their shoulder with 1 3 105 4T1

cells. Nu/nu mice were inoculated on their shoulder with 5 3 106

HT29, KB, or U87MG cells.

SPECT/CT Scans
Tumor-bearing mice were intravenously injected with FAP6 conju-

gate radiolabeled with about 13 MBq of 111In. At indicated times, the
mice were anesthetized and then scanned using an MILabs VECTor/CT
instrument. CT scans were reconstructed using NRecon software
(Micro Photonics Inc.). The datasets were fused, filtered, and processed
using PMOD software (version 3.2).

Radioactive Biodistribution
Tumor-bearing mice (n 5 3–5) were intravenously injected with

177Lu-FAP6-DOTA or 177Lu-FAP6-IP-DOTA. At indicated times, the

mice were euthanized, and organs of interest
were harvested, weighed, and analyzed by a
g-counter.

Radiotherapy
Mice bearing 4T1, HT29, KB, or U87MG

tumors were randomly divided into control
and treatment groups to ensure equal starting
tumor volumes. Each cohort received a single
intravenous injection of either vehicle alone or
vehicle with 177Lu-radiolabeled FAP6 conju-
gate on day 0. Tumors were measured with a
caliper in 2 perpendicular directions every
other day. The mice were euthanized on
reaching one of the predefined endpoint crite-
ria according to the regulations of the Institu-
tional Animal Care and Use Committee.

Toxicology
The mice were weighed every other day

during radiotherapy as a gross evaluation of
health. Tissue sections from organs of interest
(n 5 1–8 per organ per mouse) were pre-

served and examined for lesions in a masked manner by a board-
certified veterinary pathologist.

Statistical Analysis
Data were analyzed using GraphPad Prism, version 8, unless other-

wise stated. All results are presented as mean 6 SE.

RESULTS

scRNA-Seq Analysis of FAP Gene Expression in Multiple
Human Tumor Types
To better understand how FAP might serve as a target for RLT,

we first sought to quantify cells in human tumors that upregulate
FAP expression. For this purpose, FAP gene expression data
(Fig. 2) were extracted from a curated database containing
scRNA-seq analyses of tumors from 14 breast, 5 ovarian, 7 colo-
rectal, and 8 lung cancer patients (11). Quantification of the
scRNA-seq data (Supplemental Fig. 1) revealed that about 30% of
all CAFs overexpress FAP RNA. Although about 10% of endothe-
lial cells also overexpressed FAP RNA, only about 2% of cancer
cells and less than 1% of all other cell types upregulated FAP
gene expression. Moreover, about 77% of all FAP-overexpressing
cells in the average tumor were fibroblasts, suggesting that animal
models used for evaluation of FAP-targeted RLTs should derive
their FAP-positive cell population primarily from CAFs. And
because FAP-overexpressing cells constituted no more than 10%
of all cells in the average cancer mass (mean, 5%), a radionuclide
with a large killing radius (e.g., 177Lu) was deemed prudent for
effective FAP-targeted radiotherapy. The variability of FAP
expression among different human tumor types further suggested
that adjusted doses of radioactivity might be necessary to achieve
effective therapeutic responses in different patients.

Binding of FAP6 Conjugates to Different Cell Lines
Because FAP was not overexpressed on most human cancer

cells, we mimicked FAP expression in human tumors more accu-
rately by selecting cancer cell lines that did not directly express
FAP. As documented in Figure 3A, flow cytometry analyses of
4T1, KB, and HT29 cells using species-specific anti-FAP antibo-
dies demonstrated no FAP expression, even though the same can-
cers are shown to be FAP-positive in murine tumor models

FAP-targeted radiotherapy

Albumin + trifunctional
FAP radioligand

CAFs

FAPα

Albumin

Tumor cells

Growing tumor Suppressed tumor

CAFs

Tumor cells

FAPα + trifunctional
FAP radioligand

FIGURE 1. Circulation of radiolabeled FAP6-IP-DOTA is prolonged because of affinity of
iodophenyl-butyric acid (blue circles) for serum albumin. This enables conjugate to perfuse poorly
vascularized solid tumors so that ligand (red triangles) may bind to FAP receptors on CAFs. Chelated
radionuclide (green symbols) emits radiation that induces DNA-strand breaks inside tumor cells,
thereby suppressing tumor growth.
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(Supplemental Fig. 2) because of infiltration of CAFs (13–17). In
contrast, fibroblast cell lines Hs894 and WI38, as well as the glio-
blastoma cell line U87MG, displayed similarly low levels of
endogenous FAP expression. HEK293 cells that do not naturally
express FAP were transduced to express artificially high levels of
human FAP for use as a positive control.
To develop a FAP ligand that can mediate protracted retention of

FAP-targeted RLTs in solid tumors, we identified a FAP inhibitor
comprising a scaffold different from that of the quinoline-based
ligands most used to date (17–23). The FAP6 ligand contains a
pyroglutamic-isoindoline–based moiety (13,24), which is reported
to possess higher selectivity for FAP than PREP (a ubiquitously

expressed homolog) (24) and longer reten-
tion in tumors when conjugated to a near-
infrared dye (13,25). We then linked FAP6
with DOTA via a polyethylene glycol
spacer to yield the FAP6-DOTA conjugate
(Supplemental Scheme 1). To evaluate the
merit of attaching an albumin binder to
FAP6-DOTA, an iodophenyl butyric acid
(IP) moiety was inserted to generate FAP6-
IP-DOTA (Supplemental Scheme 2). The
final structures of FAP6-DOTA (Fig. 3B)
and FAP6-IP-DOTA (Fig. 3C) were char-
acterized by liquid chromatography–mass
spectrometry (Supplemental Fig. 3). Radi-
olabeling with 111In and 177Lu was evaluated
by radio–high-performance liquid chroma-
tography (Supplemental Fig. 4).
To obtain an initial estimate of the affin-

ity of the FAP6 ligand for FAP, competi-
tive displacement and direct binding curves
were generated with both conjugates
(Figs. 3B and 3C) in HEK-hFAP and
Hs894 CAFs, respectively. FAP6-DOTA
and FAP6-IP-DOTA exhibited affinities of
about 1 nM for FAP in both cell lines, sug-
gesting that appending the albumin binder
did not significantly affect conjugate affin-
ity. Binding was competitively suppressed
by coincubation with a 100-times excess of
FAP6 ligand, confirming that targeting of
FAP6 conjugates to FAP-positive cells was
receptor-mediated. Both FAP6 conjugates
were also found to internalize into FAP-
positive cells (Supplemental Fig. 5), mirror-
ing FAP6-dye conjugates (13).

Tumor Accumulation and
Biodistribution of FAP6 Radioligands
To determine whether insertion of the

albumin binder improves accumulation of
FAP6 conjugates in solid tumors, we next
compared the biodistributions of both radi-
oligands in tumor-bearing mice wherein
the primary FAP-positive cells were CAFs.
BALB/c mice inoculated with FAP-negative
4T1 cancer cells were intravenously injected
with either 111In-FAP6-DOTA or 111In-
FAP6-IP-DOTA for radioimaging (Supple-
mental Figs. 6–7 show studies to optimize

mass doses). The SPECT/CT scans demonstrated high uptake of
111In-FAP6-DOTA in the liver but negligible accumulation in the
tumors at 2 and 4 h after injection (Fig. 4A), presumably because
of rapid excretion of 111In-FAP6-DOTA before its perfusion into
poorly vascularized 4T1 tumors. In contrast, radioimages of mice
injected with the same dose of 111In-FAP6-IP-DOTA showed prom-
inent tumor uptake that persisted for at least 120 h after injection
(Fig. 4B). Additional SPECT/CT scans of HT29, KB, and U87MG
tumors demonstrated the versatility of 111In-FAP6-IP-DOTA
tumor targeting and retention (Supplemental Figs. 7 and 8).
Competition and untargeted radioimages confirmed that in vivo
tumor uptake was FAP-mediated (Supplemental Fig. 9). Although
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transient retention was also observed in the kidneys, the absence
of significant accumulation in the liver suggested that FAP6-IP-
DOTA might constitute an RLT worthy of further scrutiny.
To confirm these results, we next quantitated the biodistributions

of each FAP6 conjugate in separate cohorts of 4T1 tumor–bearing
mice over time. 177Lu-FAP6-DOTA demonstrated prolonged

accumulation in the spleen and liver yet
rapid excretion from the bloodstream and
tumors (Fig. 4A), whereas 177Lu-FAP6-IP-
DOTA readily cleared from healthy organs
despite its protracted retention in blood and
tumors (Fig. 4B). The data thus confirm
that insertion of an iodophenyl albumin
binder facilitates FAP6 circulation in the
bloodstream, thereby avoiding premature
capture by excretory organs, enabling
increased FAP6 uptake by the CAFs and,
ultimately, saturation of the tumor. Dosim-
etry estimates (Supplemental Fig. 10),
177Lu-FAP6-IP-DOTA SPECT/CT scans,
and 111In-FAP6-IP-DOTA biodistribution
studies were also performed (Supplemental
Fig. 11; Supplemental Table 1).

Effect of Albumin Binder on
Radiotherapeutic Potencies of
FAP6 RLTs
Encouraged by the improved tumor accu-

mulation conferred by insertion of an
albumin binder, we next compared the
radiotherapeutic potencies of the 2 FAP-
targeted RLTs. Moreover, to expand the
diversity of tumor types in which the FAP-
targeted RLTs would be compared, we used
a human cancer xenograft model (KB cells)
reported to respond to radiotherapy (7) and
in which the only cells overexpressing FAP
were again CAFs (13,14). Mice bearing
tumors generated from FAP-negative KB
cells were injected intravenously with a sin-
gle dose of vehicle alone or with 177Lu-
FAP6-DOTA or 177Lu-FAP6-IP-DOTA on
day 0. Tumor sizes and body weights were
then measured every other day for 10 wk.
Consistent with the above SPECT/CT

and biodistribution results, 177Lu-FAP6-
DOTA provided no therapeutic benefit,
suppressing tumor growth by only 3% and
conferring no prolongation of overall sur-
vival (Fig. 5A). In contrast, 177Lu-FAP6-
IP-DOTA radiotherapy suppressed tumor
growth by about 36% and improved overall
survival by an average of about 3 wk
(Fig. 5B, P 5 not statistically significant).
Although mice treated with 177Lu-FAP6-
IP-DOTA experienced minor weight loss
immediately after injection, the same mice
quickly recovered and displayed no persist-
ing toxicities, as also is consistent with the
clearance of 177Lu-FAP6-IP-DOTA from
healthy tissues.

Evaluation of 177Lu-FAP6-IP-DOTA Treatment in Multiple
Tumor Types
Satisfied that 177Lu-FAP6-IP-DOTA constituted the better FAP-

targeted RLT, we next investigated whether 177Lu-FAP6-IP-DOTA
might effectively treat a diversity of solid tumors, as frequently
envisioned by others (3,18). Mice bearing HT29, U87MG, or 4T1
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tumors were injected intravenously with a single dose of either
vehicle alone or vehicle with 177Lu-FAP6-IP-DOTA on day 0, after
which tumor sizes and body weights were measured every other
day. Growth of HT29 tumors was suppressed by about 58% by
9MBq of 177Lu-FAP6-IP-DOTA (Fig. 6A), but surprisingly, this
dose did not affect U87MG or 4T1 tumors (Supplemental Figs.
12A and 12B). To determine whether U87MG or 4T1 tumors might
respond to a higher dose of 177Lu-FAP6-IP-DOTA, additional

cohorts of 5 mice per group were injected
with 18 MBq of 177Lu-FAP6-IP-DOTA
and monitored. Growth of U87MG tumors
was reduced by about 41% (Fig. 6B), but
4T1 tumors again continued to grow
unabated (Supplemental Fig. 12B). Finally,
4T1 tumors treated with 55 MBq of 177Lu-
FAP6-IP-DOTA responded with an approx-
imately 43% decrease in growth (Fig. 6C).
Overall survival was significantly pro-
longed by at least 12 d at the respective
doses without inducing persistent weight
loss.
To further explore the potential toxicity

of a single dose of 177Lu-FAP6-IP-DOTA,
tissues from mice treated with 18 or
55MBq were prepared for histologic exami-
nation. No diagnostic lesions or other signif-
icant morphologic differences between
treated and control mice were identified
(Supplemental Table 2). Hepatic extrame-
dullary hematopoiesis and increases in cir-
culating neutrophils were observed in
several of the mice treated with 18 MBq,
but this finding is expected in mice regard-
less of the treatment received (26). Surpris-
ingly, mice treated with 55 MBq showed
fewer histopathologic changes in the heart
and liver than did untreated controls.
Although mild lesions were observed in
several kidneys, the lesions were deemed
nonspecific (representative photomicro-
graphs of tissue sections after both doses
are shown in Supplemental Fig. 13). One
lesion observed in the myocardium of a
mouse 21 d after treatment with a 55-MBq
dose revealed mineralization and epicar-
ditis. Although this inflammation may be
drug-related, carditis can be simply sponta-
neous (27). The minimal radioactivity in
the heart and the mouse’s healthy weight
gain both raise a question regarding any
causal relationship between the treatment
and the lesion. Taken together, these data
demonstrate that the radiation doses used
here were able to suppress tumor growth
without causing acute tissue changes.

DISCUSSION

Most preclinical studies of FAP-targeted
imaging and therapeutic agents to date have
used murine tumor models in which the

cancer cells themselves directly express FAP (19,20,28–34). As
shown in Figure 2, FAP is either absent or weakly expressed on
malignant cells from breast, lung, colorectal, and ovarian human
cancer patients. Although tumor models derived from cancer cells
that were transduced to overexpress FAP can be useful for proof-
of-concept studies, their high FAP expression may also obscure a
need to modify the molecular design of an RLT to increase tumor
accumulation in humans, such as by the addition of an albumin
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binder. Tumor models with physiologically relevant levels of FAP
expression should therefore be encouraged in RLT studies intended
for clinical development.
It was noteworthy that our 4 tumor models displayed different

sensitivities to 177Lu-FAP6-IP-DOTA, according to the ranking
HT29 . U87MG # KB . 4T1 tumors. Although variations in
FAP expression will directly influence initial uptake of our RLT and
may account for some of these different radiotherapy responses, no
clear correlation was observed with in vivo FAP staining intensity
(Supplemental Fig. 2). Discrepancies in intrinsic resistance mechan-
isms such as DNA damage repair pathways may help clarify the
observed radiosensitivities in vivo, but analysis of the growth of the
4 cancer cell lines in vitro after radiation exposure also did not reveal
a direct correlation (Supplemental Fig. 14). Considering that addi-
tional characteristics such as growth rates, vascularization, extracel-
lular matrix densities, drug efflux pumps, and CAF distributions can
all influence radiobiology (35), we suspect that no single variable
will account for the disparities observed in these 4 tumor models.
One limitation of this work is that preclinical radiotherapy studies
typically translate poorly into humans because of alterations of such
characteristics in murine tumor models (36). For future RLT studies
on mice to predict response rates more reliably in humans, it will be
important to identify tumor models that more accurately mimic the
radiation resistance mechanisms and general biology of human
cancers.
Motivated by previous successes in using a FAP6 near-infrared

dye conjugate to image 7 different murine tumor models (13), we
attempted to adapt the same FAP6 ligand as a radiopharmaceuti-
cal. Although the inability of FAP6-DOTA to concentrate in
tumors generated by FAP-negative 4T1 cells may seem initially
surprising, it should be noted that Watabe (18) and Slania (25)
also observed minimal uptake with FAPI conjugates when imag-
ing pancreatic and prostate tumor models, respectively, in which
the cancer cells did not directly express FAP. Because FAP6 exhi-
bits higher affinity for FAP than FAPI (19,20,32), is readily inter-
nalized by an endocytic mechanism (32), and did not show tumor
accumulation even when high mass doses of compound were
administered (Supplemental Fig. 6), we hypothesized that the lack
of tumor uptake of FAP6-DOTA was due to its rapid excretion
before sufficient perfusion into the tumors. Therefore, to prolong
the circulation, we inserted the iodophenyl butyryl moiety to gen-
erate FAP6-IP-DOTA, which accumulated prominently in 4T1
tumors. The net effect was an approximately 88-times increase in
tumor dose, more than a 1,500-times improvement in tumor–to–total-
body dosimetry ratio (Supplemental Fig. 10), and effective radiother-
apy of 4 tumor models.
Whether greater improvements can still be achieved with better

FAP ligands (14,37), albumin binders (34,38), or linker modifica-
tions (20,23,32) is a question worthy of further scrutiny. The
dosimetry estimates of FAP6-IP-DOTA revealed most tumor–
to–healthy-organ ratios to be favorable (Supplemental Fig. 10),
but the 2:1 tumor-to-kidney ratio may require additional improve-
ment (39). This can be achieved by altering the albumin binder as
described by others (38,40), but one limitation of drug develop-
ment is that translating optimal pharmacokinetics in mice to
humans is complicated by differences in metabolism and excretion
(10). Another aspect of drug development is evaluating the perfor-
mance of the FAP6-IP-DOTA candidate with respect to other
FAP-targeted RLTs. FAP6-IP-DOTA demonstrates tumor re-
tention seemingly superior to that of FAPI-46, as well as clearance
from healthy organs faster than that of other FAP-targeted

albumin-binding radioligands (19,20,30,32). However, direct com-
parisons should be limited because most other studies used differ-
ent tumor models in which the cancer cells directly overexpressed
FAP and necessitated immunocompromised mouse strains. What
structural elements result in optimal properties for FAP-targeted
RLT in humans remains an important question for research.
Finally, it should be noted that tumors characterized by lower

numbers of FAP-positive cells may still be less responsive to an
optimized FAP-targeted RLT. Thus, successful treatment of some
solid tumors may require combination with conventional therapies,
combination with an orthogonal RLT targeted to other cells in the
same tumor, or use of a FAP-targeted radioimaging companion
diagnostic to select only patients with high FAP expression for
radiotherapy (5,41). With these improvements, it remains conceiv-
able that a FAP-targeted RLT may prove useful for treatment of
many solid tumors.

CONCLUSION

To design a more clinically relevant study, 4 different tumor
models with ostensibly physiologic (i.e., lower) levels of FAP
expression were selected after analysis of scRNA-seq data from
human cancers. The FAP6-IP-DOTA molecule demonstrated high
affinity for FAP and prolonged circulation, resulting in strong accu-
mulation in all 4 tumors and significant suppression of tumor
growth when radiolabeled with 177Lu. The data suggest that 177Lu-
FAP6-IP-DOTAmay potentially be optimized for human use.
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KEY POINTS

QUESTION: Can a FAP-targeted radioligand therapy demonstrate
sufficient safety and efficacy for preclinical development in murine
tumor models in which FAP expression is limited to CAFs?

PERTINENT FINDINGS: scRNA-seq data on 34 human breast,
lung, ovarian, and colon cancers demonstrated that about 5% of
all cells in human tumors overexpress FAP. 177Lu-FAP6-IP-DOTA
successfully treated multiple murine tumor models generated from
FAP-negative cancer cells.

IMPLICATIONS FOR PATIENT CARE: These data suggest that
177Lu-FAP6-IP-DOTA constitutes a promising candidate for
development of FAP-targeted radiotherapy for solid tumors.
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Toward Single-Time-Point Image-Based Dosimetry of
177Lu-PSMA-617 Therapy
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Radiopharmaceutical therapies (RPTs) with 177Lu-prostate-specific
membrane antigen (PSMA) ligands have demonstrated promising
results for the treatment of metastatic castration-resistant prostate
cancer. The lack of absorbed-dose–effect relationships currently pre-
vents patient-specific activity personalization. To ease the implemen-
tation of dosimetry in the routine clinical workflow for RPT, simplified
methods such as single-time-point (STP) instead of multiple-time-
point (MTP) imaging protocols are required. This work aimed at assess-
ing differences in the time-integrated activity (TIA) of STP versus
MTP image-based dosimetry for 177Lu-PSMA-617 therapy. Methods:
Twenty metastatic castration-resistant prostate cancer patients with
MTP quantitative 177Lu-SPECT imaging data ($24, 48, and 72 h post
injection (p.i.)) available on first and second 177Lu-PSMA-617 therapy
cycles were included in this study. Time–activity curves were fitted for
kidneys and lesions to derive effective half-lives and yield a reference
TIA. STP approaches involved the formula by H€anscheid (STPH) and a
prior-information method (STPprior) that uses the effective half-lives
from the first therapy cycle. All time points were considered for the STP
approaches. Percentage differences (PDs) in TIA between STP and
MTP were compared for the second therapy cycle. Results: Using
STPH at 48 h p.i. for kidneys showed a 21.3% 6 5.6% PD from MTP,
whereas STPprior showed a PD of 4.6% 6 6.2%. The smallest average
PDs for the 56 investigated individual lesions were found using STPprior

at 48 h p.i., at only 0.4% 6 14.9%, whereas STPH at 72 h p.i. had a
smallest PD of21.9% 6 14.8%. Conclusion: STP dosimetry for 177Lu-
PSMA-617 therapy using a single SPECT/CT scan at 48 or 72 h p.i.
is feasible, with a PD of less than620% compared with MTP. The valid-
ity of both STPH and STPprior has been demonstrated. We believe this
finding can increase the adoption of dosimetry and facilitate imple-
mentation in routine clinical RPT workflows. Doing so will ultimately
enable the finding of dose–effect relationships based on fixed therapy
activities that may, in future, allow for absorbed-dose–based RPT
activity personalization.

KeyWords: single-time-point dosimetry; 177Lu; PSMA therapy
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Radiopharmaceutical therapy (RPT) targeting the prostate-
specific membrane antigen (PSMA) has shown significant promise
in the treatment of metastatic castration-resistant prostate cancer
(mCRPC) (1–3). PSMA radioligand therapy with 177Lu was first
conducted in 2013 (4), and shortly afterward, dosimetry results
were reported for 177Lu-PSMA-617 (5). Considerable improve-
ments in overall survival and radiographic progression-free sur-
vival for mCRPC patients receiving 177Lu-PSMA-617 therapy
plus the standard of care, against the standard of care alone in the
VISION trial (NCT03511664) (1), led to approval by the U.S.
Food and Drug Administration in 2022. Although some evidence
of the advantage of dosimetry-based treatment personalization has
been shown recently for 90Y liver radioembolization (6), current
practice for most RPTs relies on fixed injected activities. The thera-
peutic scheme for 177Lu-PSMA therapy involves 4–6 therapy cycles
with fixed activities (7), whereas optimal patient treatment would
consider individual factors during RPT planning, such as weight,
height, tumor burden, pretreatments, dosimetry, and patients’ prefer-
ences (8). The lack of broadly available absorbed doses (ADs) for
RPT prevents reliable dose–effect relationships for lesions and
healthy organs from being obtained, impeding treatment personaliza-
tion in terms of activity and number of cycles (9). The possibility of
correlating pretherapy information with dosimetry and patient out-
come was recently shown (10) and should motivate the community
to implement routine dosimetry within RPTs and actively plan and
adapt an RPT to personalize treatment and maximize patient thera-
peutic benefit.
The evidence of patient benefit from personalized RPTs is lim-

ited by the fact that image-based dosimetry is still not routinely
implemented along with RPTs. One limitation preventing clinical
adoption of individualized dosimetry is that pharmacokinetic mea-
surements typically require image acquisitions at multiple time
points (MTPs) post injection (p.i.) of the radiopharmaceutical.
Other factors, such as limited clinical resources (e.g., scanner
availability and personnel), as well as the additional costs of MTP
imaging and the unclear reimbursement (11), limit the application
of personalized dose assessments. This lack of clinical adoption,
however, goes against European council directive 2013/79/Eura-
tom, which requests individual planning and verification of ex-
posed target volumes and minimization of dose to nontarget
regions, according to the ALARA principle (12).
In this work, we aimed to assess single-time-point (STP) image-

based dosimetry for 177Lu-PSMA-617 therapy for the second therapy
cycle. Specifically, we considered the formula by H€anscheid et al.
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(STPH) (13) and a prior-information approach (STPprior) that uses
MTP imaging during the first therapy cycle and STP imaging for
subsequent cycles. We believe that validation of a simple dosimetry
approach that requires a single SPECT/CT scan can increase the
adoption of dosimetry and facilitate implementation in routine clin-
ical RPT workflows. Doing so can enable the finding of dose–
response relationships based on fixed therapy activities that will
ultimately allow for AD-based RPT activity personalization.

MATERIALS AND METHODS

Patients
This study was conducted on a cohort of patients with mCRPC who

received two 6-GBq cycles of 177Lu-PSMA-617. Twenty patients with
MTP imaging data available for both therapy cycles were included.
Therapeutic injections and subsequent imaging were performed at the
department of nuclear medicine of the university hospital of Ludwig
Maximilian University of Munich. Data were irreversibly anonymized.
The institutional ethics committee approved this retrospective study
(approval 21-0618), and the requirement to obtain informed consent
was waived.

Imaging Protocol
The details of the MTP imaging protocol (Fig. 1) are in the supple-

mental materials (available at http://jnm.snmjournals.org) (5,14–17).

Determination of Time–Activity Curves
Images were processed using PMOD (version 4.005; PMOD Tech-

nologies LLC). The 24 h p.i. SPECT scan of each therapy cycle was
chosen as a reference image to which the 48 h p.i. and 72 h p.i. SPECT
scans were rigidly registered. Segmentation was performed on the 24 h p.i.
SPECT scans of each cycle. The kidneys were segmented by applying a
20% fixed threshold, which produced good alignment when overlying the
kidney volumes of interest (VOIs) on the CT scan, excluding the kidney
pelvis. Manual adjustments were made when necessary. The qPSMA
approach of Gafita et al. (18) was adopted for segmentation of individual
lesions on the 24 h p.i. SPECT scan per cycle, which was converted into
standardized uptake values (SUVs) based on body weight. The determined
patient- and cycle-specific threshold was applied to the 24 h p.i. SPECT
scan with an automatic multiregion approach. Physiologic uptake regions
that were mistakenly selected as VOIs by the automatic multiregion
threshold approach, such as in the gastrointestinal tract or bladder, were
removed. Lastly, a whole–field-of-view (FOV) tumor burden (TBFOV)
VOI containing all individual lesions was created. The lesion segmentation

was verified and, if necessary, manually adjusted on the SPECT and CT
scans by 2 experienced readers in a consensus reading.

All VOIs were copied to the coregistered 48 h p.i. and 72 h p.i. SPECT
scans, and the activity values of each VOI were extracted to generate
time–activity curves. These were fit to a monoexponential function using
MATLAB (version R2019b; The MathWorks, Inc.) to determine the effec-
tive half-lives (T1/2 eff) (17) for kidneys, TBFOV, and individual lesions.
The procedure was performed for both therapy cycles.

Time-Integrated Activity (TIA) with MTP and STP Approaches
The TIA for each VOI in the second therapy cycle was calculated

using 3 different methods: the first used the monoexponential fit with
all points available from the MTP scans in the second cycle (consid-
ered the reference TIA (TIAref), determined from activity at time t 5
0 for the second therapy cycle, A2nd

0 , and T1/2 eff for the second therapy
cycle, T2nd

1=2 eff [Eq. 1]); the second used T1/2 eff determined from the
curve fitting of the first cycle (T1st

1=2 eff , prior information) and the STP
activity value of the second cycle; and the third used the approach sug-
gested by H€anscheid (13).

TIAref 5
A2nd
0

ln2=T2nd
1=2 eff

Eq. 1

Three different STP TIAs were calculated for the second method,
STPprior, with Equation 2 by combining T1st

1=2 eff with the single activi-
ties A(t) measured at time t 5 24, 48, or 72 h p.i.

STPprior TIA5
AðtÞ " 2

t
T1st
1=2 eff

ln2
T1st
1=2 eff

Eq. 2

The third method, STPH, estimated the STP TIA using the method
of H€anscheid (13). This approach assumes that if the imaging time
point t is within the interval from 0.75 to 2.5 times the T1/2 eff of the
respective VOI, one can replace Equation 2 by a simplified formula
(Eq. 3) with less than 10% error in TIA compared with MTP. Three
different STP TIAs were calculated using the activities A(t) measured
at time t 5 24, 48, or 72 h p.i.

STPH TIA # AðtÞ " 2 " t
ln2

Eq. 3

Comparisons
The STP approaches for the second therapy cycles were compared with

the MTP reference. The percentage difference (PD) in STP TIA versus
TIAref was calculated for each kidney, for TBFOV, and for up to 6 lesions

FIGURE 1. Overview of MTP imaging protocol.
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per patient if they were visible in the FOV of both cycles. Bland–Altman
plots were used to compare the STP approaches with MTP (19,20).

Statistical Analyses
Statistical analysis used the Wilcoxon signed-rank test for compari-

sons between MTP and each STP approach and between the T1/2 eff of
the first and second cycles.

RESULTS

Unless otherwise stated, all reported values are given as
average 6 SD (minimum; maximum).

Patients
Twenty patients with mCRPC were included in this analysis. The

average administered activity of 177Lu-PSMA-617 for all patients and
therapy cycles was 6.0960.13 GBq (5.74; 6.70 GBq). Left and right

kidneys were analyzed separately. The patients’ TBFOV volume aver-
aged 4626361 ml (8; 1,229 ml). One patient had no lesions within the
SPECT FOV. In total, 56 lesions that were seen within the FOV for
the first and second therapy cycles were analyzed.

Distribution of Effective Half-Lives
Figure 2 shows the T1/2 eff distributions obtained with the MTP

approach. The average T1/2 eff for the first and second therapy cycles
was 32.56 7.0h (17.8; 51.9h) and 31.76 6.4h (21.6; 45.7 h), respec-
tively, for kidneys; 75.36 41.8h (45.5; 240.0h) and 64.86 35.0h
(14.5; 192.8h), respectively, for TBFOV; and 69.06 40.0h (20.1;
249.7h) and 66.66 34.2h (19.7; 216.2h), respectively, for individual
lesions. Twenty-six of the 56 investigated lesions had a T1/2 eff PD of
more than620%.
When T1/2 eff obtained with the MTP approach was compared

between the first and second therapy cycles using the Wilcoxon

FIGURE 2. Distribution of T1/2 eff calculated using MTP method for kidneys (A), TBFOV (B), and individual lesions (C) for both therapy cycles. Plots further
include results of statistical analysis using Wilcoxon signed-rank test for T1/2 eff between cycles 1 and 2.
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signed-rank test, significant differences (i.e., P , 0.05) were found
for TBFOV (P 5 0.02) (n 5 19; 1 patient had no lesions) but not for
kidneys (P 5 0.39) (n 5 37; 3 patients had only 1 active kidney) or
individual lesions (P5 0.27) (n 5 56).

Comparison of TIA with Respect to STP Approaches
Figure 3 shows the PDs in TIA between the MTP and STP

approaches. Supplemental Table 1 displays the values.
The Bland–Altman plots of STPprior and STPH compared with MTP

are given in Figures 4 and 5. The mean relative difference between
MTP and STPpriorwas closest to zero for kidneys at 24h p.i., for TBFOV

at 72h p.i., and for individual lesions at 48h p.i. (Fig. 4). However, the
limits of agreement were smallest for kidneys at 48h p.i., for TBFOV at
72h p.i., and for individual lesions at 48h p.i. For STPH, the difference
from MTP was closest to zero, with the smallest limits of agreement at
48h p.i. for kidneys and at 72h p.i. for individual lesions (Fig. 5). For
TBFOV, the difference was smallest at 72h p.i., whereas the limits of
agreements were slightly smaller at 48h p.i.

Statistical Analyses
The results of the statistical analysis for the STP approaches com-

pared with the MTP reference are shown in Figure 3. In general, no
significant difference in TIA for kidneys was found for an STPprior
at 24h p.i. or an STPH at 48h p.i. For TBFOV, no significant differ-
ence in TIA was found for an STPprior at 48 h p.i. or STPH at 72h p.i.
Lastly, for individual lesions, no significant difference in TIA was

found for an STPprior at 24 h p.i., STPprior at 48h p.i., or STPH at
72h p.i.
Table 1 summarizes the number and percentage of VOIs for which

the imaging time points per therapy cycle were within the interval
from 0.75 to 2.5 times the T1/2 eff of that region as calculated with the
MTP approach. The imaging time point at 48h p.i. lay within that
range for 97% and 100% of kidneys for both cycles 1 and 2, whereas
for TBFOV and individual lesions, the largest number of VOIs within
that range was at 72h p.i. However, for 25% of individual lesions
and 21% of the TBFOV VOIs, 72h p.i. was outside the interval for
cycle 2.
Figure 6 shows the percentage of VOIs for which the STP TIA

was within 610% and 620% of TIAref for both the STPprior and
STPH approaches. For STPH, 95% of kidneys were within 610%
of TIAref at 48 h p.i., compared with 86% for STPprior. For TBFOV,
95% of VOIs were within 620% of TIAref at 48 h p.i. and 72 h p.i.
for STPprior, compared with 68% and 89% for STPH, respectively.
For STPprior, 86% and 91% of the individual lesions were within
620% of TIAref at 48 h p.i. and 72 h p.i., compared with 63% and
86% for STPH, respectively.

DISCUSSION

In this work, we aimed at comparing STP with MTP image-
based dosimetry methods, which could increase clinical adoption.
STP dosimetry methods have been studied predominantly for

FIGURE 3. Distribution of PD of TIA in STPprior (A–C) and STPH (D–F) vs. MTP reference for kidneys (A and D), TBFOV (B and E), and individual lesions
(C and F). Plots further include results of statistical analysis using Wilcoxon signed-rank test between MTP and each respective STP approach.
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177Lu-DOTATATE therapy (13,21–23) but also for 177Lu-PSMA
therapy (24–26). Three different approaches for STP dosimetry
have been proposed: population-based mean T1/2 eff (27), using
prior information from the first therapy cycle for subsequent cycles
(26), and using the formula by H€anscheid et al. (13). The first
approach has been suggested to be valid for calculation of
kidney ADs in 177Lu-DOTATATE and 90Y-DOTATOC therapies
(22,27). Given the mean T1/2 eff of 32.56 7.0 h p.i. and
31.76 6.4 h p.i. for the first and second 177Lu-PSMA-617 therapy
cycles determined from MTP imaging in this work, this approach
may be a valid assumption. However, given the high variation and
large spread of T1/2 eff for TBFOV and individual lesions (Figs. 2B
and 2C), the population-based approach may not be suitable for
lesion AD calculations in 177Lu-PSMA therapies. Therefore, we
compared clinically feasible dosimetry approaches for kidneys and
lesions with a reduced number of imaging time points based on
STPprior and STPH.
STP-based approaches showed smaller differences between TIA

and TIAref for kidneys than for lesions. These differences can be
associated with the smaller variations in T1/2 eff (Fig. 2). For the
STPprior approach, our analysis indicated that an STP at 24 h p.i.
results in TIA differences from MTP that are on average closer to
zero (Fig. 3A). However, 48 h p.i. is more favorable if a smaller
range of variations in PD versus TIAref is preferred (Figs. 3A and
4A). Our results agree with those reported by Kurth et al. (26),
who applied the STPprior approach for cycles 2–6 and found differ-
ences in AD of 66% for kidneys and 610% for parotid glands
when using a single SPECT scan at 48 h p.i. of 177Lu-PSMA-617,
compared with MTP. Our analysis also suggests that when using

the STPH approach, an STP at either 48 h p.i. or 72 h p.i. is favor-
able. However, an STPH at 48 h p.i. may be optimal for kidney
AD calculations given the smaller range of variations in STP TIA
versus TIAref (Figs. 3B and Fig. 5A). For kidneys, STPH outper-
formed STPprior at 48 h p.i. in terms of PD in TIA with respect to
MTP (Fig. 6). With STPH, most (95%) kidney TIAs are expected
to be within 10% of those calculated with MTP, with few (5%)
falling within 10%–20%. For all kidneys except one, the 48 h p.i.
imaging time point was within the interval from 0.75 to 2.5 times
the T1/2 eff. STPH therefore yielded TIA estimates very close to
TIAref. STPprior, on the other hand, relies on a comparable T1/2 eff

for cycles 1 and 2. We observed up to a 45% difference in T1/2 eff

for some investigated kidneys. However, this translated to a PD in
TIAref of between only 26% and 14%, which could be tolerated
as long as the overall kidney function of the patient was good
before therapy and the cumulative kidney AD was far below the
considered toxicity threshold of 23Gy.
For TBFOV and individual lesions, an imaging time point of 72h

p.i. seems optimal, as the ranges of PD when compared with MTP
are the smallest (Figs. 3A, 4B, and 4C) for the STPprior approach.
Similarly for STPH, the PD when compared with MTP was closer
to zero at 72h p.i. (Figs. 3B, 5B, and 5C). However, to obtain TIA
estimates for both kidneys and lesions in a single scan, an STP at
48h p.i. might be a valid compromise. But this compromise comes
at a higher variation in PD with respect to MTP for lesions.
STPprior performed better overall for TBFOV and individual lesions

than did STPH (Fig. 6). The performance of STPH improved with
later imaging time points. This finding agrees with findings reported
by H€anscheid et al. for 177Lu-DOTATATE (13) and Jackson et al.

FIGURE 4. Bland–Altman plots of STPprior vs. MTP reference for kidneys (A), TBFOV (B), and individual lesions (C). STP24 5 STP at 24 h p.i.; STP48 5

STP at 48 h p.i.; STP725 STP at 72 h p.i.
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for 177Lu-PSMA-617 (25), both of whom found better agreement
between STP and MTP for lesions at imaging time points even
beyond 72h p.i. STPH showed an overall underestimation of TIA for
TBFOV and individual lesions (Fig. 3B). A similar negative skew for
STPH was previously observed by Gustafsson and Taprogge (28),
underlining that STP approaches are limited in accuracy and that the
distribution of T1/2 eff in a population must be carefully determined.
Our results, however, suggest that STPprior is more suitable for tumor
dosimetry, especially if the time point is 48h p.i., matching our recom-
mendation for kidneys. For STPprior, it is expected that most TIAs will
fall within 20% of those calculated with MTP. Our suggestion of per-
forming SPECT at 48h p.i. agrees with the analysis of Hou et al. (24).
Generally, this recommendation is limited for STPH, since, as shown
in Table 1, the imaging time point of 48h p.i. was outside the interval

from 0.75 to 2.5 times the T1/2 eff for about 50% of the individual
lesions for cycles 1 and 2 and for 50%–60% of TBFOV.
The hybrid MTP/STP (STPprior) approach presented here allows

for collection of all required SPECT images during the routine 3-d
hospital stay for patients receiving 177Lu-PSMA-617 therapy at
our institution. This data collection should, however, still be feasi-
ble for other institutions with in-patient therapies and for centers
that discharge patients on day 0 if they agree to return during the
following 2 days. We understand that the latter situation is not opti-
mal, but open communication with the patient highlighting the
benefit of MTP imaging during first therapy cycle may increase
the patient’s willingness to cooperate and participate in multiple
scans. When a patient can tolerate only STP imaging (e.g., because
of pain) or when only a single scan is feasible due to scanner

FIGURE 5. Bland–Altman plots of STPH vs. MTP reference for kidneys (A), TBFOV (B), and individual lesions (C). STP24 5 STP at 24 h p.i.; STP48 5

STP at 48 h p.i.; STP725 STP at 72 h p.i.

TABLE 1
Number of VOIs for Which Imaging Time Point was Within Interval from 0.75 to 2.5 Times T1/2 eff of Cycle 1 or 2

Parameter Cycle

VOIs (n)

24 h p.i. 48 h p.i. 72 h p.i.

Kidneys (N 5 37) 1 7 (19%) 36 (97%) 28 (76%)

2 12 (32%) 37 (100%) 27 (73%)

TBFOV (N 5 19) 1 0 (0%) 6 (32%) 17 (89%)

2 1 (5%) 9 (47%) 15 (79%)

Individual lesions (N 5 56) 1 3 (5%) 26 (46%) 43 (77%)

2 2 (4%) 30 (54%) 42 (75%)
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availability or there are reimbursement issues, the STPH approach
can still be valid. However, imaging should be performed at 72 h
p.i. or later (Fig. 6), when differences in TIA were within 620%
for all kidneys and for over 85% of the investigated TBFOV and
individual lesions. In our investigation, this imaging time point was
within the interval from 0.75 to 2.5 times the T1/2 eff for over 70%
of kidneys, TBFOV, and individual lesions, as shown in Table 1.
Specific patient situations should be considered when STP

methods are applied. The STPprior approach may be more prone to
deviations from TIAref for lesions in cases of progressive disease
or fast response (Supplemental Fig. 1). Protection of healthy
organs from radiation-induced toxicities trumps achieving the
highest possible lesion doses. When considering the minimum and
maximum PDs of 221% and 14% for kidney TIA achieved with
an STPprior at 48 h p.i., and of 218.1% to 12.1% with STPH, these
PDs bear the risk of under- or overestimation of the actual kidney
dose. Dose underestimation in the individual patient may lead to
application of subsequent therapy cycles even if the kidney dose
threshold has already been exceeded. ADs obtained from STP
methods should therefore be interpreted with caution, in view of
the approximately 20% underestimation in a few patients. The
condition and kidney function of the individual patient before and
during treatment must be closely monitored to prevent radiation-
induced toxicity. Our analysis revealed large minimum and maxi-
mum PDs of 219% to 33% for TBFOV and 233% to 43% for
individual lesions for an STPprior at 48 h p.i., and of 258% to
23% for TBFOV and 261% to 8% for individual lesions when
using STPH. Since current clinical practice focuses on protection
of healthy organs, these large ranges will likely not influence the
patient’s course of treatment. However, this variation in lesion AD,
with possible over- or underestimation of the actual lesion AD, can
potentially impact the derivation of dose–response relationships for
prostate cancer lesions. The research community should therefore
focus on MTP-derived lesion ADs to determine the response of
lesions to 177Lu-PSMA-617 therapy of prostate cancer. In case the
therapeutic scheme for PSMA therapy includes PET/CT staging after
every second therapy cycle, this information can be used to guide
whether MTP imaging might become necessary for the subsequent
therapy cycle because of large changes in tumor burden.
We recognize the limitation that our imaging protocol did not

include time points after 72 h p.i. This study was based on the avail-
able imaging data at our institution—data that were acquired during
the routine 3-d hospital stay for patients receiving 177Lu-PSMA-617
therapy. However, our ranges of collected imaging time points are
comparable to those of other institutions (26,29–31). Further research
is needed to assess the validity of our results, including time points
of 96h p.i. or later, and may lead to a different favorable time point
for the STP approach for lesions due to their longer retention time

(32) than was shown in our study. Our suggested imaging time point
of 48h p.i. ensured that the TIA determined with STPprior was within
620% of the TIAref for 97% of kidneys, 95% of TBFOV, and 86%
of individual lesions (Fig. 6). However, this 48 h p.i. time point is
outside the interval from 0.75 to 2.5 times the T1/2 eff for about 50%
of the individual lesions for cycles 1 and 2 and for 50%–60% of
TBFOV (Table 1). An imaging time point of 72h p.i. may be more
applicable for STPH for lesions but with larger differences from
TIAref for kidneys.
Patients with mCRPC may present with extensive metastases

which can challenge the tracking of lesions across cycles and the
calculation of ADs on an individual-lesion basis. Our analysis for
individual lesions was therefore limited to 6 representative lesions
per patient. Organ and lesion T1/2 eff not only may depend on the
individual patient but may vary widely between radiopharmaceuti-
cals (Table 2 of Hou et al. (24) and Fig. 3 of Schuchardt et al.
(33)). The applicability of different STP dosimetry approaches
should therefore be carefully investigated for different organs,
tumors, and radiopharmaceuticals. Future work should include
organs that were outside or not entirely within the FOV of our
1-bed SPECT, as well as including all lesions per patient and
expanding the analysis to other PSMA compounds. Further studies
should investigate how parameters that can be acquired prior to
therapy may impact T1/2 eff. MTP imaging may be advisable when
certain parameters, such as the estimated glomerular filtration rate,
are outside the reference range to precisely capture the patient-
individual T1/2 eff. On the other hand, it can be assessed whether
STP approaches are still valid but at different favorable imaging
time points. Nevertheless, our results suggest that STP dosimetry
is feasible for 177Lu-PSMA-617 therapies. We hope that these
findings simplify dosimetry clinical workflows and ease the imple-
mentation of routine dosimetry in RPTs.

CONCLUSION

The present study assessed STP image-based dosimetry for 177Lu-
PSMA-617 therapy of prostate cancer. Use of a single SPECT/CT
scan at 48or 72h p.i. after injection of the radiopharmaceutical led to
differences from the MTP-based dosimetry that were, overall, within
620%. Both STPH and STPprior were valid for 177Lu-PSMA-617.
Since STP-based dosimetry reduces the burden for patients and the
overall costs and complexity of dosimetry, it facilitates the imple-
mentation of RPT dosimetry into routine clinical practice.
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KEY POINTS

QUESTION: Can the number of imaging time points required for
dosimetry be reduced?

PERTINENT FINDINGS: STP dosimetry is feasible using either
the simplified formula by H€anscheid or a prior information
approach that uses MTP imaging for the first therapy cycle with
STP imaging for subsequent therapy cycles. Both methods
allowed for patient-individual dosimetry for kidneys and lesions,
with less than 620% PD from MTP-based approaches.

IMPLICATIONS FOR PATIENT CARE: Patients will benefit from
personalized dosimetry and prediction of related risks and
outcome.
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The 68Ga-Collagen Binding Probe #8, 68Ga-CBP8, is a peptide-based,
type I collagen–targeted probe developed for imaging of tissue fibrosis.
The aim of this study was to determine the biodistribution, dosimetry,
and pharmacokinetics of 68Ga-CBP8 in healthy human subjects.
Methods: Nine healthy volunteers (5 male and 4 female) underwent
whole-body 68Ga-CBP8 PET/MRI using a Biograph mMR scanner. The
subjects were imaged continuously for up to 2 h after injection of 68Ga-
CBP8. A subset of subjects underwent an additional imaging session
2–3 h after probe injection. OLINDA/EXM software was used to calculate
absorbed organ and effective dose estimates based on up to 17 regions
of interest (16 formen) defined on T2-weightedMR images and copied to
the PET images, assuming a uniform distribution of probe concentration
in each region. Serial blood sampling up to 90 min after probe injection
was performed to assess blood clearance and metabolic stability.
Results: The mean injected activity (6SD) of 68Ga-CBP8 was 220 6
100 MBq (range, 113–434 MBq). No adverse effects related to probe
administration were detected. 68Ga-CBP8 demonstrated an extracellular
distribution with predominantly rapid renal clearance. Doses on the uri-
nary bladder were 0.15 versus 0.19 mGy/MBq for men versus women.
The highest absorbed doses for the rest of the organs were measured
in the kidneys (0.078 vs. 0.088mGy/MBq) and the liver (0.032 vs. 0.041
mGy/MBq). The mean effective dose was 0.018 6 0.0026 mSv/MBq
using a 1-h voiding model. The 68Ga-CBP8 signal in the blood dem-
onstrated biexponential pharmacokinetics with an initial distribution
half-life of 4.9 min (95% CI, 2.4–9.4 min) and a 72-min elimination
half-life (95% CI, 47–130 min). The only metabolite observed had
a long blood plasma half-life, suggesting protein-bound 68Ga.
Conclusion: 68Ga-CBP8 displays favorable in-human characteristics
and dosimetry similar to that of other gallium-based probes. 68Ga-
CBP8 could therefore be used for noninvasive collagen imaging
across a range of human fibrotic diseases.
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Organ fibrosis is a major cause of morbidity and mortality.
Fibrotic diseases, such as cirrhosis, pulmonary fibrosis, and systemic
sclerosis, or diseases with a fibroproliferative component, such as

atherosclerosis, account for nearly half of all human deaths in the
United States (1). Despite the high burden of fibrotic diseases, limita-
tions exist regarding diagnosis and prognostication (2). For many
types of fibrosis, diagnosis hinges on histopathology. However,
biopsy carries risks and may be impractical for certain fibrotic dis-
eases. Prognostication can be particularly challenging. Disease pro-
gression can be heterogeneous, and current imaging modalities such
as CT or ultrasound are limited in their ability to determine fibrotic
disease activity unless performed serially. In addition, the develop-
ment of effective antifibrotic therapies has been hampered by diffi-
culties in determining response to therapy and lack of validated
noninvasive surrogate markers of early treatment response (3).
Several probes have been developed to assess processes driving or

associated with tissue fibrosis (4,5). Because the mechanistic pathways
causing fibrogenesis are similar across organ systems, a molecular
probe developed for a specific indication, such as pulmonary fibrosis,
may be broadly applicable to other diseases. Noninvasive molecular
characterization of fibrosis may offer many advantages over traditional
imaging approaches in terms of assessing disease activity, performing
molecular phenotyping, and determining treatment response (6). Such
technology may also be used for drug development to assist with con-
firming target engagement and assessing drug effect.
Fibrosis is characterized by the excessive deposition of collagen (7).

We recently developed a type I collagen-targeted PET probe, 68Ga-
Collagen Binding Probe #8 (68Ga-CBP8), and performed the first non-
invasive collagen visualization in patients with idiopathic pulmonary
fibrosis (8,9). 68Ga-CBP8 is a peptide-based PET probe that was found
to bind to type I collagen with high specificity (8). The 68Ga-CBP8
lung signal strongly correlated with the amount of hydroxyproline, as a
measure of collagen content, in 2 animal models of lung fibrosis. In
addition, this probe was sensitive to detecting treatment response to an
antifibrotic therapy. In humans, this probe detected increased collagen
in the lungs of those with idiopathic pulmonary fibrosis compared with
healthy volunteers (9).
The promising results enabled by 68Ga-CBP8 require a more in-

depth characterization of the probe properties, including biodistribu-
tion, clearance, and dosimetry, for further clinical translation. Here,
we present the whole-body distribution, dosimetry estimates, pharma-
cokinetics, and metabolism of 68Ga-CBP8 in healthy subjects.

MATERIALS AND METHODS

Subject Recruitment and Safety Monitoring
This study was approved by the Mass General Brigham (formerly

Partners) Institutional Review Board (protocol 2017P002718) and
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registered at clinicaltrials.gov (NCT03535545). All subjects provided
written informed consent. Nine healthy subjects (5 men and 4 women)
with a median age of 59 y (range, 23–76 y) were included. The subject
characteristics are further summarized in Supplemental Table 1 (sup-
plemental materials are available at http://jnm.snmjournals.org). The
subjects were closely monitored for safety. Assessment for adverse
effects of 68Ga-CBP8 administration included monitoring of vital
signs throughout the imaging session and a phone call the day after by
a study physician. In addition, the first 6 subjects had electrocardio-
grams performed before probe injection and after completion of the
imaging session.

Synthesis of 68Ga-CBP8
68Ga-CBP8 was manufactured under current good manufacturing

practices at the Athinoula A. Martinos Center for Biomedical Imaging
radiopharmacy. Two commercially available clinical-grade 68Ge/68Ga
generators were used to produce 68Ga-CBP8: the Isotope Technologies
Garching generator and the Galli Eo (IRE Elit) generator. Further
details about the synthesis of 68Ga-CBP8 can be found in the supple-
mental materials.

PET/MRI Data Acquisition
Simultaneous PET and MRI (3-tesla) data were acquired using a

Biograph mMR scanner (Siemens Healthineers). PET emission data
were acquired for approximately 2 h from the start of the injection of
68Ga-CBP8 using 5 bed positions of 240 s each. This allowed the
acquisition of 5 time points (frames) per bed position starting around
0, 20, 40, 60, and 85 min after injection (supplemental materials).

PET images were reconstructed in 3-dimensional mode using the
standard reconstruction parameters provided by the manufacturer, that
is, ordinary Poisson ordered-subset expectation maximization with 3
iterations and 21 subsets with a postreconstruction isotropic gaussian
filter of 4 mm with a maximum extended axial coverage (head to mid
thigh) of up to 1 m. Simultaneously with the PET data acquisition, the
MRI data were acquired with several sequences, including T2-weighted
short-tau inversion recovery half-Fourier acquisition single-shot turbo
spin-echo images acquired coronally during 2 concatenated breath
holds and a dual-echo Dixon for attenuation correction purposes. The
supplemental materials provide further details about the PET/MRI data
acquisition.

Dosimetry Analysis
Human dosimetry estimates were calculated using OLINDA software,

version 2.2 (OLINDA/EXM), using the International Commission on
Radiological Protection 103 standard male and female models (10).

A uniform distribution of radiotracer concentration throughout the organs
was assumed. Regions of interest were drawn at each individual mul-
tibed acquisition, as described by Pfeifer et al. (11) and Laforest et al.
(12), on the coronal T2-weighed (half-Fourier single-shot turbo spin-
echo) images using OsiriX MD, version 12 (Pixmeo SARL), covering
all organs with visible uptake above the background (supplemental mate-
rials). Regions of interest were then resliced and propagated into the cor-
responding PET frames. Mean radiotracer concentrations were obtained
per slice, and a weighted average was used to obtain 1 mean concentra-
tion value per organ. The average region-of-interest values were then
converted into the percentage injected dose (%ID) per organ by normal-
izing to the total injected activity and using the phantom organ mass
scaled by the ratio of the phantom’s weight over the patient’s actual
weight, as shown by Laforest et al. (12,13) (supplemental materials).
The time-dependent curves of the %ID per organ were then fit using an
in-house script (Python, version 3.1) to provide the corresponding esti-
mates of the organ time-integrated activity coefficients by analytic inte-
gration of a function using a combination of mono- and biexponentials
(Supplemental Table 2) (12). The lumbar vertebrae dose was assigned to
the red marrow using the weight provided in OLINDA, version 2.2,
which follows the European Association of Nuclear Medicine guidelines
(14). The time-integrated activity coefficient for the urinary bladder was
calculated using the voiding model on the OLINDA software in a similar
manner, as explained by Sprague et al. (15).

Finally, the value assigned for the remainder of the body was calcu-
lated as the difference from the total activity at a time point minus the
accounted activity in all organs (11). Total organ-absorbed doses were
calculated for each subject and then averaged together to create both
the male and the female phantom estimated doses.

Blood Analyses
Serial venous blood sampling for measurement of 68Ga-CBP8 blood

clearance and metabolism was performed on 8 of the 9 subjects using
an intravenous catheter placed in the arm opposite the one used for
probe injection. Up to 6 samples per subject were collected at around
3, 10, 20, 30, 60, and 90 min after injection. The exact time points
were used in data analysis. A 300-mL aliquot of each whole-blood
sample was weighed, its radioactivity was measured with a g-counter
(Wizard 2480; PerkinElmer), and the %ID per gram was calculated
(the supplemental materials describe g-counter calibration). Another
2 mL of each blood sample was centrifuged at 4,000g for 5 min at
4!C to separate plasma. A 300-mL aliquot of plasma was weighed,
and its activity was counted. Whole blood as the %ID per gram and
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FIGURE 1. Maximum-intensity-projection coronal images of representative subject (subject 4) showing probe uptake pattern of 68Ga-CBP8 from time
of injection up to 3 h after injection across all organs. Note fast clearance of tracer from main organs, mostly through renal excretion, and smaller portion
through hepatobiliary system, providing desired low, nonspecific background activity across all organs. p.i.5 after injection.
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plasma %ID per gram were plotted as a function of time and fit to a
biexponential model:

%ID=gðtÞ5Ae2at 1Be2bt,

where t is time, A and B are the fraction of injected activity for
each individual exponential and a and b are the exponential rate
constants for each individual exponential function.

Distribution half-life is given as ln(2)/a, and elimination half-life is
given as ln(2)/b. The supplemental materials show metabolite analysis
using analytic high-performance liquid chromatography.

RESULTS

Synthesis
68Ga-CBP8 was initially produced using 68Ga from an Isotope

Technologies Garching generator. The formulation of the precursor
and the labeling protocol were optimized for this generator (Supple-
mental Table 3). The precursor was formulated in 3M sodium ace-
tate buffer (pH 4.5). Such a high buffer concentration was required
to reach an optimal labeling pH of 4.0 after adding the 68Ga31 radio-
isotope eluted in 6mL of 0.05M HCl. Purification of the labeled
product was required to remove radiometal impurities, including any
68Ge, and excess buffer was required to meet quality control specifi-
cations. During the study, the U.S. Nuclear Regulatory Commission
and the Massachusetts Department of Health issued a requirement
that 68Ga generators for human use have a specification of less than
0.001% 68Ge breakthrough. The specification for the Isotope Tech-
nologies Garching generator was less than 0.005%, and although the
68Ga-CBP8 process had a purification step to remove any 68Ge, we
were required to change to a different generator. When we moved to
the Galli Eo generator, radiolabeling with the initial precursor formu-
lation was unsuccessful, with radiochemical purity in the 90%–95%
range. The formulation of the precursor was reoptimized and the
labeling protocol was adapted for 68GaCl3 eluted from the Galli Eo
generator in 1.1mL of 0.1M HCl. Optimal labeling conditions were
found using the CBP8 precursor formulated in 1.5M sodium acetate
at pH 4.0 (Supplemental Table 3). After the labeling reaction, the pH
was adjusted to pH 6–8 using a 0.5M solution of sodium phosphate
dibasic, and the solution was diluted to 20mL with an 80mM
sucrose solution to reach an osmolality suitable for intravenous injec-
tion (320–380 mOsm). No further purification was required since the
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FIGURE 2. Time–activity curves for selected organs representing %ID
per organ across time from injection up to 120 min. Each postinjection
curve represents average across subjects, with shaded area representing
95% CI of mean.

TABLE 1
SUVmean at 90 min Postinjection for Several Organs Across All Subjects

Region of interest

SUVmean at 90 min

All* Female Male P, female vs. male†

Left ventricle 0.96 (0.73–1.28) 1.05 (0.73–1.28) 0.91 (0.73–1.12) 0.65

Myocardium 0.62 (0.27–1.36) 0.65 (0.27–0.86) 0.58 (0.37–1.36) 0.99

Lung 0.31 (0.19–0.47) 0.33 (0.22–0.47) 0.29 (0.19–0.38) 0.79

Skeletal muscle 0.32 (0.29–0.47) 0.31 (0.29–0.47) 0.32 (0.29–0.42) 0.99

Pancreas 1.13 (0.73–1.49) 1.42 (1.23–1.49) 0.89 (0.73–1.44) 0.14

Small intestine 0.85 (0.58–1.54) 0.79 (0.66–0.86) 0.94 (0.58–1.54) 0.39

Large intestine 0.71 (0.34–1.15) 0.58 (0.34–1.15) 0.79 (0.52–0.93) 0.79

Liver 2.44 (1.88–2.97) 2.56 (2.46–2.97) 2.31 (1.88–2.82) 0.14

Kidney 6.98 (5.18–9.32) 8.25 (7.33–9.20) 6.55 (5.18–9.32) 0.25

Uterus NA 2.01 (1.81–3.47) NA NA

Prostate NA NA 1.55 (0.04–4.09) NA

Brain 0.08 (0.03–0.09) 0.06 (0.03–0.09) 0.08 (0.05–0.09) 0.64

*Except subject 7 because of unavailable data around 90 min.
†Wilcoxon rank sum test.
NA 5 not applicable.
Data are median and range.
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generator met specifications for 68Ge breakthrough. Using this for-
mulation and labeling protocol, 68Ga-CBP8 was obtained with high
radiochemical purity (.95%) and radiochemical yield greater than
80% after sterile filtration.

Safety, Biodistribution, and Dosimetry Estimates
The mean administered activity was 2206 100 MBq (range,

113–434 MBq). There were no adverse or clinically detectable
pharmacologic effects related to 68Ga-CBP8 in any of the 9 sub-
jects. No significant changes in vital signs or electrocardiograms
were observed.
Figure 1 demonstrates a typical biodistribution of 68Ga-CBP8 over

time. 68Ga-CBP8 demonstrated rapid renal clearance, with some

uptake in the liver and biliary tract and low background uptake in
other organs, such as the lungs. Figure 2 shows the time–activity
curves for selected organs, including the lungs, liver, kidneys, spleen,
and blood pool, demonstrating fast probe clearance and low back-
ground activity in healthy regions. Table 1 lists SUVmean at 90min
after injection for various tissues. No differences were observed in
SUVmean between men and women. The 68Ga-CBP8 signal in the
blood, measured in the left ventricular region of interest, demon-
strated biexponential pharmacokinetics with an initial distribution
half-life of 4.4min (95% CI, 3.1–5.8min) and a 70.4-min elimination
half-life (95% CI, 70.2–70.5min). These values align with estimates
of distribution and elimination half-life determined from venous
blood sampling. Median fractions and half-lives for the bladder

TABLE 2
Organ-Absorbed Doses and Effective Doses for Standard Male and Female Phantoms Using International Commission on

Radiological Protection 103 Models

Target organ

Organ dose (mGy/MBq)

Male Female P*

Adrenals 0.018 (0.0032) 0.019 (0.0025) 0.016

Brain 0.0021 (0.0003) 0.0025 (0.0003) ,0.0001

Breasts NA 0.011 (0.0022) N/A

Esophagus 0.0093 (0.0010) 0.011 (0.0012) ,0.0001

Eyes 0.0076 (0.0009) 0.0092 (0.0011) ,0.0001

Gallbladder wall 0.019 (0.0067) 0.021 (0.0078) ,0.0001

Left colon 0.020 (0.0050) 0.022 (0.0047) ,0.0001

Small intestine 0.020 (0.0020) 0.024 (0.0024) ,0.0001

Stomach wall 0.013 (0.0018) 0.015 (0.0020) ,0.0001

Right colon 0.011 (0.0011) 0.013 (0.0014) ,0.0001

Rectum 0.012 (0.0005) 0.018 (0.0006) ,0.0001

Heart wall 0.016 (0.0013) 0.021 (0.0017) ,0.0001

Kidneys 0.078 (0.030) 0.088 (0.034) ,0.0001

Liver 0.032 (0.0036) 0.041 (0.0045) ,0.0001

Lungs 0.0067 (0.0008) 0.0085 (0.0010) ,0.0001

Ovaries NA 0.014 (0.0007) NA

Pancreas 0.017 (0.0023) 0.021 (0.0027) ,0.0001

Prostate 0.021 (0.013) NA NA

Salivary glands 0.0082 (0.0010) 0.010 (0.0012) ,0.0001

Red marrow 0.010 (0.0006) 0.012 (0.0008) ,0.0001

Osteogenic cells 0.0085 (0.0006) 0.0089 (0.0007) ,0.0001

Spleen 0.013 (0.0020) 0.016 (0.0023) ,0.0001

Testes 0.013 (0.0058) NA NA

Thymus 0.0089 (0.0010) 0.011 (0.0012) ,0.0001

Thyroid 0.0085 (0.0010) 0.010 (0.0012) ,0.0001

Urinary bladder wall 0.15 (0.034) 0.19 (0.043) ,0.0001

Uterus NA 0.029 (0.015) NA

Total body 0.011 (0.0009) 0.014 (0.0010) ,0.0001

Effective dose (mSv/MBq) 0.016 (0.0008) 0.021 (0.0012) ,0.0001

*Paired t test.
NA 5 not applicable.
Data are mean followed by SD in parentheses.
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model were 34% (range, 17%–38%) and 29min (range, 15–47min),
respectively.
The organ-absorbed doses and the estimated effective doses for

a 1-h voiding cycle are shown in Table 2. The urinary bladder was
the organ with the highest absorbed dose for men and women
(0.15 vs. 0.19 mGy/MBq, respectively), followed by the kidneys
(0.078 vs. 0.088 mGy/MBq, respectively) and the liver (0.032 vs.
0.041 mGy/MBq, respectively). The mean effective dose was 0.0186
0.0026 mSv/MBq (0.01660.0008 mSv/MBq for men and 0.0216
0.0012 mSv/MBq for women). All organs showed higher absorbed
doses for women to a significance level of P , 0.0001, except for the
adrenals (P 5 0.016). Overall, time-integrated activity coefficients did
not show significant differences between men and women (Supple-
mental Table 4). An example of the data fitting and the square of
the Pearson correlation coefficient (r2) per organ are shown in Sup-
plemental Figure 1 and Supplemental Table 4, respectively.

Pharmacokinetics and Metabolism
Analysis of radioactivity in serial venous blood samples showed a

biexponential elimination (Fig. 3A). Fitting the blood radioactivity
versus time curves to a biexponential function gave a distribution

half-life of 4.9min (95% CI, 2.4–9.4min)
and an elimination half-life of 72min (95%
CI, 47–130min), consistent with a probe that
has low protein binding, predominantly renal
elimination, and an extracellular distribution.
Radio–high-performance liquid chroma-

tography analysis of plasma samples showed
that 68Ga-CBP8 is fairly stable with respect
to metabolism (Supplemental Fig. 2). A sin-
gle, small metabolite was observed, and this
metabolite had a much longer blood half-life
than 68Ga-CBP8 (Fig. 3B). Because 68Ga-
CBP8 is rapidly eliminated from the plasma
but the metabolite is not, the fraction of intact
68Ga-CBP8 circulating changed as a function
of time, with 97.1%, 79.9%, 54.1%, 39.8%,
22.9%, and 17.3% of the circulating dose
corresponding to the intact probe at 3, 10, 20,

30, 60, and 90min, respectively, after injection of the probe (Fig. 3B).
On the basis of the long plasma half-life of the metabolite, we specu-
late that this may be due to the transmetalation of 68Ga to a plasma
protein.

DISCUSSION

Here we present the first-in-humans dosimetry and pharmacoki-
netic results of 68Ga-CBP8. Our study has several notable findings.
In a small group of healthy volunteers, there were no adverse events
deemed related to 68Ga-CBP8. 68Ga-CBP8 had an extracellular dis-
tribution, displayed good metabolic stability, and was rapidly
cleared from the circulation, with a distribution half-life of about
5min and an elimination half-life of about 70min. Doses were
higher in women than men, similar to other dosimetry studies
(13,16–19). However, neither the probe uptake (SUVmean at 90min;
Table 1) nor the time-integrated activity coefficients (Supplemental
Table 4) showed significant sex differences, suggesting that the
higher S values per organ on the female phantom, as a result of
the smaller female organ and body sizes (19), are responsible for the
observed doses differences. 68Ga-CBP8 displays dosimetry values

A BA BB

FIGURE 3. (A) Whole-blood clearance of 68Ga-CBP8 in 8 subjects. (B) Blood plasma clearance of
intact 68Ga-CBP8 probe and 68Ga-based metabolite observed by high-performance liquid
chromatography.

TABLE 3
Comparison of 68Ga-CBP8 with Mean Effective Doses of Other 68Ga-Based PET Probes and 18F-FDG

Compound Effective dose (mSv/MBq) Voiding model Reference

68Ga-NODAGA-RGByK 0.016–0.024 30 min and 1 h (16)
68Ga-NODAGA-MJ9 0.018–0.023 30 min and 1 h (17)
68Ga-P16–093 0.022–0.027 55 min (single) (18)
68Ga-DOTA-E-[c(RGDfK)]2 0.017–0.024 1 h (19)
68Ga-DOTATATE 0.021 Urine collection (20)
68Ga-DOTATOC 0.021 Urine collection (20)
68Ga-FAPI-2 0.018 Unspecified (21)
68Ga-FAPI-4 0.016 Unspecified (21)
68Ga-FAPI-74 0.016 Unspecified (22)
18F-FDG 0.020 (0.013–0.029) Unspecified (23)
68Ga-CBP8 0.018 1 h This study

Effective doses are mean and/or range.
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similar to those of other state-of-the-art 68Ga-based tracers, includ-
ing other NODAGA-based probes (Table 3) (16–22). In addition,
the mean effective dose of 0.018 mSv/MBq with 68Ga-CBP8 is in
line with the standard and widely used 18F-FDG, with mean effec-
tive doses of about 0.02 mSv/MBq (range, 0.013–0.029 mSv/MBq)
(23). The mean effective dose was higher in women than men
(0.021 vs. 0.016 mSv/MBq) because of the higher absorbed dose in
the uterus and ovaries than in the testes and prostate.
There is increasing development and application of molecular

probes for detection of fibrosis (24,25). Collagen is a particularly
attractive target because it is the most abundant of proteins in the
fibrotic extracellular matrix (26). 68Ga-CBP8 is the first collagen-
specific PET probe that has been translated into humans for fibrosis
imaging. 68Ga-CBP8 is a peptide-based probe that binds type I col-
lagen with high specificity and a dissociation constant of 2.16
0.1mM for human collagen (8). Ex vivo correlation of the %ID
and lung collagen was strong in both bleomycin-injured mice and
explanted lungs from patients with pulmonary fibrosis. In humans,
68Ga-CBP8 uptake was increased in the whole lungs of subjects
with idiopathic pulmonary fibrosis compared with healthy volun-
teers (0.65 vs. 0.48 SUVmean at 60min) (9). However, the PET sig-
nal in the lungs of subjects with pulmonary fibrosis is notably
heterogeneous, with SUVmean greater than 2 in areas of high 68Ga-
CBP8 uptake, presumably indicative of active fibrosis. In the
healthy volunteers in this study, there was a reduced background
signal (,1 SUVmean at 90min) for most organs, suggesting that
this probe is likely to be useful for the detection of active fibrosis
across multiple organ systems. 68Ga-CBP8 has several advantages
over other clinically used approaches to fibrosis detection. 68Ga-
CBP8 enables noninvasive collagen detection, thus obviating the
risks associated with biopsy for histopathologic characterization.
Imaging modalities such as CT or ultrasound can detect structural
changes resulting from tissue fibrosis but have a limited ability to
assess fibrotic disease activity at any one time point.
Our results expand on prior experience with 68Ga-CBP8 by dem-

onstrating favorable pharmacokinetic parameters and dosimetry
estimates in humans. In healthy volunteers, 68Ga-CBP8 had an
extracellular distribution, fast clearance, and metabolic stability.
Murine studies with 64Cu-CBP7, a probe similar to 68Ga-CBP8,
also demonstrated fast clearance (blood half-life of 20min in mice)
and metabolic stability, with more than 80% of the probe still intact
at 120min (27).
Our results have several implications for broader clinical transla-

tion of 68Ga-CBP8. First, we found that the synthesis of 68Ga-CBP8
needed to be adapted to the type of generator used because of
generator-dependent changes in yield and purity. Next, because of
the rapid clearance, image acquisition can occur within a short time
from probe injection. In healthy individuals, 68Ga-CBP8 displayed
low background uptake in all organs other than the urinary tract,
liver, and biliary tree. Thus, 68Ga-CBP8 may be applied to detect
excess collagen in multiple organ systems. The favorable dosimetry
estimates lessen the risks of repeated 68Ga-CBP8 PET for detection
of fibrosis progression and response to treatment.
Our study has several limitations. First, the increased bladder

uptake induced large partial-volume effects on neighboring tissues.
These partial-volume effects largely affected measurements of the
ovaries. To avoid biasing the dosimetry estimates, we did not include
the ovaries’ measured uptake in the dosimetry calculations in
OLINDA; instead, they were considered part of the remainder of the
body region. However, increased uptake in the ovaries is not antici-
pated for younger healthy volunteers (our female cohort’s average

age was ,40y); thus, its inclusion as part of the remainder of the
body remains valid. Lastly, we used a simultaneous PET/MRI scan-
ner to obtain our PET images. Although the use of PET/MRI com-
pared with PET/CT eliminates the extra ionizing radiation from the
CT component, the use of MRI-based techniques for attenuation cor-
rection on the whole-body level is still not ideal (28). Despite these
limitations, our results are highly encouraging, demonstrating low
organ doses and low mean effective doses and further supporting the
clinical application of this probe to fibrotic diseases.

CONCLUSION

68Ga-CBP8 demonstrates an extracellular distribution, rapid
renal clearance, and metabolic stability in the blood. Dosimetry
estimates are similar to those of other gallium-based probes. Thus,
68Ga-CBP8 is a promising probe for imaging of collagen and tis-
sue fibrosis.
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KEY POINTS

QUESTION: What are the dosimetry and kinetic characteristics of
the collagen-targeted probe 68Ga-CBP8 in healthy volunteers?

PERTINENT FINDINGS: 68Ga-CBP8 displays favorable kinetics
with an extracellular distribution, fast renal clearance, and
metabolic stability. Effective doses are similar to those reported
for other gallium tracers.

IMPLICATIONS FOR PATIENT CARE: 68Ga-CBP8 is a promising
probe for noninvasive imaging of collagen that might be applied to
a range of fibrotic diseases.
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In radiopharmaceutical therapy, dosimetry-based treatment planning
and response evaluation require accurate estimates of tumor-
absorbed dose. Tumor dose estimates are routinely derived using sim-
plistic spherical models, despite the well-established influence of
tumor geometry on the dosimetry. Moreover, the degree of disease
invasiveness correlates with departure from ideal geometry; malignant
lesions often possess lobular, spiculated, or otherwise irregular mar-
gins in contrast to the commonly regular or smooth contours charac-
teristic of benign lesions. To assess the effects of tumor shape, size,
and margin contour on absorbed dose, an array of tumor geometries
was modeled using computer-aided design software, and the models
were used to calculate absorbed dose per unit of time-integrated activ-
ity (i.e., S values) for several clinically applied therapeutic radionuclides
(90Y, 131I, 177Lu, 211At, 225Ac, 213Bi, and 223Ra). Methods: Three-
dimensional tumor models of several different shape classifications
were generated using Blender software. Ovoid shapeswere generated
using axial scaling. Lobulated, spiculated, and irregular contours were
generated using noise-based mesh deformation. The meshes were
rigidly scaled to different volumes, and S values were then computed
using PARaDIM software. Radiomic features were extracted for each
shape, and the impact on S values was examined. Finally, the system-
atic error present in dose calculations that model complex tumor
shapes versus equivalent-mass spheres was estimated. Results: The
dependence of tumor S values on shape was largest for extreme
departures from spherical geometry and for long-range emissions
(e.g., 90Y b-emissions). S values for spheres agreed reasonably well
with lobulated, spiculated, or irregular contours if the surface perturba-
tion was small. For marked deviations from spherical shape and small
volumes, the systematic error of the equivalent-sphere approximation
increased to 30%–75% depending on radionuclide. The errors were
largest for shapes with many long spicules and for spherical shells with
a thickness less than or comparable to the particle range in tissue.
Conclusion: Variability in tumor S values as a function of tumor shape
and margin contour was observed, suggesting use of contour-
matched phantoms to improve the accuracy of tumor dosimetry in
organ-level dosimetry paradigms. Implementing a library of tumor
phantoms in organ-level dosimetry softwaremay facilitate optimization
strategies for personalized radionuclide therapies.

KeyWords: tumor dosimetry; phantoms; MIRD;Monte Carlo

J Nucl Med 2023; 64:782–790
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Tumors are inherently variable, and tumor geometric character-
istics including volume, shape (e.g., ovoid or irregular), margin
morphology (e.g., circumscribed, lobulated, or spiculated), and
composition (e.g., calcifications) are routinely assessed as anatomic
imaging biomarkers or radiomic features (1,2). For tumors and nor-
mal organs, geometric features and composition influence the
absorbed doses received from therapeutic radiopharmaceuticals.
Over the last 50 y, human computational phantoms have evolved
with tools for simulating radiation transport. Software programs
implementing phantoms with anatomically realistic 3-dimensional
organ shapes are now in widespread use for organ-level internal
dosimetry (3–6). In contrast to organs, tumors are generally modeled
as soft-tissue spheres of equivalent mass in organ-level dosimetry
workflows—that is, tumor shape, margin morphology, and composi-
tion are rarely, if ever, incorporated into tumor dosimetry analyses.
A principal barrier to incorporation of these factors has been the

lack of computational phantoms representative of shapes and com-
positions other than soft-tissue spheres and ellipsoids (7,8). In a
recent study, Olguin et al. comprehensively investigated the depen-
dence of tumor self-dose on tissue composition using a series of
spheroid phantoms comprising various combinations of soft-tissue
and mineral bone content (8). This study illustrated that assuming
soft-tissue composition for highly mineralized tumors may translate
to relative errors exceeding 80% in tumor dose estimates. Absorbed
doses per unit of time-integrated activity (i.e., S values) derived
from this study were built into the new MIRDcalc dosimetry soft-
ware to enable routine consideration of tumor composition in tumor
dosimetry calculations (5). The present study expands on previous
work (8) to more comprehensively investigate the effect of tumor
shape and margin contour on tumor self-dose.
In the present work, a procedural noise-based method for gener-

ating mesh-type representative tumor computational phantoms is
described. Using this method, a library of tumor phantoms of dif-
fering volume, shape, and margin contour was generated. Using
the library, S values for several therapeutic radionuclides were
computed to provide insights into the influence of shape and con-
tour on tumor-absorbed dose. Finally, practical application of such
a library in routine clinical organ-level dosimetry workflows is
discussed.
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MATERIALS AND METHODS

Tumor Modeling
The 3-dimensional modeling software Blender (version 3.0.0;

Blender Foundation) was used to generate the tumor phantom library
(Fig. 1). Blender’s icosphere geometric primitive (a triangulated

spherical surface) was used as the base mesh from which all other
library members were generated. Specific procedures for generating
additional shapes and contours are described below.
Spheroids. Spheroid shapes were generated by scaling the unit ico-

sphere along the z-axis. Two oblate spheroids were generated using
z-axis scale factors of 0.25 and 0.5. Two prolate spheroids were gener-
ated using z-axis scale factors of 2.0 and 4.0. Isotropic scaling was
then used to generate similar spheroids of a range of volumes.
Spherical Shells. Spherical shells were modeled to approximate

lesions with target-expressing malignant cells concentrated at the
periphery (e.g., lesions with central necrosis). These were generated
using a unit icosphere and a smaller icosphere. The latter icosphere par-
titions the phantom into an inner spherical core and an outer spherical
shell or annulus. The relative shell thicknesses T were defined in rela-
tion to the outer (i.e., overall tumor) radius R: T 5 0.2, 0.4, 0.6, or
0.8 R. Isotropic scaling was then used to generate similar spherical
shells of a range of volumes.
Lobulated, Spiculated, and Irregular Contours. Tumor surface

contours were generated by radially displacing the vertices of the ico-
sphere. Let r be a vertex on the unit icosphere centered on the origin.
Let f : r!R be a function for the relative radial displacement of
each vertex; the range of f is 0–1. A point on the surface of the
deformed shape is defined as…

P rð Þ5 ð11L " f rð ÞÞ " r,
where L is a scaling factor for controlling the magnitude of the
displacement.

There are numerous basis functions that might be used to determine
suitable values of f to approximate tumor contours. Here, Worley noise
(9), a procedural noise function implemented in Blender’s Voronoi tex-
ture node, was used. Worley noise is often used in 3-dimensional design
to simulate structures with discernable boundaries, such as pebbles, cell
clusters, soap bubbles, or other self-organizing structures. In the present
case, the Worley noise field was generated by seeding random points in
3-dimensional space and evaluating the Euclidean distance to the clos-
est random point as a function of position. The range of distances in the
noise field are then normalized to range between 0 and 1 (i.e., a relative
noise field). Optionally, thresholding, smoothing, or other manipula-
tions can be applied to the field before normalization. The values of
f are obtained by sampling the relative noise field at each vertex. The
positions of the vertices in the deformed shape then follow from Equa-
tion 1. Finally, the shape can be scaled to an arbitrary volume by isotro-
pic scaling.

Our method for generating tumor surface contours is based on 3
central inputs that parameterize the Worley noise field and a fourth
isotropic scaling factor. The first parameter, L, is discussed above.
Second, a density parameter, D, is varied to control the number of
bump or spike projections from the sphere surface. Third, a coverage
threshold parameter, C, influences the fraction of the sphere surface
that can be perturbed. Finally, an isotropic scaling factor, I, is used to
scale the tumor to an arbitrary volume:

I5

ffiffiffiffiffi
V

V0

3

r
5

F

F0
,

where V is the desired volume and V0 is the initial volume. Alterna-
tively, the tumor may be scaled to an arbitrary Feret diameter (10,11),
F, which represents the greatest dimension of a tumor (formally, the
maximal pairwise Euclidean distance between the surface mesh verti-
ces). F0 is the Feret diameter of the initial (i.e., nonscaled) shape.

Notably, by adjustment of the parameters, the morphologic character-
istics of the output shape can be made to mimic tumor margin pathology
including lobulations, microlobulations, spiculations, or irregularity
(Fig. 2). A range of representative margin contours has been generated
using parameter combinations guided by clinical experience and the

FIGURE 1. Tumor phantom library scaled to constant Feret diameter.
Relevant parameters defining each shape or contour are provided on axis
gridlines. C 5 coverage parameter; D 5 density parameter; L 5 length
parameter; T5 relative shell thickness; Z5 z-axis scale factor.
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literature. Readers themselves may generate tumor phantoms by adjust-
ing the node input parameters in the Blender file as described in the sup-
plemental material (available at http://jnm.snmjournals.org).

The tumor surface meshes were exported from Blender in stereo-
lithography (*.stl) format and converted to tetrahedral meshes with
Tetgen (12) (using the -pAY command line arguments) in preparation
for S-value computations. The volumes of the n tetrahedral elements
comprising the volumetric tumor mesh were summed to yield V0,
namely…

V0 5
Xn

i5 1

ai2dið Þ " bi2dið Þ3 ci2dið Þð Þ
6

"""" """",
where ai5 ða1,a2,a3Þ, bi5 ðb1,b2,b3Þ, ci5 ðc1, c2, c3Þ, and di5
ðd1,d2,d3Þ. These are position vectors defining the vertices of the
ith tetrahedral element.

The surface area of each phantom was computed by summing the n
triangular elements comprising the surface of the phantoms:

A0 5
Xn

i5 1

|| bi2aið Þ3 ci2aið Þ||
2

,

where ai, bi, and ci are position vectors defining the vertices of the
ith triangle.

S-Value Computation
In the MIRD dosimetry formalism, the S value SðrT  rS , A

ZXÞ
(Gy/Bq"s) (13) quantifies the absorbed dose D rTð Þ (Gy) to a radiosen-
sitive target rT per unit of time-integrated activity ~A rSð Þ (Bq"s) of
radionuclide A

ZX in source rS:

D rTð Þ5 ~A rS,
A
ZX

$ # " SðrT  rS ,
A
ZXÞ:

In the present case, tumor self-dose (i.e., rS 5 rT ) was considered
and the distribution of activity in the tumor was assumed to be spa-
tially uniform.

For each tumor phantom, self–S values for
3 b-particle emitters (90Y, 131I, and 177Lu) and
4 a-emitters or a-generating decay chains
(225Ac, 213Bi, 223Ra, and 211At) were com-
puted using PARaDIM software (3). S values
for the radionuclides with radioactive progeny
were computed separately. Relevant decay
information for each radionuclide are provided
in Table 1.

PARaDIM used PHITS, version 3.24 (14),
for Monte Carlo simulations. Each calculation
used the PARaDIM default parameters for
physical models in PHITS, which used the
International Commission on Radiological Pro-
tection publication 107 library for decay spectra
(15), the PHITS-EGS5 method for treatment
of multiple scattering, explicit treatment of
fluorescent x-rays, consideration of Rayleigh
and incoherent scattering, and consideration
of electron-impact ionization. Sampling was
used to determine bremsstrahlung polar angles,
electron–positron pair polar angles, and distri-
bution of photoelectrons. A cutoff energy of
1.0 keV were used for electrons and photons.
Soft-tissue elemental composition and density,
as defined in International Commission on
Radiation Units and Measurements report 46
(16), were the attributes assigned to the tetra-
hedral mesh tumor region and surrounding

material. A sufficient number of particle histories was run such that the
relative statistical uncertainties in the S values were less than 1%. For
the b-particle emitters, the full b-spectrum was used. For all radionu-
clides, the contributions of monoenergetic electrons (e.g., conversion
and Auger or Coster–Kronig electrons) were included.

The S-value calculations were repeated for different tumor volumes
using the phantom scaling function in PARaDIM. Specific volumes
were selected by sampling values for the equivalent-sphere diameter at
semiregular intervals. For an arbitrary tumor shape of the same com-
position, the radius of the equivalent-mass sphere is Req5

ffiffiffiffiffiffiffiffiffiffiffi
3V=4p

3
p

,
where V is the volume of the shape. The equivalent-sphere diameter is
2Req. The range of sampled values for the equivalent-sphere diameter
was deemed clinically relevant based on concordance with the eighth
edition TNM staging system (Table 2) (17,18).

Comparative Evaluation
Of interest here are the systematic errors that arise when tumors

with various morphologic characteristics are modeled as equivalent-
mass spheres in self-absorbed dose calculations. The percentage error
in the S value is defined as follows:

% error5
Sequivalent sphereðAZXÞ2StumorðAZXÞ

StumorðAZXÞ
3 100%,

where Stumor is the S value for the actual tumor shape and Sequivalent sphere
is the self–S value for the icosphere (representing a sphere) of equiv-
alent mass.

Validation of S-Value Calculations
S values computed for the icosphere were compared with those for

spheres obtained from the new MIRDcalc dosimetry software tool
(5,8) as a validation measure.

Radiomic Shape Features
The imaging subfield of radiomics involves the identification of

quantitative features in digital images that may be predictive of tumor

FIGURE 2. Method for generating representative lobulated, spiculated, or irregular tumor phan-
toms. (A and B) Contours are parameterized by length parameter L, density parameter D, and
threshold parameter C (A), which together determine 3-dimensional Worley noise field (B). (C) Noise
field is sampled at vertices of unit icosphere. (D) Vertices are radially displaced on basis of value
sampled from noise field. (E) Shape is then isotropically scaled to desired volume.
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TABLE 1
Radionuclides Considered in Present Study

Radionuclide
Physical
half-life

Principal therapeutic
radiations RCSDA Clinical use examples

225Ac 10.0 d a (5.8 MeV) 47 mm 225Ac-lintuzumab (25),
225Ac-PSMA-617 (26)

221Fr 4.9 mo a (6.3 MeV) 53 mm Progeny of 225Ac
217At 32 ms a (7.1 MeV) 64 mm Progeny of 225Ac
213Bi 46 mo a (5.8 MeV) 47 mm 213Bi-Hum195 (27), 213Bi-

DOTATOC, 213Bi-PSMA-617,
progeny of 225Ac

b2 (Emax 5 1.42 MeV) 6.5 mm

(Eavg 5 434 keV) 1.4 mm
213Po 4.2 ms a (8.4 MeV) 84 mm Progeny of 225Ac/213Bi
209Tl 2.2 mo b2 (Emax 5 1.9 MeV) 9.1 mm Progeny of 225Ac/213Bi

(Eavg 5 655 keV) 2.5 mm
209Pb 3.3 h b2 (Emax 5 644 keV) 2.4 mm Progeny of 225Ac/213Bi

(Eavg 5 197 keV) 0.4 mm
211At 7.2 h a (5.9 MeV) 48 mm 211At-chimeric antitenascin

monoclonal antibody
81C6 (28)

211Po 0.52 s a (7.4 MeV) 68 mm Progeny of 211At
223Ra 11.4 d a (5.7 MeV) 45 mm 223Ra-dichloride (Xofigo; Bayer)
219Rn 4.0 s a (6.8 MeV) 60 mm Progeny of 223Ra
215Po 1.8 ms a 7.4 MeV 68 mm Progeny of 223Ra
211Pb 36 mo b2 (Emax 5 1.37 MeV) 6.3 mm Progeny of 223Ra

(Eavg 5 450 keV) 1.5 mm
211Bi 2.1 mo a (6.6 MeV); 57 mm Progeny of 223Ra

b2 (Emax 5 575 keV) 2.1 mm

(Eavg 5 173 keV) 0.3 mm
211Po 0.52 s a (7.4 MeV) 68 mm Progeny of 223Ra
207Tl 4.8 mo b2 (Emax 5 1.43 MeV) 6.6 mm Progeny of 223Ra

(Eavg 5 495 keV) 1.7 mm
177Lu 6.6 d b2 (Emax 5 498 keV) 1.7 mm 177Lu-DOTATOC (Lutathera;

Advanced Accelerator
Applications), 177Lu-PSMA-
617 (Pluvicto; Advanced
Accelerator Applications)

(Eavg 5 133 keV) 0.2 mm
131I 8.0 d b2 (Emax 5 807 keV) 3.3 mm 131I-NaI, 131I-tositumomab

(Bexxar; GlaxoSmithKline)

(Eavg 5 182 keV) 0.4 mm
90Y 2.7 d b2 (Emax 5 2.28 MeV) 11 mm 90Y-ibritumomab tiuxetan

(Zevalin; Acrotech
Biopharma), 90Y-microspheres
(TheraSphere; Boston
Scientific Corp.; SIR-Spheres;
Sirtex)

(Eavg 5 933 keV) 3.9 mm

RCSDA 5 particle ranges in continuous-slowing-down approximation, obtained from National Institutes of Standards and Technology
ASTAR database for a-particles in muscle tissue (https://physics.nist.gov/PhysRefData/Star/Text/ASTAR.html) and ESTAR database for
b-particles in soft tissue (https://physics.nist.gov/PhysRefData/Star/Text/ESTAR.html); Emax 5 maximum energy; Eavg 5 mean energy.

TUMOR DOSIMETRY PHANTOMS % Carter et al. 785



pathophysiology; one large class of radiomic features includes shape-
and size-based features (2,10,11,19–21). We hypothesized that these
features may inform dosimetric relationships—namely, the influences
of tumor shape on the S values and the systematic errors in S values
associated with the equivalent-sphere approximation. Eight shape fea-
tures, in addition to the parameters defining our tumor shape library,
were extracted. Potential correlations among the shape features and S
values were then considered. Definitions and descriptions of each fea-
ture are provided in Table 3.

RESULTS

S values for 90Y, 131I, 177Lu, 225Ac, 213Bi, 223Ra, 211At, and
decay chain members, when applicable, are provided in Supple-
mental Tables 1–19 for each phantom in the tumor library. The
contributions of radioactive progeny are tabulated separately from
the parent.
Figures 3 and 4 demonstrate that the standard practice of defin-

ing lesions as equivalent-mass spheres systematically overestimates

TABLE 2
Tumor Volumes Used to Compute S Values in This Study

Volume
(cm3)

Equivalent-sphere
radius (cm)

Equivalent-sphere
diameter (cm)

Equivalent-sphere
TNM classification*

0.00418 0.10 0.20 T1a

0.0141 0.15 0.30 T1a

0.0335 0.20 0.40 T1a

0.113 0.30 0.60 T1a

0.268 0.40 0.80 T1a

0.524 0.50 1.0 T1a

0.905 0.60 1.2 T1b

2.14 0.80 1.6 T1b

4.19 1.0 2.0 T1b

14.1 1.5 3.0 T1c

33.5 2.0 4.0 T2a

113 3.0 6.0 T3

268 4.0 8.0 T4

524 5.0 10 T4

905 6.0 12 T4

*TNM system is based on greatest dimension of tumor. Realistic tumor shapes will have larger greatest dimension than their equivalent
spheres, and thus TNM classifications listed will not necessarily apply for nonspheric tumors.

TABLE 3
Radiomic Features Derived Across Tumor Phantom Library

Feature Formula Description

Volume 5V Shape volume; volumes were selected in range of
0.004–905 cm3

Surface area 5A0 " I25A0 " ðV=V0Þ
2 3=

Surface area of scaled shape

Surface area–to–volume ratio 5A=V Ratio of surface area to volume for scaled shape

Sphericity (11,20,21) 5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
36pV23
p

=A Roundness of shape relative to sphere; range of
sphericities is 0–1, with 1 indicating perfect sphere

Spherical disproportion (11,20,21) 5A=4pReq
2 Ratio of surface area of shape to surface area of its

volume-equivalent sphere (defined by Req)

Compactness 1 5V=
ffiffiffiffiffiffiffiffiffi
pA3
p

Measure of how compact the shape is relative to sphere;
compactness 1 ranges from 0 to 1/6p, with 1/6p
indicating perfect sphere

Compactness 2 536pV2=A Compactness 2 ranges from 0 to 1, with 1 indicating
perfect sphere

Feret diameter (11,20) 5F0 " I Maximal pairwise Euclidean distance between surface
mesh vertices; F0 is Feret diameter of initial
(i.e., nonscaled) shape
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the absorbed dose and, further, that the magnitude of the error is
influenced by the radionuclide, shape, volume, and margin contour.
In the case of high-energy b-emitters (e.g., 90Y), relative errors of
up to 75% were observed for spiculated contours with high values
of L and up to 68% for thin spherical shells (Fig. 3). Relative errors
for all isotopes are provided in Supplemental Tables 20–38. Radio-
mic features associated with each shape are provided in Supple-
mental Tables 39–49. Figure 4 provides insight on how the relative
errors in the equivalent-sphere S values trend with different radio-
mic features and provides an indication of the potential magnitude
of dosimetric error when the equivalent-sphere approximation is
applied for specific radionuclides. For example, for the a-emitter
211At, relative errors were less than 10% across the entire shape
library for volumes of more than 0.2 cm3, sphericity values of
more than 0.2, and area-to-volume ratios of less than 150. Over the
present shape library, the relative errors tended to increase with

surface area–to–volume ratio and tended to
decrease with increasing sphericity, volume,
and Feret diameter. None of the examined
radiomic features yielded quantitatively pre-
dictive relationships with S values or with
their relative errors.

Validation
S values obtained from MIRDcalc for

soft-tissue spheres agreed within 2.5% of
the S values derived in this work for the
icosphere geometry (Supplemental Fig. 1).
The differences may be attributed to subtle
differences in geometry definition or simu-
lation settings.

DISCUSSION

A library of tumor computational phan-
toms of various shapes and contours, cre-
ated using 3-dimensional design software,
has been assembled to improve accuracy in
tumor dosimetry.

Envisioned Practical Use
Radionuclide S values were generated

across the library for tumor self-absorbed
dose calculations via a shape lookup table.
In general, the dose calculations will involve
3 steps: shape matching, time-integrated
activity estimation, and absorbed dose
calculation. The latter 2 steps are com-
monly performed using organ-level dosim-
etry software (4–6), but these software
applications currently support only spheri-
cal phantoms; the S-value database gener-
ated in this work might be integrated into
these existing software tools to enhance
their versatility for tumor dosimetry.

Shape-Matching Considerations
The library phantom that is the closest

match should be identified, guided by
quantitative or semiquantitative analysis of
anatomic images and the visual interpreta-
tion and clinical judgment of the users.

Some characteristics for appearance-based semiquantitative match-
ing might include lobule or spicule count, apparent spicule length,
or apparent Feret diameter. Quantitative features might be ex-
tracted via image segmentation and compared with feature values
extracted from the library phantoms to determine the optimal
match. The uncertainty associated with each feature might be esti-
mated to determine which features to prioritize. For example, the
lesion volume can be difficult to estimate accurately if features
such as spiculations are not well resolved or if only planar images
are available; in that case, the Feret diameter may be a better indi-
cator of the true tumor S value. Finally, if several phantoms pro-
vide a reasonable match to the tumor, their corresponding S values
might be averaged, or alternatively, an interpolation scheme might
be applied.
Importantly, the techniques for visualizing the library phantoms

and the tumor should be congruent. For example, CT slices should be

FIGURE 3. Relative error in absorbed dose if equivalent mass spheres are used to approximate
various representative nonspheric tumors. Req values on abscissa are centimeters; corresponding
volumes can be obtained from Table 2. C5 coverage parameter; D5 density parameter; L5 length
parameter; T5 relative shell thickness; Z5 z-axis scale factor.

TUMOR DOSIMETRY PHANTOMS % Carter et al. 787



compared with corresponding slices of the phantoms, whereas pro-
jections of the phantoms would be more appropriate comparators for
CTmaximum-intensity projections, radiographic projections such as
mammography, or digitally reconstructed radiographs (Fig. 5).
The method for generating the tumor phantom library was

designed to be versatile but with minimal parameter inputs, such
that the library can be systematically expanded if it proves useful.
Through variation of up to 4 parameters, representative tumor phan-
toms can be generated with characteristic features—size, shape,
and margin contour—observable in planar or tomographic ana-
tomic images or expected on the basis of knowledge of the pathol-
ogy. The Blender file used to generate the library phantoms has
been provided in the supplemental materials. This enables one to
optimize each parameter to more closely replicate observed tumor
features. In that case, several Monte Carlo particle transport codes
can compute the S value with the output shape, including GEANT4,
PHITS, and MCNP.

Advantages and Limitations
There cannot realistically be a 1:1 correspondence between a rep-

resentative phantom and a real tumor, and the approach is some-
what subjective. However, by accounting for the salient features
that influence the mean absorbed dose, a more accurate result should
be achievable than is possible with the first-order equivalent-mass-
sphere approximation that has typically been used.

Ideally, one would account for the unique
characteristics of each lesion in dosimetry
calculations, including lesion size, lesion
shape, lesion contour, intratumoral hetero-
geneity, the dynamics of radiopharmaceuti-
cal distribution, and their collective impact
on the dose distribution. Recent progress
toward this goal includes advancements in
nuclear imaging instrumentation, image seg-
mentation, image registration, and software
developments that enable voxel-level dosim-
etry calculations. One inherent limitation of
traditional voxel-level dosimetry is that the
accuracy ultimately depends on the resolu-
tion of the nuclear imaging modality, which
at best approaches 5 mm (clinical PET); this
can be insufficient to capture activity con-
centration gradients or absorbed dose gradi-
ents that are dosimetrically relevant (22).
The resolution of anatomic imaging modali-
ties is far superior, with submillimeter reso-
lution achievable with modern CT and MR
scanners that accompany modern PET and
SPECT systems; especially for high-contrast
scenarios (e.g., lung nodules), these anatomic
imaging modalities might provide lesion con-
tour information to inform selection of a rep-
resentative tumor phantom from our library.
Moreover, for metastatic or multifocal dis-
ease, the concept of the index tumor is com-
monly used, wherein a representative lesion
(usually, the largest lesion) is presumed to
determine the overall clinical behavior of the
disease. An analogous strategy might be
applied for dosimetric evaluation, wherein
the morphology of the index tumor is pre-

sumed to dictate the shape and contour of other foci. This strategy
might have merit when the margin morphology of an index tumor is
resolvable by the anatomic imaging modality or can be plausibly
inferred from other available anatomic information such as biopsy
specimens, a surgically resected lesion, or correlations with other
biomarkers. However, the accuracy of such inferences would need
to be rigorously evaluated before use in practice.

CONCLUSION

A tumor phantom library was generated to enable integration of
tumor shape and contour into routine tumor dosimetry calcula-
tions. Using the library, we have shown that mean absorbed doses
are systematically overestimated for tumors when the equivalent-
sphere approximation is applied to tumors with distinctly different
shapes. Integrating the phantom library within internal dosimetry
software would enable greater versatility and might increase the
accuracy of tumor-absorbed dose estimates.
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FIGURE 4. Correlation of relative errors with radiomic shape features for various shapes and radio-
nuclides. Progeny are not included for 211At.
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KEY POINTS

QUESTION: How accurate are the spherical tumor models
implemented in common organ-level internal dosimetry software,
and can these models be improved?

PERTINENT FINDINGS: Using a library of computational
tumor phantoms that recapitulate dosimetrically relevant tumor
morphology, we found that spherical tumor models may
systematically overestimate the absorbed dose by over 75% for
certain therapeutic radionuclides.

IMPLICATIONS FOR PATIENT CARE: Tumor phantom libraries
might improve software programs for organ-level dosimetry by
allowing the morphology of the real tumor to be accounted for in
dosimetry calculations, thereby translating to dosimetry estimates
that are more tumor-specific.
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Myocardial flow reserve (MFR), derived from quantitative measure-
ments of myocardial blood flow during PET imaging, provides prog-
nostic information on patients with coronary artery disease (CAD), but
it is not known if this also applies to cancer patients with a competing
risk for mortality.Methods: To determine the prognostic value of MFR
in patients with cancer, we designed a retrospective cohort study
comprising 221 patients with known or suspected CAD (median age,
71 y; range, 41–92 y) enrolled between June 2009 and January 2011.
Most patients were referred for perioperative risk assessment. Patients
underwent measurement of myocardial blood flow at rest and during
pharmacologic stress, using quantitative 82Rb PET imaging. They were
divided into early-stage versus advanced-stage cancer groups based
on cancer histopathology and clinical state and were further stratified
by myocardial perfusion summed stress score, summed difference
score, and calculated MFR. Overall survival (OS) was assessed using
the Kaplan–Meier estimator, and Cox proportional-hazards regression
helped identify independent predictors for OS. Results: During a
follow-up of 85.6 mo, 120 deaths occurred. MFR, summed difference
score, and cancer stage were significantly associated with OS. In the
age-adjusted Cox hazard multivariable analysis, MFR and cancer stage
remained independent prognostic factors. MFR combined with cancer
stage enhanced OS discrimination. The groups had significantly dif-
ferent outcomes (P , 0.001), with 5-y OS of 88% (MFR $ 1.97 and
early-stage), 53% (MFR , 1.97 and early-stage), 33% (MFR $ 1.97
and advanced-stage), and 13% (MFR , 1.97 and advanced-stage).
Conclusion: Independent of cancer stage, MFR derived from quanti-
tative PET was prognostic of OS in our cohort of cancer patients with
known or suspected CAD. Combining these 2 parameters enhanced
discrimination of OS, suggesting that MFR improves risk stratification
and may serve as a treatment target to increase survival in cancer
patients.

KeyWords: rubidium PET; quantitative myocardial perfusion imaging;
myocardial flow reserve; cancer; survival
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An increasing number of adults with cancer also have coronary
artery disease (CAD) (1). Therefore, it is important to monitor the

cardiovascular health of cancer patients with risk factors for CAD or
documented cardiovascular events. Cancer itself creates an immuno-
compromised and hypercoagulable milieu, which, in combination
with potentially cardiotoxic cancer therapies, renders patients increas-
ingly vulnerable to cardiac morbidity and mortality (2,3). Cardiotoxic
culprits include mediastinal irradiation, fluoropyrimidines, alkylating
agents, androgen deprivation therapy, and targeted therapies such as
tyrosine kinase inhibitors.
Whereas SPECT and SPECT/CT myocardial perfusion imaging

(MPI) is widely available and well established for evaluating car-
diac risk in the general population (4), PET/CT MPI offers 2 major
advantages (5–7): superior diagnostic accuracy and the ability to
quantify myocardial blood flow at rest and during vasodilator stress
and hence derive myocardial flow reserve (MFR). Although PET/CT
MPI has prognostic value beyond routine clinical predictors for all-
cause mortality and major adverse cardiovascular events (8,9), its
prognostic value in patients with cancer (a major competing risk
for death) is unclear. Therefore, we set out to evaluate the prognos-
tic value of myocardial blood flow and MFR in patients with can-
cer and a suspected or known CAD comorbidity.

MATERIALS AND METHODS

Study Population
This was a retrospective investigation of consecutive patients with

cancer who underwent rest–stress 82Rb-chloride PET/CT MPI over a
20-mo period between June 2009 and January 2011. During this time,
1,233 patients were referred for MPI, including 236 who underwent
82Rb-chloride PET MPI (19%) and 997 (81%) who underwent SPECT/
CT MPI. MPI modality (PET vs. SPECT) was generally determined by
logistic factors (e.g., availability of 82Rb-chloride generator) rather than
clinical criteria. Exclusion criteria for pharmacologic cardiac stress testing
included acute myocardial infarction, unstable angina, overt heart failure,
a history of severe asthma, or contraindications to vasodilation with aden-
osine, dipyridamole, or regadenoson (10). Fifteen patients were excluded
because dynamic PET/CT datasets were not available for analysis. The
final study population comprised 221 patients, most of whom were
referred for perioperative risk assessment (Fig. 1). A detailed history was
obtained from the patient, the referring clinician, and the center’s elec-
tronic medical record before MPI PET/CT to define the cardiac risk fac-
tor profile. Lipid profiles were not available for all patients, as these are
not a part of routine diagnostic evaluation. Clinical risk factors were
scored and summed according to the risk assessment of Morise et al.
for predicting cardiac events (11). The electronic medical record was
reviewed to identify the incidence of cardiac catheterization, percutane-
ous revascularization, coronary artery bypass grafting, or cardiac death
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within 90 d after 82Rb-chloride PET/CT. Patient survival was accurately
determined by scrupulous review of the electronic medical record. The
institutional review board approved this retrospective, Health Insurance
Portability and Accountability Act–compliant, single-institution study
(institutional review board approval 11-150) and waived the requirement
for informed consent. Data collection was finalized in December 2021.
Details of the 82Rb-chloride PET/CT rest–stress protocol, as well as
details on image analysis, are shown in the supplemental materials
(available at http://jnm.snmjournals.org) (12–17).

Cancer Status
The patients had a variety of primary cancers and disease stages

(Supplemental Table 1). We divided the population into 2 groups,
advanced-stage versus early-stage cancer, using an estimated cancer
life expectancy based on historical 5-y survival rates at the time of
82Rb PET/CT imaging. The advanced-stage cancer group was defined
as patients with an expected 5-y survival rate of less than 50%,
unknown primary cancer, or confirmed local recurrence or distant
metastases within 3 mo after the 82Rb PET/CT scan. The remaining
patients were assigned to the early-stage cancer group. If patients had
multiple primary cancers, staging was determined by the cancer with
the lowest expected 5-y survival rate. Expected 5-y survival rates were
based on the seventh edition of the AJCC Cancer Staging Manual (18).
Lymphomas were staged according to the Ann Arbor classification.

Statistical Analysis
Data are expressed as mean 6 SD, median and range, or frequency

and percentage. The Welch 2-sample t test was used for comparison of
normally distributed continuous variables between groups, whereas the
Wilcoxon rank sum test was used for nonnormal variables. The Pearson
x2 or Fisher exact test were used to compare categoric variables.

The Kaplan–Meier estimator was used to determine whether there
was an association between clinical parameters or PET MPI and over-
all survival (OS), which was defined as the time from 82Rb PET/CT
until death from any cause. Patients who remained alive were censored
at the last follow-up. The median follow-up time was calculated using
the reverse Kaplan–Meier method (19). The dates of death and last
follow-up were obtained from the electronic medical record. A log-
rank test was performed to test for differences between survival
curves. Hazard ratios and 95% CIs were calculated using univariable
and multivariable Cox proportional-hazards regression models. To
assess potential confounding effects on survival due to the retrospec-
tive nature of the study, multivariable analyses were performed as
stepwise backward regression, with an entry probability for each
variable set at 0.05. The final model was defined as the model after

variable selection, that is, after exclusion of variables that were not
significant after adjustment. A sensitivity analysis was conducted by
repeating the analysis on patients with both a normal summed stress
score (SSS) (,4) and a normal summed difference score (SDS) (,3)
only. Only a few missing values were observed, and a complete case
analysis was conducted. Reported P values were 2-tailed; a P value of
0.05 or less was considered to indicate statistical significance. Statisti-
cal analysis was performed using SPSS (version 25) and R (version
6.3.0).

RESULTS

Patient Characteristics and Qualitative Assessment of
Regional Perfusion
A flowchart summarizing patient selection is shown in Figure 1.

Patient characteristics are detailed in Table 1. In total, 221 patients
were included in the study. Most had at least an intermediate pretest
probability for CAD (96.4%); 178 patients were referred for risk
assessment before cancer surgery, 9 patients for risk assessment
before undergoing chemotherapy or bone marrow transplantation,
and 34 patients for evaluation of symptoms or signs attributable to
coronary disease.

Myocardial Perfusion and Function
Abnormal stress perfusion (SSS $ 4) was observed in 52 of

221 patients (23.5%). Regional ischemia (SDS $ 3) was found in
46 patients (20.8%). In patients referred for symptoms, 14 of 34
(41.2%) showed evidence of ischemia, with an SDS of at least 3.
Within 90 d after 82Rb PET/CT, 7 patients underwent percutaneous
coronary intervention, 1 patient underwent coronary artery bypass
grafting, and 1 patient experienced cardiac death after myocardial
infarction; all 9 patients had ischemia (SDS $ 3) on PET MPI.
A left ventricular ejection fraction of less than 50% was observed

at rest in 26 patients (11.8%) and at stress in 22 patients (10.0%).
An abnormal left ventricular ejection fraction reserve was observed
in 24 patients.

Myocardial Blood Flow and MFR
Mean rest MBF was 1.01mL/min/g (SD, 0.42), mean rest MBF

after adjusting for RPP was 0.88mL/min/g (SD, 0.32), and mean
stress MBF was 1.93mL/min/g (SD, 0.74). Mean MFR was 2.04
(SD, 0.74), and mean-adjusted MFR was 2.31 (SD, 0.85). Factors
correlating with a low MFR (defined as an MFR lower than the
median of 1.97) were a lower stress MBF (P , 0.001), a higher
rest MBF or adjusted rest MBF (P , 0.001), a higher rest heart
rate (P 5 0.006), a lower stress ejection fraction (P 5 0.002), and
a higher SSS (P 5 0.003) and SDS (P 5 0.021, Table 2). In addi-
tion, a lower hemoglobin level (P , 0.001), a history of CAD
(P , 0.001), an Agatston score classified as severe (score . 400,
P , 0.001), and older age (P , 0.001) were all associated with a
lower MFR (Table 2). However, stress heart rate, rest ejection
fraction, body mass index, and type of vasodilator were not signifi-
cantly associated with a low MFR.

Survival Outcome
The median follow-up time was 7.1 y (95% CI, 6.6–7.5 y). Median

OS was 5.1 y (range, 14 d–8.8 y). During follow-up, 120 patients
died. OS was significantly worse in patients with advanced-stage can-
cer than in those with early-stage cancer (adjusted hazard ratio, 4.06;
P , 0.001; Supplemental Table 2). A higher stress MBF and lower
rest MBF were both significantly associated with better OS in uni-
variable analysis (P 5 0.007 and 0.012, respectively). However,
they were not entered in the multivariable model because of

Eligible patients (n = 236)
• Consecutive patients undergoing 82Rb PET/CT rest

& vasodilator stress myocardial perfusion imaging

Excluded patients (n = 15)
• Technically insufficient studies (e.g., dynamic

images unavailable or corrupted;
uninterpretable images due to artifacts)

Study population (n = 221)
• Pre-surgical cardiovascular risk assessment (n = 178)
• Pre-chemotherapy / pre-bone marrow transplant risk assessment (n = 9)
• Evaluation for symptoms / events attributable to coronary artery disease (n = 34)

FIGURE 1. Flowchart of study patients.
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collinearity with adjusted MFR. A lower adjusted MFR was sig-
nificantly associated with a higher risk of death (increased by 3%
for every 0.1-unit decrease in MFR); this translates to an increase
in the risk of death of 17% when MFR decreases by 0.5 (P 5
0.026). When stratifying MFR by quartiles, the 5-y survival rate
for patients with an MFR of less than 1.45 was 22%, whereas for
those with an MFR of more than 2.45 it was 73% (Supplemental
Fig. 1). Other independent predictors of OS were age, history of

CAD, hemoglobin, and obesity (Supplemental Table 2). Therefore,
MFR provided additional prognostic value to known clinical risk
factors. Four risk categories were defined by stratifying the patients
on MFR and cancer stage: patients with early-stage cancer and
MFR $ 1.97; those with early-stage cancer and MFR , 1.97;
those with advanced-stage cancer and MFR $ 1.97; and those with
advanced-stage cancer and MFR , 1.97. These groups had signifi-
cantly different outcomes, with 5-y OS of 88%, 53%, 33%, and

TABLE 1
Demographics and Characteristics of Study Cohort (n 5 221)

Characteristic Data Characteristic Data

Age (y) 71 (41–92) Vasodilator

Age, binary Dipyridamole 93 (42.1%)

,65 y 73 (33.0%) Regadenoson 128 (57.9%)

$65 y 148 (67.0%) Heart rate (rest) 70.05 6 13.15

Sex Heart rate (stress) 87.44 6 16.56 (2*)

Female 97 (43.9%) Rest systolic blood pressure 140.60 6 20.55

Male 124 (56.1%) Stress systolic blood pressure 131.53 6 22.53 (3*)

Height (cm) 168 (132–193) Transient ischemic dilatation ratio 1.06 6 0.15 (1*)

Weight (kg) 79 (36–161) Stress MBF (mg/mL/min) 1.93 6 0.74

Body mass index 27.82 (16.00–68.78) Rest MBF (mg/mL/min) 1.01 6 0.42

Body mass index, binary Adjusted rest MBF (mg/mL/min) 0.88 6 0.32

,30 136 (61.5%) MFR 2.04 6 0.74

$30 85 (38.5%) Adjusted MFR 2.31 6 0.85

Stress LVEF (%) 71 (18–90) (1*) Morise risk assessment

Stress LVEF (%), binary 1* Low (0–8) 8 (3.6%)

$50 198 (90.0%) Intermediate (9–15) 93 (42.1%)

,50 22 (10.0%) High (.15) 120 (54.3%)

Rest LVEF (%) 66 (21–90) (1*) SSS

Rest LVEF (%), binary 1* Normal (0–3) 169 (76.5%)

$50 194 (88.2%) Mild (4–7) 26 (11.8%)

,50 26 (11.8%) Moderate (8–11) 8 (3.6%)

LVEF reserve 5 (-22–21) (1*) Severe ($12) 18 (8.1%)

Abnormal LVEF reserve 1* Ischemia (SDS $ 3)

Normal 196 (89.1%) Abnormal 46 (20.8%)

Abnormal 24 (10.9%) Normal 175 (79.2%)

Hemoglobin (g/dL) 12.40 (7.60–16.70) (4*) Coronary calcium (Agatston score) 5*

Hemoglobin, binary 4* None/minimal (0–10) 47 (21.8%)

$10 g/dL 189 (87.1%) Mild (11–100) 37 (17.1%)

,10 g/dL 28 (12.9%) Moderate (101–400) 46 (21.3%)

Diabetes Severe (.400) 68 (31.5%)

No 143 (64.7%) Stent 9 (4.2%)

Yes 78 (35.3%) Coronary artery bypass graft 9 (4.2%)

Dyslipidemia 157 (71.0%) eGFR (mL/min/1.73 m2) 64 (22–109)

Hypertension 172 (77.8%) eGFR, binary

Smoker/former smoker 159 (71.9%) #60 96 (43.4%)

History of CAD 82 (37.1%) .60 125 (56.6%)

*Unknown.
LVEF 5 left ventricular ejection fraction; MBF 5 myocardial blood flow; eGFR 5 estimated glomerular filtration rate.
Qualitative data are number and percentage; continuous data are median and range or mean 6 SD.
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13%, respectively (Fig. 2). Additional analyses classified by cancer
staging and MFR are shown in Supplemental Table 3. When analy-
sis was restricted to the 163 patients without regional perfusion
abnormalities (SSS , 4 and SDS , 3), MFR still provided addi-
tional prognostic value for OS (Supplemental Fig. 2), with 5-y
OS of 88%, 55%, 36%, and 15%, for patients with early-stage
cancer and MFR $ 1.97; those with early-stage cancer and MFR
, 1.97; those with advanced-stage cancer and MFR $ 1.97; and
those with advanced-stage cancer and MFR , 1.97, respectively.
Factors associated with OS in this restricted analysis of patients
without regional perfusion abnormalities are listed in Supplemental
Table 4.

DISCUSSION

This study demonstrated that MFR is an independent predictor
of OS in a population of patients with active cancer, even after
stratifying for cancer stage and regardless of the presence or
absence of visual perfusion defects, suggesting that cardiovascular
risk assessment and appropriate care remain paramount even in a
population with significant competing morbidity.
PET-derived MFR is an established prognostic biomarker for

the risk of major adverse cardiovascular events in the general pop-
ulation (5). In our cohort, we chose to focus on overall outcome

TABLE 2
Factors Contributing to Low MFR (All Patients)

Characteristic MFR $ 1.97, n 5 111 MFR , 1.97, n 5 110 P†

Stress MBF (mg/mL/min) 2.14 (0.85–4.64) 1.57 (0.39–3.64) ,0.001

Rest MBF (mg/mL/min) 0.81 (0.40–2.25) 1.01 (0.48–2.61) ,0.001

Adjusted rest MBF (mg/mL/min) 0.77 (0.31–1.40) 0.88 (0.39–2.60) ,0.001

Heart rate (stress) 87 (52–126) (2*) 84 (51–141) 0.33

Heart rate (rest) 66 (44–102) 71 (42–112) 0.006

Ejection fraction (stress, %) 73 (40–90) 67 (18–90) (1*) 0.002

Ejection fraction (rest, %) 67 (27–90) 64 (21–86) (1*) 0.084

SSS 0.0 (0.0–21.0) 1.0 (0.0–40.0) 0.003

SDS 0.0 (0.0–9.0) 0.0 (0.0–26.0) 0.021

Hemoglobin (g/dL) 12.85 (7.60–16.70) (1*) 11.80 (7.60–15.60) (3*) ,0.001

Body mass index 28 (19–51) 27 (16–69) 0.26

Vasodilator 0.64

Dipyridamole 45 (41%) 48 (44%)

Regadenoson 66 (59%) 62 (56%)

History of CAD 29 (26%) 53 (48%) ,0.001

Coronary calcium (Agatston score) (2*) (3*) ,0.001

None/minimal (0–10) 32 (29%) 15 (14%)

Mild (11–100) 25 (23%) 12 (11%)

Moderate (101–400) 25 (23%) 21 (20%)

Severe (.400) 25 (23%) 43 (40%)

Stent 1 (1%) 8 (7%)

Coronary artery bypass graft 1 (1%) 8 (7%)

Age (y) 67 (44–92) 75 (41–90) ,0.001

*Unknown.
†Welch 2-sample t test, Wilcoxon rank sum test, Pearson x2 test; Fisher exact test.
MBF 5 myocardial blood flow.
Qualitative data are number and percentage; continuous data are median and range.

FIGURE 2. Kaplan–Meier overall survival analysis stratified by MFR (,1.97
versus$1.97) and cancer stage (early versus advanced) in the overall cohort
(n5 221).
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rather than limiting our investigation to these adverse events and
cardiac-specific death. Given the complex nature of cancer care
and follow-up, cardiac symptoms and events may be underesti-
mated and erroneously ascribed to the underlying oncologic dis-
ease or therapy. On the other hand, OS is a robust and reliable
outcome measure (20) and may indicate a holistic significance of
impaired MFR beyond its association with cardiac health.
In a large study of over 4,000 patients (21), an MFR of less

than 2.0 was an independent prognostic factor of all-cause mortal-
ity (hazard ratio, 1.72), with an average mortality of 4.4% per year
during a median follow-up of 5.6 y (total mortality, 24.9%). In
comparison, our patients had a higher all-cause mortality of 7.6%
per year during a median follow-up of 7.1y (total mortality, 54.3%).
Although patient populations differ, MFR as an independent prognos-
tic factor and the median values for MFR (1.97 vs. 2.0, respectively)
were quite similar. In a study of 87 patients with breast cancer, those
with an MFR in the lowest tertile had a higher cumulative incidence
of MACE than those with an MFR in the highest tertile (22). In
another study (23), an abnormal MFR remained predictive of cardio-
vascular death in patients with chronic kidney disease. Similarly, in
a retrospective study of 198 patients with systemic inflammatory dis-
orders, those in the lowest tertile of MFRs (defined as ,1.65) expe-
rienced higher all-cause mortality than those in the highest tertile
(hazard ratio, 2.4), regardless of other variables (24). In aggregate,
these data suggest that a reduced MFR is a useful prognostic indica-
tor even in the presence of significant noncardiac comorbidities.
Accordingly, cardiac risk stratification should be performed in cancer
patients with known or suspected CAD, and primary and secondary
prevention strategies should be implemented to improve outcomes,
similar to current practice in nonselected populations (25–28).
Previous epidemiologic studies have demonstrated that cardio-

vascular disease has a major impact on the long-term survival of
cancer patients (29). Our study suggested that an impaired MFR
during periods of stress may be a significant contributing factor.
There are several potential ways in which cancer, by itself or by
virtue of cancer therapy, may affect the cardiovascular system and
control of vasomotion.
First, a recognized hallmark of cancer is the systemic inflamma-

tory state (30,31), which may contribute to coronary microvascular
dysfunction (32,33), akin to traditional cardiac risk factors (34).
Inflammation-induced microvascular dysfunction is proposed to
result from a reduction in microvascular nitric oxide bioavailability.
The principal mechanism for the effect of nitric oxide on vasomotion
is its binding to and activation of guanylate cyclase, increasing the
production of cyclic guanosine monophosphate, which through sec-
ond messengers promotes arterial smooth-muscle relaxation. Inter-
estingly, phosphodiesterase 5 inhibition, preventing the breakdown
of cyclic guanosine monophosphate, has recently gained interest as a
potential anticancer therapy (35) beyond its established role as a sys-
temic arterial vasodilator.
Another prevalent finding in cancer is autonomic dysfunction

(36–39), a recognized contributor to abnormal MFR (40,41).
The sympathetic nervous system can regulate the tumor micro-
environment in multiple ways (42,43), and chronic activation of
the sympathetic nervous system can promote cancer progression.
b-adrenergic signaling, for instance, stimulates the transcription of
proinflammatory cytokines and inhibits the transcription of interfer-
ons, thereby contributing to tumor progression and metastasis (42).
Conversely, experimental inhibition of the sympathetic nervous sys-
tem (44–46) has been shown to decrease tumor growth and improve
outcomes.

Thus, impaired MFR, as seen in our study, may signify cancer-
related coronary endothelial dysfunction or autonomic dysfunc-
tion. In contrast, cancer and CAD may simply coexist. Regardless
of a causal link, our data suggest that cardiovascular risk assess-
ment and appropriate care are important targets in the management
of cancer patients.
This study had some limitations. It was retrospective, with poten-

tial deficiencies in the documentation of cardiovascular risk factors.
It included only patients who were referred for MPI PET by their
oncologist or cardiologist, which may introduce a selection bias. Its
population was heterogeneous regarding age, cancer type, and treat-
ment applied. Also, 11.8% had a resting left ventricular ejection frac-
tion of less than 50%, and 31.5% had a coronary calcium score
above 400. Nevertheless, none of these factors proved significant in
the statistical analysis.

CONCLUSION

PET MFR is a strong, independent prognostic marker of OS,
irrespective of cancer stage. Therefore, MFR assessment may con-
tribute to better risk stratification and may serve as a treatment tar-
get to optimize cardiovascular care and improve survival in cancer
patients. Prospective studies are warranted to validate this concept.
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KEY POINTS

QUESTION: Are cancer patients with abnormal myocardial blood
flow and MFR, as derived from quantitative PET imaging, at higher
risk for mortality, independent of their underlying disease?

PERTINENT FINDINGS: In a retrospective cohort study of
221 patients, we found that an abnormal MFR provides
independent prognostic information; patients with an abnormal
MFR had shorter survival, regardless of cancer type and stage.

IMPLICATIONS FOR PATIENT CARE: MFR improves risk
stratification in cancer patients and may serve as a treatment
target to increase their survival, suggesting a need for dedicated
cardiac care in cancer patients, regardless of competing risk from
their underlying disease.
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Molecular Imaging of Pulmonary Inflammation in Users of
Electronic and Combustible Cigarettes: A Pilot Study
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Electronic cigarette (EC) use has increased dramatically, particularly
among adolescents and young adults, and, like cigarette use, can
cause pulmonary inflammation and increase the risk of lung disease.
Methods: This preliminary study used PET with 18F-6-(1/2)(2-fluoro-
propyl)-4-methylpyridin-2-amine (18F-NOS) to quantify inducible nitric
oxide synthase expression to characterize oxidative stress and inflam-
mation in the lungs in vivo in 3 age- and sex-matched groups: 5 EC
users, 5 cigarette smokers, and 5 controls who had never smoked or
vaped. Results: EC users showed greater 18F-NOS nondisplaceable
binding potential (BPND) than cigarette smokers (P 5 0.03) and con-
trols (P5 0.01), whereas BPND in cigarette smokers did not differ from
that in controls (P . 0.1). 18F-NOS lung tissue delivery and inducible
nitric oxide synthase distribution volume did not significantly differ
among groups. Although there were no group differences in peripheral
inflammatory biomarker concentrations, 18F-NOS BPND correlated
with the proinflammatory cytokine tumor necrosis factor-a concentra-
tions (rs 5 0.87, P 5 0.05) in EC users. Additionally, when EC users
and cigarette smokers were pooled together, number of vaping epi-
sodes or cigarettes per day correlated with interleukin-6 levels (rs 5
0.86, P 5 0.006). Conclusion: This is the first PET imaging study to
compare lung inflammation between EC and cigarette users in vivo.
We found preliminary evidence that EC users have greater pulmonary
inflammation than cigarette smokers and controls, with a positive asso-
ciation between pulmonary and peripheral measures of inflammation.

Key Words: electronic cigarettes; cigarettes; PET; 18F-NOS;
inflammation
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Tobacco use is the world’s leading preventable cause of mor-
bidity and mortality, accounting for more than 8 million deaths
annually (1). Although public awareness of smoking-related risks
has increased and tobacco smoking has declined, electronic ciga-
rette (EC) use has increased dramatically, particularly among ado-
lescents and young adults (1–3). The increase in EC use is driven

partially by the assumption that ECs are safer than conventional
cigarettes. Although ECs are often advertised as an alternative smok-
ing cessation tool (4,5), their long-term effectiveness and safety have
not been rigorously evaluated (6,7). Given the emergence of an
epidemic of injuries associated with ECs or vaping products (8),
EC use has become a major public health concern, and the adverse
pulmonary effects of EC use remain unclear.
ECs deliver nicotine by heating e-liquids (i.e., the liquid used in

ECs) containing nicotine in a vegetable glycerin or propylene
glycol vehicle with flavorings that are vaporized and inhaled, thus
delivering nicotine without combusting tobacco. Although the
propylene glycol and vegetable glycerin found in e-liquids are
regarded as safe by the U.S. Food and Drug Administration, aero-
sols from ECs contain tobacco-specific nitrosamines, metals, poly-
cyclic aromatic hydrocarbons, and volatile organic compounds that
are known toxicants and carcinogens (9). As with smoking, several
EC-related compounds are associated with inflammation, altered
innate immune response, oxidative stress, and cytotoxicity (9–11).
However, the existing human literature on the pulmonary effects of
EC use is limited and comprises mainly studies that use invasive
approaches (e.g., induced sputum and bronchoalveolar lavage) that
do not adequately assess the impact of EC use on the lungs.
PET imaging has been used to quantify and track inflammatory

responses associated with smoking and EC use in vivo without the
need for invasive diagnostic studies (12,13). PET with 18F-FDG
has been used extensively to detect enhanced glucose metabolic
activity of activated immune cells in inflammatory diseases, includ-
ing pneumonia (14), cystic fibrosis (14), and chronic obstructive
pulmonary disease (15). Although associations between 18F-FDG
quantification and inflammation have been observed, biologic pro-
cesses, including fibrosis and neoplasia, use glucose and limit the
specificity of 18F-FDG (16). PET radiotracers targeting the 18-kDa
translocator protein, also known as the peripheral benzodiazepine
receptor, have also been used to measure pulmonary inflammation
(17,18). These radiotracers were initially considered putative mar-
kers of neuroinflammation; however, their specificity for inflamma-
tion is limited (19). Thus, recent efforts have focused on imaging
specific aspects of immune regulation and response, such as nitric
oxide synthase enzymes, with promising results (16,20).
Nitric oxide plays an important role in immune regulation and

is produced by 3 nitric oxide synthase enzymes: neuronal nitric
oxide synthase, endothelial nitric oxide synthase, and inducible
nitric oxide synthase (iNOS) (21). iNOS is associated with acute
and chronic inflammatory diseases, including asthma and chronic
obstructive pulmonary disease (22,23), and is expressed in normal
lung epithelium (24). Convergent evidence indicates that iNOS
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plays a central role in mediating inflammation in smokers of combus-
tible cigarettes, thereby contributing to smoking-related lung diseases.
Preclinical models show that chronic exposure to cigarette smoke
increases iNOS expression (25), whereas pharmacologic inhibition of
iNOS reverses tobacco-induced lung disease (26). Additionally, pre-
clinical research has provided a mechanistic link between iNOS
expression in the lung and inflammatory lung diseases (26,27). These
findings strongly support iNOS as a mechanistically relevant target
for molecular imaging of lung inflammation and inflammatory lung
diseases.
The PET radiotracer 18F-6-(1/2)(2-fluoro-propyl)-4-methylpyridin-

2-amine (18F-NOS) permits the visualization and measurement of
in vivo iNOS expression (16,28). 18F-NOS is a radiolabeled ver-
sion of a reversible iNOS inhibitor with better selectivity than other
nitric oxide synthase enzymes (28). 18F-NOS has been validated in
an animal model of lipopolysaccharide-induced lung injury (29)
and was used successfully to image iNOS expression in humans to
characterize oxidative stress and inflammation in the heart and
lungs (16,28). This study uses 18F-NOS PET lung imaging to quantify
differences in iNOS expression among EC users, cigarette smokers,
and control subjects who have never smoked or vaped. On the basis
of preclinical research showing that exposure to e-liquid vapor and
cigarette smoke increases iNOS expression (25,30), we hypothesized
that EC users and cigarette smokers would show greater pulmonary
iNOS uptake than would controls. We also assessed blood and plasma
inflammatory biomarker concentrations (tumor necrosis factor-a
[TNF-a], interleukin-6 [IL-6], and C-reactive protein) and exam-
ined their association with 18F-NOS PET lung imaging parameters.

MATERIALS AND METHODS

Participants
The study protocol was approved by the University of Pennsylvania

Institutional Review Board and conducted in compliance with the
Health Insurance Portability and Accountability Act under exploratory
investigational new-drug number 140,976 for 18F-NOS. Participants
were recruited via local print media, social media, and previous
research studies. Interested individuals completed a brief telephone
screen and, if eligible, an in-person intake session during which they
provided written informed consent and were screened for eligibility.
Twenty-four participants underwent screening, including a physical
examination, medical history, routine clinical laboratory tests, and tox-
icologic urine analysis. Briefly, exclusion criteria included a history or
evidence of significant medical disorders, a lifetime Diagnostic and
Statistical Manual of Mental Disorders, Fifth Edition diagnosis of a
psychiatric or substance use disorder (except tobacco use disorder for
EC users and cigarette smokers), a positive urine drug screen of drugs
of abuse, use of inhaled or oral corticosteroids or antiinflammatory
medications, and a past-month history of lung trauma or active lung
infection that could impact the uptake of 18F-NOS. All female partici-
pants had a negative pregnancy test on the scanning day before receiv-
ing the radiotracer. Daily for the past 6 mo, EC users had vaped
nicotine and cigarette smokers had smoked. The current smoking sta-
tus was confirmed by carbon monoxide levels greater than 10 parts
per million and urine cotinine levels greater than 150 ng/mL. Fifteen
age- and sex-matched participants (5 exclusive EC users [mean age,
27 6 7 y], 5 cigarette smokers [mean age, 35 6 9 y], and 5 controls
[mean age, 28 6 7 y]), comprising 2 women and 3 men in each group,
met the eligibility criteria and completed the study (Supplemental Fig. 1;
supplemental materials are available at http://jnm.snmjournals.org).

Before scanning, participants completed the Hospital Depression
and Anxiety Scale (31) to assess symptoms of depression and anxiety.
EC users completed measures of vaping behavior, including the Penn

State Electronic Cigarette Dependence Index (32), and cigarette smo-
kers completed measures of tobacco smoking behavior, including the
Fagerstr€om Test for Cigarette Dependence (33). A blood sample was
obtained to measure blood or plasma cytokine concentrations (TNF-a,
IL-6, and C-reactive protein). Participants underwent dynamic thoracic
18F-NOS PET/CT with venous blood sampling.

Data Acquisition
The PET radiotracer 18F-NOS was synthesized as previously

described (28). Participants were scanned with an Ingenuity PET/CT
scanner (Philips Healthcare), which has a PET spatial resolution of
5 mm in full width at half maximum and an 18-cm axial field of view
(34). For each scan, a nuclear medicine physician determined the tho-
racic field of view that best included the heart and lungs. After a low-
dose attenuation-correction CT scan, a 1-h PET dynamic acquisition
was started at the time of an intravenous bolus injection of 18F-NOS
(199 6 27 MBq) with the following framing schedule: 24 3 5 s, 6 3
10 s, 3 3 20 s, 2 3 30 s, 5 3 60 s, and 10 3 5 min. On the basis of
published effective dose estimates of 15.9 mSv/MBq for 18F-NOS,
199 MBq delivers an effective dose of 3.16 mSv, with a maximum
critical dose to the urinary bladder wall of 19.0 mSv (28). The attenuation-
correction CT images were reconstructed into PET images using a
previously described list-mode, blob-based ordered-subsets maximum-
likelihood expectation-maximization algorithm, including flight-time
and physical-data corrections (34). The radiologist who reviewed the
images was masked to participant group status, as was the data analyst.

Metabolite Analysis
Venous blood was sampled at approximately 2, 5, 10, 15, 30, 45,

and 60 min after injection to measure radiometabolites. The whole-
blood and plasma activity concentrations were counted using a
WIZARD2 2480 g-counter (Perkin Elmer). Acetonitrile-treated plasma
supernatant was analyzed in a 1260 Infinity Series (Agilent Technolo-
gies) high-performance liquid chromatology system using an Agilent
ZORBAX StableBond C18 column via a mobile phase of 73% 0.1 M
ammonium formate buffer and 27% methanol. The resulting plasma–
to–whole-blood ratio as a function of time was used to convert the
image-derived whole-blood input function into a plasma input function.
The resulting parent PET radiotracer fraction as a function of time and
the plasma input function were inputted for subsequent kinetic analysis.

Volumes of Interest
Time–activity curves for the whole blood pool were measured using

1 cm3 peak volumes of interest within 2-cm-diameter spheric volumes
of interest within the pulmonary artery, as this blood pool is sufficiently
large to minimize partial-volume effects and is located immediately
before blood enters the lungs (Fig. 1). Lung uptake time– activity
curves were extracted from all lung tissue in the PET field of
view (Fig. 1).

Kinetic Analysis
Three models of kinetic analysis were compared for estimating the

total volume of distribution (VT) from the observed reversible tracer
binding: graphical Logan plot (35), 1 tissue compartment, and 2 tissue
compartments (2TCs). The 2TC model, with an average whole-lung
Akaike information criterion (36,37) of 184 6 31, was selected over
the 1-tissue-compartment model, with a corresponding Akaike infor-
mation criterion of 295 6 24, because the 2TC had the lower, and
therefore better, Akaike information criterion score. VT values esti-
mated via the Logan and 2TC models were similar (R2 5 0.99). As
expected, VT values from Logan plots were less biased than when
using the 2TC model, with the magnitude of the Logan plot VT bias
decreasing with increases in the duration of the PET acquisition. Thus,
we used the 2TC model to quantify tracer uptake to avoid having
metrics dependent on the PET scan duration.
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Two approaches for blood volume fraction (vB) were examined for
each model: fixed at 0.15 and floating between 0.05 and 0.3. The floating
vB resulted in the least model variability. Kinetic analyses using a 2TC
model with a floating lung vB were performed to estimate VT, transport
into the first tissue compartment (K1), the distribution volume of the first
tissue compartment (K1/k2), and nondisplaceable binding potential (BPND)
via Pmod image analysis software (version 3.7; PMOD Technologies
Ltd.) using the combined lung time–activity curve and PET image-derived
plasma input function from the pulmonary artery blood pool (Fig. 1) (38).
Kinetic analyses were based on the first 40 min of the PET acquisition to
allow a consistent analysis of all participants’ data after 1 participant’s
excessive motion resulted in unevaluable PET images after 40 min.

Statistical Analysis
All statistical tests were 2-sided. Nonparametric Mann–Whitney

and Kruskal–Wallis tests were used to assess group differences. Spear-
man rank-order correlations measured the strength and direction of
associations between inflammatory biomarkers, nicotine use behaviors
(cigarettes per day for cigarette smokers; vaping episodes per day for
EC users), and imaging parameters.

RESULTS

On average, EC users reported 7 6 4 vaping episodes/d, with
Penn State Electronic Cigarette Dependence Index scores of 6 6

4, indicating moderate-to-high levels of EC dependence. Cigarette
smokers reported smoking 8 6 4 cigarettes/d, with Fagerstr€om
Test for Cigarette Dependence scores of 5 6 2, indicating moder-
ate levels of cigarette dependence. There were no significant group

differences in age, depression and anxiety
scores, injected mass radioactivity dose, or
plasma-free fraction.
Selection of the pulmonary artery to mea-

sure the blood input function is supported by
the example PET/CT images in Figure 1,
where the distribution of 18F-NOS before
entry into the lungs and then the left ventri-
cle indicates that 18F-NOS enters the right
atrium, followed by the pulmonary artery.
Figure 2 shows average lung 18F-NOS uptake
for all participants as a function of time.
Table 1 presents kinetic analysis results,

where the average estimate of 0.15 6 0.02 for lung vB is consistent
with the reported normal lung vB range of 0.14–0.19 from 18F-FDG
PET/CT scans (39).

18F-NOS BPND values differed significantly among groups
(H(2) 5 7.50, P 5 0.02; Fig. 3). Post hoc comparisons revealed
that EC users had higher BPND values than cigarette smokers
(P 5 0.03) and controls (P 5 0.01). 18F-NOS VT and K1 values
did not differ among groups (P . 0.09).
Peripheral inflammatory biomarker concentrations did not differ

among groups (P . 0.16). Spearman rank-order correlations exam-
ined the associations between daily smoking or vaping behavior,
inflammatory biomarker concentrations, and imaging parameters.
There was a positive correlation among EC users between 18F-NOS
BPND and TNF-a concentration (rs 5 0.87, P 5 0.05; Supplemental
Fig. 2). Among EC users and cigarette smokers, cigarettes per day
and vaping episodes per day correlated with IL-6 levels (rs 5 0.89,
P 5 0.001; Supplemental Fig. 3). No other correlations were statisti-
cally significant.

DISCUSSION

EC use has increased dramatically, particularly among adoles-
cents and young adults. Consequently, well-controlled studies are
urgently needed to examine and compare the effects of EC use
and cigarette smoking. The existing literature comprises mainly
cell culture studies or in vivo animal studies. A few studies exam-
ine the effects of EC use on the human lung based on invasive
approaches that do not assess the global burden of EC use on the
lungs. This preliminary study addressed these gaps using noninva-
sive, 18F-NOS PET lung imaging to quantify and compare lung
inflammation in exclusive EC users, exclusive cigarette smokers,
and controls. Our preliminary 18F-NOS PET findings show that
EC users, cigarette smokers, and controls have similar delivery of
18F-NOS to the lung tissue and similar iNOS availability. However,
18F-NOS BPND was significantly higher in the EC group than in
cigarette smokers and controls. Moreover, 18F-NOS BPND in EC
users was associated with the proinflammatory cytokine TNF-a.
Number of cigarettes and vaping episodes per day correlated with
IL-6 levels. To our knowledge, this was the first PET lung imaging
study demonstrating that EC users show a unique PET lung pheno-
type associated with known inflammatory biomarkers.
Although we did not see the expected increase in 18F-NOS

uptake in cigarette smokers, our findings are consistent with recent
work that used bronchoscopy to isolate alveolar macrophages
from bronchoalveolar lavage samples in smokers, EC users, and
never-smokers and found that EC users showed greater iNOS
expression in alveolar macrophages than did smokers or never-
smokers (40). Animal and human studies have shown that iNOS

FIGURE 1. Representative coronal PET/CT images after injecting 207 MBq of 18F-NOS, with lung
volume of interest (cyan) and 2-cm-diameter spheric blood pool volumes of interest in right atrium
(black), pulmonary artery (blue), and left ventricle (red). PET summed uptake is shown from 0 to 15 s
after injection (A) and from 37 to 42 s after injection (B). HU5 Hounsfield units.

FIGURE 2. Average lung 18F-NOS uptake for each group as function of
time, with SD error bars. CIG5 cigarette smokers; CON5 controls.
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expression is induced in most cell types on exposure to inflamma-
tory stimuli (41) and is associated with increased pulmonary nitric
oxide (42). Nitric oxide mediates neutrophil and macrophage actions
that are thought to contribute to pulmonary oxidant stress and acute
lung injury (43). Thus, our findings suggest that EC use may alter

pulmonary oxidative stress responses and predispose them to acute
lung injury.
Although groups showed similar levels of inflammatory biomar-

kers, EC users showed positive associations between 18F-NOS PET
imaging parameters and TNF-a concentration. TNF-a is a proin-
flammatory cytokine produced by macrophages and secreted by neu-
trophil granulocytes at sites of injury (44) and is involved in the
inflammatory cascade of acute lung injury (45). Indeed, studies have
shown that proinflammatory cytokines induce iNOS expression in
human alveolar cells in response to exposure to fine particulate mat-
ter (46). As such, our findings provide additional evidence of the
altered immune responses in the lungs of EC users.
Several limitations of this study should be considered. First, we

did not account for vaping topography (i.e., how an EC is used,
including puff duration, puff volume, and EC device and power
settings). These factors are important in differential exposure to
nicotine and toxicants among EC users (47). Although we used
individually measured PET radiotracer parent fractions as a func-
tion of time to correct for the presence of radiolabeled metabolites
in the blood, we could not separate lung 18F-NOS uptake due to
binding of parent 18F-NOS from any binding of radiolabeled meta-
bolites. Huang et al. asserted that “because of [the metabolite’s]
polarity, this metabolite is most likely excluded by the lung endo-
thelium from entering the lung parenchyma” (16). Impacts of any
lung binding of radiolabeled metabolites on estimates of 18F-NOS
BPND will likely be inversely related to the validity of the assumption
that polar 18F-NOS metabolites cannot penetrate lung endothelium.

TABLE 1
Kinetic Analysis Results

Patient no. Sex VT K1 K1/k2 BPND vB

EC-07 F 1.17 1.62 0.51 1.31 0.15

EC-10 M 0.63 1.42 0.28 1.23 0.16

EC-13 F 0.99 1.58 0.42 1.34 0.18

EC-20 M 1.20 2.67 0.39 2.12 0.18

EC-23 M 0.83 1.26 0.31 1.66 0.13

CIG-12 M 1.10 2.71 0.57 0.93 0.14

CIG-14 M 4.74 2.29 3.42 0.39 0.14

CIG-17 M 1.14 3.24 0.52 1.21 0.16

CIG-22 F 1.45 2.70 0.66 1.29 0.11

CIG-24 F 1.06 1.62 0.51 1.09 0.15

CON-01 F 1.15 1.95 0.58 0.98 0.18

CON-03 M 1.04 1.85 0.48 1.17 0.15

CON-05 M 0.91 1.37 0.40 1.27 0.15

CON-06 F 1.53 3.19 0.74 1.07 0.17

CON-09 M 1.18 1.62 0.56 1.13 0.13

ECs 0.97 6 0.24 1.71 6 0.56 0.38 6 0.09* 1.53 6 0.37* 0.16 6 0.02

CIGs 1.90 6 1.60 2.51 6 0.60 1.13 6 1.28 0.98 6 0.36 0.14 6 0.02

CONs 1.16 6 0.23 1.99 6 0.70 0.55 6 0.13 1.12 6 0.11 0.16 6 0.02

All 1.34 6 0.97 2.07 6 0.67 0.69 6 0.77 1.21 6 0.37 0.15 6 0.02

P 0.36 0.09 0.03 0.02 0.31

*P , 0.05 on comparison between ECs and NUs.
EC 5 EC user; CIG 5 combustible cigarette user; CON 5 control.
Data are mean values and mean 6 SD. P values are from Kruskal–Wallis test comparing 3 groups.

FIGURE 3. Box plot of 18F-NOS BPND by group. EC users show higher
18F-NOS BPND than controls (P 5 0.01) and cigarette smokers (P 5 0.03).
*P, 0.05. CIG5 cigarette smokers; CON5 controls.
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To date, no studies have provided information on the reproducibility
of the 18F-NOS PET assay; however, previous research showed con-
sistent findings in left- and right-lung 18F-NOS parameters (16). In
addition, because the sample sizes were small, additional larger stud-
ies are needed to replicate these findings and provide greater statisti-
cal power for secondary analyses.

CONCLUSION

Using rigorous quantitative methods and a global technique to
examine pulmonary oxidative stress, we found evidence that EC
use causes a unique inflammatory response in the lungs, reflected
by PET measures of iNOS expression and correlations with
inflammatory biomarker concentrations. Future work is needed to
elucidate the effect of EC use on respiratory health, especially the
effects of chronic EC use.
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KEY POINTS

QUESTION: What are the effects of EC use on pulmonary
inflammation compared with combustible cigarette use and no
use of cigarettes or vaping, as measured with 18F-NOS PET
imaging?

PERTINENT FINDINGS: In this preliminary PET imaging study,
EC users showed greater 18F-NOS BPND than cigarette smokers
and controls. 18F-NOS BPND significantly correlated with the
proinflammatory cytokine TNF-a in EC users. Additionally, when
EC users and cigarette smokers were pooled together, vaping
episodes and cigarettes per day correlated with IL-6 levels.

IMPLICATIONS FOR PATIENT CARE: Preliminary data indicate
that EC users show a unique PET lung imaging phenotype
associated with known proinflammatory cytokines, suggesting
that EC use may increase pulmonary inflammation.
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Esophageal adenocarcinoma causes 6% of cancer-related deaths
worldwide. Near-infrared fluorescence molecular endoscopy (NIR-FME)
uses a tracer that targets overexpressed proteins. In this study, we
aimed to investigate the feasibility of an epidermal growth factor
receptor (EGFR)–targeted tracer, cetuximab-800CW, to improve
detection of early-stage esophageal adenocarcinoma. Methods: We
validated EGFR expression in 73 esophageal tissue sections. Subse-
quently, we topically administered cetuximab-800CW and performed
high-definition white-light endoscopy (HD-WLE), narrow-band imag-
ing, and NIR-FME in 15 patients with Barrett esophagus (BE). Intrinsic
fluorescence values were quantified using multidiameter single-fiber
reflectance and single-fiber fluorescence spectroscopy. Back-table
imaging, histopathologic examination, and EGFR immunohistochem-
istry on biopsy samples collected during NIR-FME procedures were
performed and compared with in vivo imaging results. Results:
Immunohistochemical preanalysis showed high EGFR expression
in 67% of dysplastic tissue sections. NIR-FME visualized all 12
HD-WLE–visible lesions and 5 HD-WLE–invisible dysplastic lesions,
with increased fluorescence signal in visible dysplastic BE lesions com-
pared with nondysplastic BE as shown by multidiameter single-fiber
reflectance/single-fiber fluorescence, reflecting a target-to-background
ratio of 1.5. Invisible dysplastic lesions also showed increased fluores-
cence, with a target-to-background ratio of 1.67. Immunohistochemis-
try analysis showed EGFR overexpression in 16 of 17 (94%) dysplastic
BE lesions, which all showed fluorescence signal. Conclusion: This
study has shown that NIR-FME using cetuximab-800CW can improve
detection of dysplastic lesions missed by HD-WLE and narrow-band
imaging.

Key Words: Barrett esophagus; cetuximab; epidermal growth factor
receptor; esophageal adenocarcinoma; fluorescencemolecular imaging
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Esophageal cancer is responsible for approximately 6% of
cancer-related deaths worldwide, with studies predicting a rise in
the incidence of esophageal adenocarcinoma (EAC) (1). Late-
stage detection leads to a 5-y survival rate of 15%–20% (2).
Surveillance of Barrett esophagus (BE) is performed by high-

definition white-light endoscopy (HD-WLE) and narrow-band
imaging (NBI) combined with random biopsies following the
Seattle protocol to detect early EAC lesions (3). A study perform-
ing a follow-up endoscopy procedure 1 y after the primary endo-
scopy detected 24% more EAC lesions (4). This finding indicates
a high miss-rate by HD-WLE and NBI in combination with ran-
dom biopsies during endoscopic surveillance (4,5).
In the quest to improve detection of early-stage EAC, near-infrared

fluorescence molecular endoscopy (NIR-FME) has recently shown
potential to perform better than the current endoscopic standard
(6). A phase I trial conducted here at the University Medical Center
Groningen used the tracer bevacizumab-800CW, targeting vascular
endothelial growth factor A, and showed an approximately 33%
improvement in early lesion detection compared with conventional
HD-WLE and NBI (7).
NIR-FME can provide additional guidance in histopathologic

assessment and has been shown to reduce sampling error (8,9).
This technique in combination with the tracer cetuximab-800CW, tar-
geting epidermal growth factor receptor (EGFR), has been described
to provide additional real-time information assisting intraoperative
decision making aiding tumor delineation (10). Recently, multiplexed
imaging was successfully introduced in which 2 fluorescently labeled
tracers targeting EGFR and human EGFR 2 were evaluated for detec-
tion of EAC (11).
We validated EGFR expression in BE lesions and aimed to

investigate the feasibility of NIR-FME with cetuximab-800CW,
an EGFR-targeted tracer, compared with HD-WLE and NBI, to
improve detection of early-stage EAC in BE patients.

MATERIALS AND METHODS

This phase I feasibility study with cetuximab-800CW is embedded
in an ongoing intervention study performed at the University Medical
Center Groningen (NCT03877601). All included patients are priorly
diagnosed with low-grade dysplasia (LGD), high-grade dysplasia (HGD),
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or early-stage EAC at a regional hospital and referred to the University
Medical Center Groningen, which is the BE expert center for the north-
ern Netherlands. Included patients underwent HD-WLE combined with
an NIR-FME procedure using topical administration of cetuximab-
800CW (12).

Inclusion and Exclusion Criteria
For the immunohistochemistry preanalysis, we have included

esophageal endoscopic mucosal resection specimens of 25 patients.
Following all preanalysis study procedures, we selected and included
15 patients eligible for cetuximab-800CW administration. These pa-
tients were priorly diagnosed with LGD, HGD, or early-stage EAC and
scheduled for an endoscopic procedure. Patients received both oral and
written information on study procedures and the tracer. Patients less
than 18 y old, allergic to immunoglobulins, pregnant, or breastfeeding
were excluded. Additionally, patients who received prior cetuximab
treatment, radiation therapy, chemotherapy, immunotherapy, or sur-
gery for esophageal cancer were excluded. All patients interested in
participating in either the ex vivo preanalysis or the in vivo procedure
with administration of cetuximab-800CW before endoscopy had to
give written informed consent within 2 wk but not earlier than 48 h
after receiving information. The design of the current study is shown
in Figure 1.

Ex Vivo Preanalysis EGFR Expression
Ex vivo preanalysis was performed by 2 independent researchers to

investigate EGFR expression. Endoscopic mucosal resection speci-
mens were formalin-fixed for 24 h, and specimens were histologically
sectioned into 4-mm tissue slices (n 5 73), which were then stained for
hematoxylin and eosin, P53, and EGFR. The slices were scanned by a
Hamamatsu NanoZoomer (Hamamatsu Photonics) and viewed with
NDP.view2 (Hamamatsu Photonics). H-scores were independently cal-
culated in a masked manner by the 2 researchers to quantify EGFR stain-
ing intensity.

Synthesis of Cetuximab-800CW
Production of cetuximab-800CW (peak excitation/emission at

778/795 nm) was performed in the cleanroom facility of the Clinical
Pharmacy and Pharmacology Department of the University Medical Cen-
ter Groningen (12).

Fluorescence Molecular Endoscopy Combined with
Spectroscopy

Real-time in vivo NIR-FME with cetuximab-800CW was achieved by
coupling a fiberscope (Sch€olly Fiberoptic GmbH) to the SurgVision
Explorer Endoscope (SurgVision BV), which is based on a system previ-
ously developed by our group (13).

Multidiameter single-fiber reflectance and single-fiber fluorescence
spectroscopy, developed by the University Medical Center Rotterdam,
Erasmus MC, was used as a reference for the NIR-FME measurements
(14,15). The process leading to quantification of tracer’s intrinsic

fluorescence was previously described (14,15).
Both NIR-FME and multidiameter single-fiber
reflectance/single-fiber fluorescence were per-
formed through the working channel of a stan-
dard endoscope.

Procedure
HD-WLE and NBI were performed for

general evaluation of the BE segment and
suspected lesions. Acetyl cysteine, 0.1%,
was used to reduce mucus during the proce-
dure. After a 5-min incubation of the topi-
cally administered cetuximab-800CW, the
esophagus was rinsed with water to remove

abundant, unbound tracer. We administered 1 mL of a 0.1 mg/mL
concentration of cetuximab-800CW per 1 cm of BE segment. NIR-
FME was performed to examine the esophagus and investigate
whether all HD-WLE suspected lesions could be detected and
whether additional lesions, missed by HD-WLE/NBI, could be iden-
tified. We calculated the target-to-background ratio (TBR): the
ratio between the mean NIR-FME image pixel intensities from
the region of interest (ROI) (e.g., lesion of fluorescence foci) and the
nondysplastic BE (NDBE), determined as the background. The mean
value of each ROI was calculated for those pixels within the upper
70% of the corresponding histogram.

FIGURE 1. Overview of study design. EMR 5 endoscopic mucosal resection; GMP 5 good
manufacturing practice.

FIGURE 2. (A) Immunohistochemistry results of EGFR staining (brown,
top) and hematoxylin and eosin staining (purple, bottom), with pathologic
delineation of EAC and NDBE. Left images are at low magnification (35),
and right images are at high magnification (320). (B) Histopathologic tis-
sue slices at high magnification (340), with high staining of EAC on left
and no staining of EAC on right, showing variable EGFR expression.
(C) Mean and SD for H-scoring by 2 independent researchers. (D) Scoring
consistency between 2 independent researchers as determined with Pear-
son correlation coefficient. HE5 hematoxylin and eosin.
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To assess the quality of the data acquired with the NIR-FME sys-
tem, we calculated the signal–to–background-noise ratio in decibel
scale and the contrast-to-noise ratio for every frame containing visible
or invisible lesions (16). The reliability of the data was then assessed
through the Rose criterion for contrast-to-noise ratio and the 95% con-
fidence level of a measurement for the signal–to– background-noise
ratio, which requires a contrast-to-noise ratio of more than 3 and a
signal–to–background-noise ratio of more than 6 dB for a lesion to be
distinguishable from the background (17).

Subsequently, HD-WLE–guided spectroscopy was performed to
measure the intrinsic fluorescence of cetuximab-800CW from the
NIR-FME–identified suspected or invisible lesions. All measurements
were done in triplicate, and mean values were used to quantify
cetuximab-800CW fluorescence, serving as control measurements for
validation of NIR-FME findings (18).

Ex Vivo Analysis
Tissue biopsy samples were collected from

unsuspected BE tissue, lesions, and invisible
lesions during in vivo NIR-FME procedures.
They were then formalin-fixed and paraffin-
embedded. From these specimens, 10-mm tis-
sue sections were deparaffinized and imaged
with an Odyssey CLx flatbed scanner (LI-COR
Biosciences), whereas 4-mm-thick sections
were stained with hematoxylin and eosin and
P53 and subsequently histopathologically ana-
lyzed by 2 pathologists. Immunohistochemistry
on EGFR staining was performed on additional
4-mm tissue sections, after which they were
scanned by a NanoZoomer (Hamamatsu Pho-
tonics) and digitally analyzed using NDP.view2.
H-scores were calculated to quantify the stain-
ing intensity of EGFR by 2 researchers. A
total of 32 formalin-fixed tissue sections
stained with EGFR were analyzed.

Statistical Analysis
Analyses and graph layouts were imple-

mented using Prism (version 8.4.2, GraphPad
Software Inc.). Normality tests were per-
formed on all data. Descriptive statistics were
performed to calculate the mean and SD of
the H-scores, and Pearson correlation was
used to assess the interobserver agreement
of manual H-scoring by the 2 independent

researchers. H-scores, TBRs, and in vivo and ex vivo spectroscopy
data were analyzed by 1-way ANOVA. P values of less than 0.05 were
considered statistically significant. All data are displayed as mean6 SD.

Ethical Considerations
This study was approved by the Medical Ethics Committee at the

University Medical Center Groningen (METc number 2018/701).

RESULTS

Ex Vivo EGFR Expression Analysis
In total, 73 formalin-fixed and paraffin-embedded tissue slices were

analyzed for EGFR expression levels and histopathology. Two pathol-
ogists selected areas containing NDBE, LGD, HGD, and EAC.
H-score quantification showed that membranous staining for most of

TABLE 1
Patient Characteristics (n 5 15)

Characteristic

Histology

DataNDBE LGD HGD EAC

Male (n) 1 (100%) 2 (100%) 5 (100%) 5 (71.4%) 13 (86.7%)

Mean age (y) 74.5 67.0 64.0 64.2 66

Mean body mass index 28.00 27.10 27.05 27.46 27.43

Lesions identified by referring endoscopist 0 0 1 8 9 (7 patients)

Lesions identified with HD-WLE at BE expert center 0 0 3 9 12 (9 patients)

Additional NIR-FME lesions 0 2 3 0 5 (5 patients)

Five invisible HD-WLE dysplastic lesions were detected using FME.

FIGURE 3. (A) Different lesion and tissue types visualized with different imaging techniques. From
top to bottom are shown HD-WLE images, corresponding frames acquired with NIR-FME system in
fluorescence channel, overlay of color and fluorescence data acquired with NIR-FME, and ex vivo
fluorescence images acquired with Odyssey CLx flatbed scanner. Fluorescence images were line-
arly normalized to common global maximum (1) and minimum (0) values to enable visual comparison
of signal strength between different lesion types. (B and C) Calculated TBRs combined and in every
single patient separately, respectively.
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the dysplastic BE tissue (LGD, HGD, and EAC) were scored interme-
diate or high (n 5 49, 67%) (Fig. 2). However, 24 dysplastic BE tis-
sue areas were scored negatively or low (33%). Subsequently, the
H-score for EGFR of NDBE tissue was negative or low in 33 tissue
areas (89%). The calculated mean H-score for NDBE was
576 38 and significantly lower than LGD (1276 58, P , 0.0001),
HGD (1306 60, P , 0.0001), and EAC (1266 73, P , 0.0001).
The fraction of variance between the 2 researchers was calculated
with the Pearson correlation coefficient (r5 0.9056) (Fig. 2).

Patient Characteristics
Fifteen patients, 2 of whom were female and 13 male, were in-

cluded in the trial. All included patients received cetuximab-800CW
during the procedure, and none of the patients experienced any serious
adverse events. The patient characteristics are shown in Table 1.

NIR-FME
All 9 lesions detected by the referring endoscopist at the regional

hospitals were detected by our BE expert endoscopist. Furthermore,
our BE expert endoscopist additionally detected 3 flat lesions by
HD-WLE that were not described by the referring endoscopist. All 12
HD-WLE–visible lesions were visualized by the NIR-FME camera,
showing increased fluorescence intensity.
Histopathologic assessment by a BE expert
pathologist showed dysplasia in all visible
and invisible lesions. We observed a clear ex
vivo fluorescence signal on the epithelial side
of all biopsy samples in dysplastic lesions.
The TBRs of the complete delineated visi-

ble lesions were a mean of 1.360.2 (P ,

0.0001), whereas the invisible lesions pre-
sented a higher mean TBR of 1.660.2 (P ,

0.0001). We could not detect a lesion using
either HD-WLE or the NIR-FME system in 1
patient referred with LGD, and additional ran-
dom biopsies according to the Seattle protocol
did not detect dysplasia either. The distribu-
tion of mean TBRs per tissue and per pa-
tient is shown in Figure 3. Data quality
assessment showed an average signal–to–
background-noise ratio of 21.796 1.65 dB
and an average contrast-to-noise ratio of
4.5461.57, both being above the corre-
sponding critical values for discrimination
between lesion and background, as defined
in Table 2.

In 5 patients, NIR-FME detected areas that did not show mor-
phologic changes suggestive of dysplasia by HD-WLE or NBI.
These areas showed dysplasia on histology and thus counted as
invisible lesions by standard imaging technology (Fig. 4).

In Vivo Multidiameter Single-Fiber Reflectance/Single-Fiber
Fluorescence Spectroscopy
Multidiameter single-fiber reflectance/single-fiber fluorescence

spectroscopy measurements were performed to quantify the intrinsic
fluorescence values of the tracer in vivo by correcting for optical
properties of the tissue. Measurements of NDBE were completed for
all patients, with the tracer showing a mean intrinsic fluorescence of
0.0126 0.003 Q "mf

a;x. The mean value for visible lesions (n 5 10)
was calculated from 30 measurements and was higher, at 0.0186
0.004 Q "mf

a;x, than for NDBE (P 5 0.0014), with a spectroscopy
TBR of 1.5. These findings are comparable to the in vivo analysis of
the raw fluorescence images. In vivo spectroscopy measurements
were not feasible for 2 lesions. In one, it was impossible to perform
reliable measurements because the spectroscopy fiber was angled
toward the lesion. In the other, the spectroscopy measurements failed
because we had unstable contact between the lesion and the fiber.
Invisible lesions (n 5 5) showed a higher mean of 0.02060.005
Q "mf

a;x than did NDBE (P 5 0.0003). This results in a calculated
spectroscopy TBR of 1.67, confirming the data from the in vivo raw
fluorescence image analysis of HD-WLE–invisible lesions. In vivo
spectroscopy results are shown in Figure 5.

Ex Vivo EGFR Expression
All 17 dysplastic esophageal lesions showed a moderate to

strong ex vivo fluorescence signal. LGD was found in 2 tissue
slices, HGD in 6 tissue slices, and EAC in 9 tissue slices. NDBE
was found in 15 tissue slices collected from endoscopically unsus-
pected BE tissue. Examples of EGFR expression levels in the sam-
ples are shown in Figure 6. H-score quantification showed that in
94% of dysplastic BE tissue (LGD, HGD, and EAC) collected
from visible and invisible lesions, epithelial EGFR staining was
scored intermediate or high. NDBE tissue showed an ex vivo negative

TABLE 2
Metrics with Corresponding Formulas and Reference

Values for Image Quality Assessment

Metric Formula Reference value

SNR 20"log10 S
RMSN 6 dB

CNR S2Nj j
RMSN 1

SNR 5 signal-to-background noise ratio; S 5 mean intensity
signal; RMSN 5 root mean square noise calculated as SD from
background area; CNR 5 contrast-to-noise ratio; N 5 noise
calculated as mean background signal.

FIGURE 4. HD-WLE–invisible dysplastic lesions detected by NIR-FME. From top to bottom are
shown HD-WLE images, corresponding NIR-FME fluorescence images of HD-WLE–invisible lesions,
and overlay of NIR-FME color and fluorescence data from 5 different patients. All fluorescence
images were normalized with regard to their individual maximum (1) and minimum (0) values to
enable visual assessment of fluorescence localization.
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fluorescence signal and lower EGFR expression H-score results than
HGD and EAC tissue.

DISCUSSION

Early detection of dysplastic BE and early-stage EAC can prevent
progression toward locally advanced EAC and thereby improve mor-
bidity and mortality rates significantly. In the current study, we investi-
gated EGFR expression in dysplastic BE and early-stage EAC tissue.
Furthermore, we tested the safety and feasibility of cetuximab-800CW
in vivo to improve malignant and premalignant esophageal lesion
detection with NIR-FME in BE. Our immunohistochemistry preanaly-
sis showed intermediate to high EGFR expression within 67% of the
dysplastic areas. NIR-FME with cetuximab-800CW detected all visi-
ble dysplastic lesions and additionally revealed 5 dysplastic lesions
missed using HD-WLE/NBI. The specificity of the results was con-
firmed by 2 independent BE expert pathologists, and 16 of the 17 dys-
plastic lesions (94%) showed intermediate or high EGFR expression
levels. This finding signifies the ability of cetuximab-800CW to visu-
alize dysplastic areas in BE even if morphologic abnormalities cannot
be detected by HD-WLE/NBI.
Results from our previous in vivo feasibility study with the tracer

bevacizumab-800CW showed that NIR-FME could improve early
lesion detection significantly (7). Another published phase I proof-of-
concept study demonstrated the feasibility of using an EGFR-targeted
tracer in combination with a tracer targeting human EGFR 2 for the

detection of early EAC lesions using dual-
channel spectral endoscopic imaging (11).
However, EGFR or human EGFR 2 expres-
sion analysis was not performed, and in vivo
imaging results were not quantified (11). The
follow-up clinical trial showed an in vivo
TBR of 1.5 using an EGFR-targeted tracer in
31 patients, although additional lesions were
not detected (19). In our phase I clinical trial,
we found that the EGFR-targeted tracer
cetuximab-800CW detected all known dys-
plastic lesions and, more importantly, detected
5 invisible dysplastic lesions confirmed by
histopathology, which were also shown to
be EGFR-positive. Quantified NIR-FME im-
proves early lesion detection by 29% over the
current clinical standard using HD-WLE/NBI
endoscopy. We quantified EGFR expression

in an extensive preanalysis in esophageal endoscopic mucosal resection
specimens and subsequently in all esophageal biopsy samples taken
during the NIR-FME procedure. Moreover, we confirmed our in vivo
NIR-FME findings with unbiased spectroscopy measurements.
Our ex vivo analysis regarding the biopsies showed relatively

high EGFR expression within dysplastic esophageal tissue. One
reason for these higher EGFR expression levels than reported in
the literature might be our relatively small patient sample size
from the phase 1 trial in which we analyzed EGFR expression. All
17 NIR-FME–identified lesions, HD-WLE–visible and HD-WLE–
invisible, showed in vivo fluorescence after incubation with
cetuximab-800CW, suggesting that when lesions are EGFR-
positive, they can be detected by cetuximab-800CW. However, 1
lesion did not show clear EGFR expression in the ex vivo analysis,
possibly because of sampling error during biopsy.
Fluorescence molecular imaging can be further developed and

improved by addressing several study limitations. We included solely
referred BE patients with a suspected lesion. Consequently, our cohort
consisted mainly of patients with EAC, resulting in a distorted repre-
sentation of the overall BE population. Research has shown that
endoscopists at regional, non–BE expert, centers detect significantly
fewer EAC lesions than endoscopists at a BE expert center (20).
Therefore, we most likely detected more suspected lesions using HD-
WLE than did referring centers, potentially indicating that this novel
red flag imaging technique is of even greater value for regional,
non–BE expert, centers. It would be of great interest to include

non–BE experts in a follow-up study to eval-
uate the impact of this technique. We manu-
ally calculated the TBRs from in vivo images
by comparing the fluorescence signal of the
region for the area of interest with the unspe-
cific fluorescence signal of a region for NDBE.
A reason for these relatively low TBRs could
be the heterogeneous distribution of the topi-
cally administered tracer. Another limitation is
that we could not visualize the tracer on a
microscopic level. The obtained biopsy sam-
ples were directly formalin-fixed after the
endoscopic procedure. Our previous study
with bevacizumab-800CW demonstrated that
the tracer is almost entirely washed away dur-
ing paraffin embedding, resulting in a loss of
fluorescence signal (13). However, in the best

FIGURE 5. In vivo spectroscopy results. (Left) In vivo spectroscopy differences between
HD-WLE–visible lesions, HD-WLE–invisible lesions, and NDBE. (Right) In vivo spectroscopy fluores-
cence values for NDBE, HD-WLE–visible lesions, and HD-WLE–invisible lesions within each patient.

FIGURE 6. EGFR expression and ex vivo fluorescence in different tissue types. (A) Tissue slices
with EGFR staining (top) and corresponding deparaffinized tissue slices scanned with Odyssey CLx
flatbed scanner, showing fluorescence at luminal side of tissue where tracer was sprayed (bottom).
(B) Calculated H-score of EGFR staining.
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possible manner, ex vivo images made with the Odyssey CLx fluores-
cence flatbed scanner showed a clear signal only on the luminal side of
the tissue. Finally, we could not take real-time spectroscopy measure-
ments. All measurements were calculated and analyzed after completion
of all study procedures. Since we needed the endoscopic working chan-
nel for both the fluorescence molecular endoscope and the spectroscopy
fibers, we could notmeasure the intrinsic fluorescence and search for the
most intensely fluorescent spot simultaneously. This limitation might
explain why the measured fluorescence signal was not higher in the
lesion than in the background in one of the included patients.
Over the last few years, several new imaging techniques have

been developed to improve early EAC lesion detection in BE
patients. Among them are computer-aided diagnosis algorithms (21),
which might be used as a second assessor. Computer-aided diagnosis
already performs better at EAC detection than general endoscopists
with HD-WLE images alone, showing a sensitivity of 93% versus
72% and a specificity of 83% versus 74% (22). We envision that
HD-WLE and FME assisted by computer-aided diagnosis can further
improve detection of early EAC lesions, with the aim of making the
Seattle protocol redundant and improving patient outcome.

CONCLUSION

We validated that EGFR is overexpressed in malignant and prema-
lignant esophageal tissue. We demonstrated in vivo that this novel red
flag imaging technique in combination with cetuximab-800CW has
potential to improve early lesion detection in BE patients. We expect
that a dual-channel spectral imaging study using an EGFR-targeted
tracer in combination with a vascular endothelial growth factor A–tar-
geted tracer can further improve detection of early malignant and pre-
malignant lesions in these patients.
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KEY POINTS

QUESTION: Does NIR-FME in combination with cetuximab-800CW,
an EGFR-targeted tracer, improve detection of early-stage EAC.

PERTINENT FINDINGS: This study adds an extensive ex vivo
validation of EGFR expression in dysplastic and nondysplastic
esophageal tissue to gain insight into the variability of this expression.
In vivo, we additionally detected 5 HD-WLE–invisible lesions, further
quantified in vivo fluorescence results with spectroscopy, and
validated these results ex vivo with EGFR expression levels.

IMPLICATIONS FOR PATIENT CARE: Dual-channel spectral
NIR-FME including an EGFR-targeted tracer will further improve
detection of malignant and premalignant lesions in the esophagus.
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Infectious disease remains the main cause of morbidity and mortality
throughout the world. Of growing concern is the rising incidence of
multidrug-resistant bacteria, derived from various selection pressures.
Many of these bacterial infections are hospital-acquired and have
prompted the Centers for Disease Control and Prevention in 2019 to
reclassify several pathogens as urgent threats, its most perilous
assignment. Consequently, there is an urgent need to improve the
clinical management of bacterial infection via new methods to specifi-
cally identify bacteria and monitor antibiotic efficacy in vivo. In this
work, we developed a novel radiopharmaceutical, 2-18F-fluoro-2-
deoxy-mannitol (18F-fluoromannitol), which we found to specifi-
cally accumulate in both gram-positive and gram-negative bacteria
but not in mammalian cells in vitro or in vivo. Methods: Clinical iso-
lates of bacteria were serially obtained from wounds of combat ser-
vice members for all in vitro and in vivo studies. Bacterial infection
was quantified in vivo using PET/CT, and infected tissue was excised
to confirm radioactivity counts ex vivo. We used these same tissues
to confirm the presence of bacteria by extracting and correlating
radioactive counts with colony-forming units of bacteria. Results:
18F-fluoromannitol was able to differentiate sterile inflammation from
Staphylococcus aureus and Escherichia coli infections in vivo in a
murine myositis model using PET imaging. Our study was extended
to a laceration wound model infected with Acinetobacter baumannii,
an important pathogen in the nosocomial and battlefield setting.
18F-fluoromannitol PET rapidly and specifically detected infections
caused by A. baumannii and several other important pathogens
(Enterococcus faecium, S. aureus, Klebsiella pneumoniae, A. baumannii,
Pseudomonas aeruginosa, and Enterobacter spp.). Importantly, 18F-
fluoromannitol PET was able to monitor the therapeutic efficacy of
vancomycin against S. aureus in vivo. Conclusion: The ease of pro-
duction of 18F-fluoromannitol is anticipated to facilitate wide radio-
pharmaceutical dissemination. Furthermore, the broad sensitivity of
18F-fluoromannitol for bacterial infection in vivo suggests that it is an
ideal imaging agent for clinical translation to detect and monitor
infections and warrants further studies in the clinical setting.

KeyWords: 18F; PET imaging; infection; bacteria
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Infection is responsible for the highest morbidity and the third
most deaths among all human diseases worldwide (1). Most
health-care–associated infections in the United States arise from
several common pathogens, including Staphylococcus aureus,
Acinetobacter baumannii, Pseudomonas aeruginosa, and those
of the Enterobacteriaceae family (Escherichia coli and Salmonella
spp., among others). The rising trend of antimicrobial resistance,
compounded by a growing population of immunocompromised indi-
viduals (HIV/AIDS, chemotherapy, organ transplantation, diabetes)
creates an enormous economic strain on the U.S. health-care system,
with estimates ranging from $28 billion to $45 billion annually (2).
Current estimates project that drug-resistant infections will become
the leading cause of global death, surpassing cancer-associated mor-
tality by 2050 (3). The Centers for Disease Control and Prevention
has recently listed carbapenem-resistant Acinetobacter and Entero-
bacteriaceae, extended-spectrum b-lactamase–producing Enterobac-
teriaceae, multidrug-resistant P. aeruginosa, methicillin-resistant
S. aureus, and others as urgent or serious threats to human health
(4). Carbapenem-resistant A. baumannii alone was responsible for
8,500 hospitalizations, 700 deaths, and $281 million in U.S. health-
care costs in 2017 (4). Carbapenem-resistant A. baumannii infections
are particularly problematic for patients who have comorbidities or
are immunocompromised (5); however, A. baumannii–associated
infections are also well-described complications of severe combat-
related injuries in military service members (6). Accordingly, there
is an urgent need to improve the diagnosis and treatment of bacterial
infection.
Traditional approaches to diagnosing infection include obtaining

a biopsy sample from tissue or blood and subsequently culturing
pathogens in media to identify an organism. Bacterial cultures
from tissue biopsy specimens remain the gold standard for con-
firming the presence, identity, and drug sensitivity of a microor-
ganism; however, deep-seated infections that are difficult to access
or identify often rely on noninvasive imaging techniques based on
changes in anatomy or tissue morphology. The most common ana-
tomic imaging modalities used, such as CT and MRI, are fre-
quently nonspecific for delineating active infection from sterile
inflammatory disease. Nuclear medicine uses labeled leukocytes
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(99mTc- or 111In-oxine) (7) and 67Ga-citrate scintigraphy (8), which
rely on indirect measurements of leukocyte recruitment to an area
of interest. PET imaging with 18F-FDG is increasingly used; how-
ever, none of these imaging techniques can distinguish active infec-
tion from cancer or inflammation. Consequently, current clinically
available imaging techniques are not adequately specific to diag-
nose deep-seated infection.
To address this challenge, many recently developed radiophar-

maceuticals seek to exploit various bacteria-specific signatures
such as metabolism (9–11), cofactor biosynthesis (12,13), and
labeled antibiotics (14,15). Despite these scientific advances, a
dire need persists for imaging agents that meet the challenges of
clinical infectious disease practice; the ideal agent should possess
broad bacterial strain sensitivity, have optimal pharmacokinetics
(rapid target engagement, clearance of nonspecific signals to pro-
mote contrast), and be widely deployable and available for clini-
cal use.
The phosphoenolpyruvate-dependent sugar phosphotransferase

system catalyzes phosphorylation of incoming sugar substrates,
with concomitant translocation across the cell membrane, and is
widely found in bacteria (16–18). Because of this metabolic signa-
ture, 3H- and 14C-D-mannitol analogs were recently evaluated in a
panel of pathogens (19). We hypothesized that a positron-emitting
analog of mannitol, 2-18F-fluoro-2-deoxy-mannitol (18F-fluoro-
mannitol), would be a specific precursor for bacterial metabolism
and, subsequently, a suitable imaging agent for in vivo use with
PET. Here, we report a simple, widely deployable radiosynthesis
of 18F-fluoromannitol and demonstrate that this imaging agent pos-
sesses broad-spectrum bacterial sensitivity both in vitro and in vivo
using clinical isolates of bacteria from combat wounds in military
service members. Moreover, we demonstrate that 18F-fluoromanni-
tol can quantify antimicrobial efficacy in vivo.

MATERIALS AND METHODS

Manual Radiosynthesis of 18F-Fluoromannitol
18F-fluoromannitol was synthesized from commercially available

cyclotron-derived 18F-fluoride ions and isolated in a radiochemical
yield of 23%6 2% (end of synthesis) with an estimated molar activity
of 5.5 6 0.37 GBq/mmol (n 5 14). Detailed radiosynthetic procedures
are described in the supplemental methods (supplemental materials are
available at http://jnm.snmjournals.org).

Murine Myositis Model
CBA/J mice (male, 5–6 wk old) were inoc-

ulated with 50 mL (typical inoculations were
106 colony forming units [CFUs]) of bacteria
into the triceps brachii muscle as previously
described (10,12,20).

Wound Infection Model
C57BL/6 mice (male, 5–6 wk old) were

used for all experiments. A 3-mm laceration
in the dorsal fascia was injected with 50 mL
(typical inoculations were 106 CFUs) of
A. baumannii into the open wound, and the
infection was allowed to develop for 6 h (11)
before imaging.

PET/CT Imaging
For all studies, 5.56 1.8 MBq were injected

via a lateral tail-vein catheter. After injection,
mice were imaged by dynamic (60 min) or

static (45–60 min) PET acquisition. All scans were immediately fol-
lowed by a 10-min CT scan for attenuation correction and anatomic
coregistration. Afterward, the mice were euthanized for biodistribution
studies and CFU analysis when applicable. g-counting of harvested tis-
sue was performed using an automatic g-counter (Hidex). Detailed pro-
tocols are described in the supplemental methods.

Computation, Registration, and Quantification of Parametric
PET Maps

Parametric PET maps of the total rodent body were generated and
computed as previously described (21). Net influx rate maps were
computed and coregistered with CT images using PMOD (version 3.9,
PMOD Technologies). The regional average net influx rate was quan-
tified and correlated with CFUs. Detailed protocols are described in
the supplemental methods.

Statistical Methods
Quantitative data are expressed as mean 6 SEM unless otherwise

noted. Means were compared using 1-way ANOVA or, for multiple
comparisons, 2-way ANOVA. The Mann–Whitney U test was used to
test significant differences in SUV comparisons over time (dynamic
imaging). P values smaller than 0.05 were considered statistically
significant.

RESULTS

18F-Fluoromannitol Radiosynthesis
The radiosynthesis of 18F-fluoromannitol commences through a

2-step, 1-pot production of 2-18F-fluoro-2-deoxy-mannose (1)
(Fig. 1). We synthesized the fully protected 19F-isotopic precursor
of 2-18F-fluoro-2-deoxy-mannose (9) (Supplemental Schemes 1–3)
to identity the 18F-labeled intermediate (Supplemental Figs. 1 and
2) and calculate the molar activity (Supplemental Figs. 3–5) by
high-performance liquid chromatography. The production of 18F-
fluoromannitol generates a 7.31 6 0.25 mg/mL concentration of
19F-fluoromannitol, which meets the Food and Drug Administra-
tion microdose definition (22) and is suitable for clinical studies.
2-18F-fluoro-2-deoxy-mannose is converted to 18F-fluoromannitol
(2) (Fig. 1) by sodium borohydride–mediated reduction and iso-
lated in more than 99% radiochemical purity in a 23% 6 2%
radiochemical yield (n 5 14) (end of synthesis) and an estimated
molar activity of 5.5 6 0.4 GBq/mmol.

Radiochemical
yield 22.8 ± 2.4%

Radiochemical
purity 97.9 ± 0.4%

Molar activity 5550 ± 370
MBq/µmol

1 2

[18F]FDM [18F]FMtl

0:00 10:00 10:000:00

FIGURE 1. Radiochemical synthesis of 18F-fluoromannitol is a straightforward 3-step, 2-pot pro-
cess using commercially available precursor. Radiosynthesis produces 18F-fluoromannitol in high
radiochemical yield and purity, which are easily determined by radio–high-performance liquid chro-
matography. Molar activity was measure of 3 radiosyntheses. Intermediates were verified using fully
characterized 19F isotopic standard and matched to high-performance liquid chromatography reten-
tion times. FDM5 2-18F-fluoro-2-deoxy-mannose; FMtl5 fluoromannitol.
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Characterization of 18F-Fluoromannitol In Vitro
Over time, both S. aureus and E. coli readily incorporated 18F-

fluoromannitol (Fig. 2A) but not heat-killed bacteria, demonstrat-
ing metabolic specificity of bacteria for 18F-fluoromannitol. We
next evaluated accumulation of 18F-fluoromannitol in a broad
panel of bacterial strains (Supplemental Table 1). All strains tested,
except for P. aeruginosa and Enterococcus faecium, showed rapid
and significant accumulation (Fig. 2B). Coincubation of 18F-fluoro-
mannitol with D-mannitol in S. aureus cultures demonstrated target
specificity and that accumulation of 18F-fluoromannitol is not
concentration-dependent (Fig. 2C); concentrations of at least
10 mg/mL of D-mannitol blocked 18F-fluoromannitol accumulation
in bacteria. We also compared the accumulation of 18F-fluoroman-
nitol in S. aureus (gram-positive) and E. coli (gram-negative)
cultures against 18F-FDG, the current workhorse of nuclear
medicine, and 2-deoxy-2-18F-fluorosorbitol (18F-FDS), which
has demonstrated high specificity for Enterobacteriaceae organisms
(10). As anticipated, 18F-fluoromannitol accumulated in both
E. coli and S. aureus, and in S. aureus this accumulation was
significantly higher than that of 18F-FDS (P , 0.001) (Fig. 2D;
Supplemental Fig. 6). The accumulation of 18F-fluoromannitol in
S. aureus and E. coli did not significantly differ (P 5 0.64), and
the accumulation of 18F-FDS in S. aureus did not significantly dif-
fer from that in negative control (10-times heat-killed bacteria, P 5

0.35; Supplemental Fig. 7). Taken together, these data show that
18F-fluoromannitol accumulates rapidly in a wide panel of bacteria
and thus may serve as a broad-spectrum imaging agent of infection
in vivo.

FIGURE 2. Accumulation of 18F-fluoromannitol in bacteria in vitro. (A)
Rapid accumulation of 18F-fluoromannitol in S. aureus cultures, commen-
surate with ideal imaging times. (B) Uptake of 18F-fluoromannitol in patho-
gens of clinical interest determined at 60 min of incubation. (C)
Competitive uptake assay of 18F-fluoromannitol in presence of unlabeled
D-mannitol in S. aureus. (D) S. aureus and E. coli cultures incubated with
18F-fluoromannitol or 18F-FDS. Data are mean 6 SEM (n 5 6). ***P ,

0.001. FMtl5 fluoromannitol; n.s.5 not statistically significant.
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FIGURE 3. In vivo quantification of bacterial infection by 18F-fluoromannitol imaging. (A) 18F-fluoromannitol signal is significantly elevated in infected tri-
ceps brachii (blue arrows) but not in inflamed triceps brachii (orange arrows) in both S. aureus (left) and E. coli (middle); 18F-FDG cannot differentiate
infection from sterile inflammation (right) (4 each; P, 0.001). (B) 18F-fluoromannitol ex vivo biodistribution was performed on indicated tissues of interest
after imaging. Data are mean with interquartile range (n 5 4). (C) 18F-fluoromannitol imaging (SUV or net influx rate) was correlated with bacterial CFUs
ex vivo to demonstrate imaging agent sensitivity. (D) 18F-fluoromannitol imaging sensitivity improved approximately 20-fold using parametric imaging
(left), compared with clinical standard metric of SUV (right). Arrows point to sites of histologically confirmed infection. Data are mean 6 SEM. %ID 5

percentage injected dose; Ki5 net influx rate.
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18F-Fluoromannitol Characterization In Vivo
We used a murine myositis model of musculoskeletal infection

(10–12,14,20,23) to determine whether 18F-fluoromannitol can dif-
ferentiate sterile inflammation from infection in vivo by inoculat-
ing the right triceps brachii with a live strain of bacteria and the
left triceps brachii with a 10-times quantity of heat-killed bacteria
to generate an inflammatory response. 18F-fluoromannitol accumu-
lated specifically in the site of infection in both gram-positive and
gram-negative strains (Fig. 3A). 18F-FDG was predictably unable
to distinguish infection from inflammation, consistent with prior
reports (10–12,14,20,23), but did serve as a valuable positive con-
trol. Dynamic imaging revealed rapid accumulation and significant
differences in PET signal in as little as 5 min after 18F-fluoroman-
nitol injection.
To quantify PET signal, we generated volumes of interest in the

upper limbs of mice using CT for anatomic localization. 18F-fluor-
omannitol displayed a 3.5-fold increased SUV (summed frames
45–60 min after injection) compared with the contralateral site of
inflammation (Supplemental Fig. 8). 18F-FDG could not show sig-
nificant differences in SUV between sites of infection and inflam-
mation. After the scans, we excised both triceps brachii to confirm
the PET data using g-counting, which confirmed the increased
PET signal in the infected tissue compared with inflamed tissue
(Supplemental Fig. 9). Biodistribution studies were performed in
successive cohorts of mice over 3 h to determine the dosimetry of
18F-fluoromannitol (Fig. 3B; Supplemental Fig. 10). The kidneys
and bladder demonstrated the highest nonspecific accumulation of
18F-fluoromannitol, consistent with PET imaging data. We also
correlated static PET SUV with bacterial CFUs from excised tis-
sue to determine the sensitivity of 18F-fluoromannitol (Fig. 3C;
Supplemental Fig. 11) and found that 18F-fluoromannitol can reli-
ably detect as little as 5 log10 (CFUs/mL) of bacteria in vivo by
SUV. We also investigated whether parametric mapping (21) can
increase the bacterial sensitivity of 18F-fluoromannitol in vivo
(as net influx rate is a quantitative measure of the rate of uptake
in tissue (24)), rather than SUV (which is semiquantitative
and cannot delineate signal from blood pool contamination and

tissue). Parametric imaging improved the bacterial sensitivity of
18F-fluoromannitol by roughly 20-fold (log10 CFUs 5 1.3; 1.7 3

106 improved to 7.0 3 105 CFUs) (Figs. 3C and 3D; Supplemental
Fig. 12).
We also investigated the sensitivity of 18F-fluoromannitol com-

pared with 18F-FDS in a mixed infection (polymicrobial) model. 18F-
FDS has shown remarkable specificity for Enterobacteriaceae in vivo
but has shown limited to no sensitivity toward gram-positive and
other gram-negative organisms. Mice were inoculated with live
E. coli (8.4 3 106 CFUs) and S. aureus (8.8 3 106 CFUs) in the
right and left triceps brachii, respectively. No significant differ-
ences in SUV (P 5 0.19) were observed between E. coli and
S. aureus infection in the same animal (Figs. 4A and 4B) with 18F-
fluoromannitol. Importantly, 18F-fluoromannitol accumulation was
significantly higher than 18F-FDS accumulation in S. aureus infec-
tion (P , 0.001). 18F-FDS demonstrated high specificity for
E. coli, compared with S. aureus (P 5 0.007); however, no signifi-
cant differences in E. coli SUV were evident between 18F-fluoro-
mannitol and 18F-FDS (P 5 0.11). Postmortem g-counting of
tissues confirmed 18F-fluoromannitol uptake in both S. aureus and
E. coli, whereas 18F-FDS accumulated only in E. coli–infected
muscle (Supplemental Fig. 13). In sum, our imaging data show that
18F-fluoromannitol accumulates in both gram-positive and gram-
negative organisms and is of adequate sensitivity to serve as an
in vivo broad-spectrum imaging tool for infection.

Imaging Wound Infection with 18F-Fluoromannitol PET
The emergence of carbapenem-resistant A. baumannii has rendered

clinical management of A. baumannii infections difficult to impossi-
ble (25) in some cases. The urgency to improve management of
A. baumannii infections prompted us to investigate whether 18F-fluoro-
mannitol can detect A. baumannii in a laceration wound model.
Mice were inoculated with A. baumannii (9.4 3 106 CFUs)
through a small incision in the dorsal fascia and imaged using
PET/CT. 18F-fluoromannitol accumulated specifically in the
infected wounds of mice (Fig. 5; Supplemental Fig. 14), demon-
strating nearly a 6-fold increase in SUV (7.0 log10 CFUs)

compared with a 10-times quantity of heat-
killed bacteria in a nearby wound.

Quantifying Antimicrobial
Efficacy In Vivo
The growing incidence of antimicrobial

resistance in many bacterial pathogens is a
serious concern because treatment failure
is a major threat to global health (26).
Inappropriate antibiotic use is also the pri-
mary driver of antibiotic resistance (27),
which also places undue risk on patients for
adverse events such as allergic reactions
and Clostridium difficile infection. Thus, it
is imperative to optimize the management
of infection and use of antibiotics. We
investigated whether 18F-fluoromannitol can
quantify the efficacy of antibiotic therapy
in vivo. Mice were inoculated with S. aureus
in the right triceps brachii and imaged with
18F-fluoromannitol 8 h after infection, before
initiation of vancomycin treatment (100
mg/kg every 8 h, intraperitoneally), and
subsequently were imaged at 24 and 72 h

[18F]FMtl [18F]FDS

n.s.
n.s.

***

n.s.

B

[18F]FDS PET

SUV 5.00.1

[18F]FMtl PET

SUV 6.00.1

A

FIGURE 4. PET/CT static imaging of murine mixed myositis model of infection. (A) 18F-fluoroman-
nitol PET signal was observed in both S. aureus–infected muscle (orange arrows) and E. coli–
infected muscle (blue arrows). 18F-FDS signal is specific to E. coli–infected muscle and is not
observed in S. aureus infection. (B) 18F-fluoromannitol and 18F-FDS SUV from PET scans show that
both agents can detect E. coli with equivalent sensitivity, but 18F-fluoromannitol SUV is significantly
higher than 18F-FDS SUV for S. aureus. ***P, 0.001. %ID5 percentage injected dose; FMtl5 fluor-
omannitol; n.s.5 not statistically significant.
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after treatment. The PET signal diminished over the course of treat-
ment, correlating closely with CFU burden (Fig. 6A). We next
investigated the accumulation of 18F-fluoromannitol in a panel of
bacterial isolates from infected combat wounds of military service
members (Fig. 6B). 18F-fluoromannitol dem-
onstrated broad accumulation in S. aureus
and A. baumannii but did not show appre-
ciable accumulation in P. aeruginosa. Taken
together, these findings indicate that 18F-
fluoromannitol can be used as an effective
tool to image a variety of clinically relevant
pathogens.

DISCUSSION

Mortality-associated infection dispropor-
tionately affects populations with strained
access to health care (28); thus, a critical
metric for any imaging agent is that it be
easily disseminated. The use of 18F ensures
that the isotope is regularly available from
cyclotron production, and the half-life
(109.5 min) facilitates widespread distribu-
tion. The radiosynthesis of 18F-fluoromanni-
tol (Fig. 1) is a straightforward 3-step
reaction; the first 2 steps were intentionally
designed to model the radiosynthesis of 18F-
FDG, followed by seamless sodium borohy-
dride reduction (29). All purifications are
cartridge-based and facilitate automation on
any radiosynthesizer, promoting robust
access to 18F-fluoromannitol.
Clinical management of infection typi-

cally commences with empiric antibiotic
therapy using broad-spectrum agents, often
combined with a targeted antimicrobial.

Treatment generally continues until biopsy or culture reveals the
causative organism; however, treatment may continue in lieu of
positive identification. The inability to rapidly delineate bacterial
infection promotes unnecessary exposure to antibiotics, contribut-
ing to the rising incidence of antimicrobial resistance mechanisms
and morbidities associated with antibiotic therapy (30,31). 18F-
fluoromannitol shows rapid and specific accumulation in bacteria
in vivo in several clinically relevant pathogens. Despite the seem-
ing disparity in accumulation of 18F-fluoromannitol in E. coli com-
pared with 18F-FDS in vitro (Fig. 2D), no significant differences
(P 5 0.11) in tracer accumulation were observed in vivo in E. coli
(Fig. 4). This important observation highlights that although in vitro
assays play fundamentally important roles in preliminary character-
ization and validation, it is imperative that other characteristics,
such as pharmacokinetics, not be overlooked when evaluating the
candidacy of a novel radiopharmaceutical for imaging. Collec-
tively, the minimal nonspecific accumulation and radioactive dose
of 18F-fluoromannitol in mammalian tissue suggest that this agent
is well poised for clinical studies on anatomic localization of a vari-
ety of infections.
Imaging can realistically play a complementary role in managing

several clinical applications of infection with diverse etiologies.
However, the complementary role imaging will play is ultimately
limited to the in vivo sensitivity of the agent (CFUs/mL). Several
radiopharmaceuticals have been studied, including glucose (18F-
FDG) (32,33), sorbitol (18F-FDS) (10,34), and maltose (18F-fluoro-
maltose, 18F-fluoromaltotriose) (11). 18F-FDS has shown adequate
sensitivity to infection in both preclinical models and human disease;
however, this agent is limited to the detection of Enterobacterales.

FIGURE 5. 18F-fluoromannitol detects A. baumannii infection in wound
of C57BL/6 mice (left). 18F-fluoromannitol in vivo PET imaging shows sig-
nificant differences in SUV in infected wound (blue arrows), compared
with sterile inflammation (orange arrows) located 1 cm caudal and sinister
to infected wound (right). Data are mean and range (4 animals for each
group). *P, 0.01. %ID5 percentage injected dose.
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FIGURE 6. 18F-fluoromannitol can quantify antimicrobial efficacy in vivo. (A) Mice were inoculated
with clinical isolate of S. aureus, and antimicrobial efficacy of vancomycin was monitored over 72 h
of treatment. Antimicrobial efficacy was quantified with serial PET imaging (left) and correlated with
CFUs (right). Data are mean6 SEM (3 per time point). (B) Uptake of 18F-fluoromannitol in clinical iso-
lates of S. aureus, A. baumannii, and P. aeruginosa. Data are mean6 SEM (6 per strain). %ID5 per-
centage injected dose.
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Maltose-derived radiopharmaceuticals demonstrated improved strain
coverage that includes P. aeruginosa and S. aureus; however, the
sensitivity of these agents for clinically relevant concentrations of
bacteria beyond E. coli remains uncertain. Other imaging agents,
such as those targeting folate biosynthesis (12–14) or transpepti-
dases (20,23), report limited (108 CFUs) or unknown sensitivity.
18F-fluoromannitol was able to reliably detect 105 CFUs in vivo
using the clinical standard SUV, which is of sufficient sensitivity
for detecting an abscess (3). Furthermore, the sensitivity of 18F-
fluoromannitol did not diminish between E. coli and S. aureus, sug-
gesting that sensitivity is not dependent on a specific genus or family
of bacteria.
The Centers for Disease Control and Prevention estimates that

approximately 30% of prescribed antibiotics are unnecessary (27),
and it is alarming that inappropriate use of antibiotics is the primary
driver for the development of antibiotic resistance mechanisms. Bac-
terial CFUs were shown to correlate with PET SUV during vanco-
mycin treatment using 18F-fluoromannitol imaging (Fig. 6A). In
addition, 18F-fluoromannitol demonstrates indistinguishable accumu-
lation in E. coli and S. aureus in vivo. 18F-fluoromannitol is well
positioned to serve as a valuable tool for diseases that are currently
challenging or impossible to definitively delineate using current clin-
ically available imaging tools, such as delineation of degenerative
disk disease (sterile inflammation) from discitis osteomyelitis
(infection). With the imaging tools now available, it is intriguing to
envision a role in which imaging can rapidly diagnose infection
(18F-fluoromannitol: broad spectrum) and optimize the selection of
an appropriate antibiotic for the pathogen (18F-FDS: Enterobacter-
ales specificity). Thus, these precision medicine tools may improve
management of patient care and limit or eliminate unnecessary
antibiotic use.
Our study was not without limitations. 18F-fluoromannitol requires

active transport of mannitol mediated by the mannitol-specific phos-
photransferase system in bacteria. Thus, it is possible that senescent
or slow-growing bacterial populations may diminish 18F-fluoro-
mannitol sensitivity. However, recent studies have shown that man-
nitol and fructose stimulated bacterial metabolism and enabled
aminoglycoside antibiotic sensitivity (28,35,36). Further studies
may be warranted to examine whether 18F-fluoromannitol can
serve as a prognostic indicator for this type of therapeutic strat-
egy. Our studies revealed limited accumulation of 18F-fluoro-
mannitol in P. aeruginosa, a difficult-to-manage pathogen in
patients with comorbidities (37,38). This outcome is surprising
because the mannitol operon is well characterized in P. aerugi-
nosa (39–41). Nonetheless, this finding is consistent with other
mannitol-derived and sugar alcohol–derived radiopharmaceuti-
cals studied (19) in P. aeruginosa in vitro.

CONCLUSION

We have described a novel radiopharmaceutical, 18F-fluoroman-
nitol, for imaging infections in a diverse spectrum of pathogenic
organisms, including S. aureus, A. baumannii, and E. coli. Production
of 18F-fluoromannitol is straightforward, robust, and high-yielding,
thus facilitating wide accessibility. Accordingly, 18F-fluoromannitol
might be rapidly translated to clinical studies as a noninvasive diag-
nostic tool facilitating rapid delineation of infection from sterile
inflammatory processes, ultimately reducing the incidence of anti-
microbial resistance promoted by selection pressures derived from
unnecessary use of antibiotics.
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KEY POINTS

QUESTION: What are the limitations of 18F-fluoromannitol imaging
and availability?

PERTINENT FINDINGS: 18F-fluoromannitol is produced using a
simple nucleophilic substitution reaction that is deployable on
virtually any commercially available synthesizer present in any
nuclear pharmacy and is expected to be widely available for
clinical use. 18F-fluoromannitol PET demonstrated high sensitivity
and specificity for both gram-positive and gram-negative organisms
in vivo, and PET signal was shown to closely correlate with CFU
burden.

IMPLICATIONS FOR PATIENT CARE: 18F-fluoromannitol signal
is not limited by bacterial genus in vivo, correlates with CFU
burden, and can quantify antimicrobial efficacy. 18F-fluoromannitol
should be studied further in bacterial infections of diverse etiology
in the clinical setting. The availability of this imaging tool might
improve the management of deep-seated and difficult-to-manage
bacterial infection.
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Amino acid PET is an established method to assist differential diagno-
sis of therapy-related changes versus recurrence in gliomas. How-
ever, its diagnostic value in brain metastases is yet to be determined.
The goal of this study was to summarize evidence on the diagnostic
utility of amino acid PET in recurrent brain metastases.Methods: The
medical databases MEDLINE, EMBASE, and the Cochrane Library
were screened for English-language studies with at least 10 patients
who had undergone first-line treatment including radiotherapy and in
whom a final diagnosis had been determined by histologic examina-
tion or imaging and clinical follow-up. Pooled estimates with 95%
CIs were calculated. Heterogeneity was assessed using I2 statistics.
Results: Following the above criteria, 12 studies with the tracers
methyl-[11C]-methionine (n5 6),O-(2-[18F]fluoroethyl)-L-tyrosine (n5 3),
methyl-[11C]-methionine and O-(2-[18F]fluoroethyl)-L-tyrosine (n 5 1),
and 6-[18F]fluoro-L-dopa (n 5 2), with a total of 547 lesions in 397
patients, were included. Pooled sensitivity and specificity were 82%
(95%CI, 76–86) and 84% (95%CI, 79–88), respectively. Pooled positive
and negative predictive values were 84% (95% CI, 77–90) and 83%
(95% CI, 77–88), respectively. Positive and negative likelihood ratios,
and diagnostic odds ratio were 3.8 (95% CI 3.0–4.8), 0.3 (95% CI
0.2–0.3), and 16.7 (95% CI 10.8–25.9), respectively. Heterogeneity was
overall low. Conclusion: The present meta-analysis indicates a good
accuracy of amino acid PET in the differential diagnosis of recurrent
brain metastases. In particular, specificity of 84% suggests that amino
acid PET may reduce the number of invasive procedures and overtreat-
ment in patients with treatment-related changes. This study provides
class IIa evidence on the utility of amino acid PET in the differential diag-
nosis of recurrent brain metastases.

Key Words: PET; cerebral metastases; radiation therapy; radiation
necrosis; pseudoprogression

J Nucl Med 2023; 64:816–821
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Brain metastases occur in 20%–40% of all tumor patients (1).
The primary tumors most likely to metastasize to the brain are
bronchial carcinoma (40%–50%), breast carcinoma (15%–20%),
malignant melanoma (5%–20%), renal cancer (5%–10%), and can-
cers of the gastrointestinal tract (5%) (2). Management of patients
with brain metastases usually includes surgery, radiation, and chemo-
therapy. Therapy is selected on an individual basis, taking into
account the primary tumor and location, and number of metastases.
Still, most patients with cerebral metastases receive primary, con-
comitant, or curative radiotherapy during the disease course. After
radiation treatment, patients are followed clinically and radiographi-
cally with serial MRI. Some develop treatment-related changes
(TRCs) such as radiation necrosis and pseudoprogression (3). The
true incidence of TRCs is hard to estimate, with values varying
widely in the literature, depending on diagnostic criteria, duration of
follow-up, radiation modality, and regimen. Radiation necrosis may
underlie up to half of lesions that progress radiologically after stereo-
tactic radiosurgery (4,5). Differentiation between recurrent or pro-
gressive brain metastasis (RPBM) and TRCs is challenging. Both
can manifest with similar clinical symptoms and MRI features, such
as rimlike contrast enhancement, perilesional edema, and central
hypointensity on T2-weighted imaging (6). For this clinical question,
conventional MRI was shown to deliver a pooled sensitivity and spe-
cificity of 76% and 59%, respectively (7). As the management of
patients with RPBM versus TRCs differs (4), accurate and early dif-
ferential diagnosis is essential.
Originally, 18F-FDG was used to differentiate benign and low-

grade tumors from high-grade tumors (8). However, the utility of
18F-FDG PET was shown to be limited by high uptake in normal
gray matter and nonspecific uptake in inflammatory lesions (9).
Amino acid PET takes advantage of the fact that brain malignan-
cies often overexpress amino acid transport proteins. Common
amino acid tracers include methyl-[11C]-methionine (11C-MET),
6-[18F]fluoro-L-dopa (18F-FDOPA), and O-(2-[18F]fluoroethyl)-L-
tyrosine (18F-FET).
In recent years, several single-center studies have investigated

the utility of amino acid PET in the differential diagnosis of recur-
rent brain metastases. The aim of the present work was to summa-
rize existing evidence in the form of a meta-analysis.
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MATERIALS AND METHODS

A literature search was performed in the online medical databases
MEDLINE (via PubMed), EMBASE, the Cochrane Library (Cochrane
Central Register of Controlled Trials), and Google Scholar. The search
was limited to studies on humans. The following key words were used:
Positron Emission Tomography; PET AND recurrence, recurrent,
relapse, neoplasm, metastasis, metastatic progression AND radionecro-
sis, radiation necrosis, radiation-induced necrosis, posttreatment necro-
sis, radiation injury, radionecrotic, postradiotherapy necrosis AND
radiation therapy, radiation treatment, radiosurgery. The searches were
performed in various combinations, both with “AND” and “OR.” The
last search was performed on December 1, 2021.

Inclusion Criteria
Studies in English with at least 10 patients who had received PET

with amino acid tracers for differentiation of RPBM from TRCs after
radiotherapy were included. In addition, follow-up data had to allow
creation of a contingency table. Histologic examination or continuous
follow-up with radiologic imaging and clinical findings served as refer-
ence standards for the final diagnosis. Due to lack of information about
primary tumors and clinical outcomes at a single-subject level in most
studies, a differential analysis according to the primary tumor was impos-
sible. Figure 1 depicts a flowchart of the selection procedure.

Data Extraction
The following data were extracted from the included studies: first

author, publication year, tracers, number of patients, number of lesions,
number of true-positives, number of true-negatives, number of false-
positives, and number of false-negatives. The calculation of the endpoints

was based on the number of lesions. Some studies in addition pro-
vided estimates from kinetic analyses (10,11), but for consistency,
only estimates of tumor-to-background ratio (TBR) were considered.
If studies provided both mean TBR and maximum TBR, we consid-
ered mean TBR only, as the threshold was based on mean TBR in
most overviewed studies (Table 2 of Galldiks et al. (12)). To assess
the quality of the selected studies, we used Quality Assessment of
Diagnostic Accuracy Studies 2 (13).

Statistics
Common and random-effects bivariate models were used. Heteroge-

neity was assessed using I2 statistics (the percentage of variation
across studies that is due to heterogeneity rather than chance). Pooled
estimates of sensitivity, specificity, and predictive values, as well as
positive likelihood ratio (posLR), negative likelihood ratio (negLR),
and diagnostic odds ratio (DOR) with 95% CIs, were calculated.
PosLR above 3.0 were considered acceptable, above 10.0 good;
NegLR below 0.3 were considered acceptable, below 0.1 good (14).
DOR is used as an indicator of the effectiveness of medical tests with
a binary classification. Values for DOR may range from zero to infin-
ity; higher values indicate better test performance. DOR values above
1.0 are considered good (14). All statistical analyses were performed
using the statistical software R, version 4.0.4 (15), with the meta (16)
and mada (17) packages.

RESULTS

Twelve studies were included in the meta-analysis (Table 1).
These were performed with the tracers 11C-MET (n 5 6), 18F-FET

(n 5 3), both 18F-FET and 11C-MET (n 5
1), and 18F-FDOPA (n 5 2). Although
other amino acid tracers have been used in
neurooncology, for example, a-[11C]-
methyl-L-tryptophan, they have not been
applied with the above clinical question
(18). Of 18 selected full-text articles (Fig.
1), six had to be excluded: one study with
the tracer 18F-fluciclovine (19) was too
small, that is, fewer than 10 patients; one
study was limited to pseudoprogression
(20); and one dealt with a cost-effectiveness
analysis (21). Two further studies (22,23)
had to be excluded because of overlapping
patient cohorts. One more study was
excluded (24), because reported data did
not allow creation of a contingency table.
Finally, twelve studies (10,11,25–34) with

a total of 397 patients with 547 lesions were
assessed (Table 1). Overall, 269 lesions
(49%) were found to be RPBM.
Supplemental Table 1 summarizes the

methodologic quality of the selected stud-
ies (supplemental materials are available
at http://jnm.snmjournals.org). Overall, the
study quality can be regarded as moderate.
In each of the 12 included studies, the time
point of tracer injection and the time period
of data acquisition meet the recent practice
guidelines of the European Association of
Nuclear Medicine, the European Association
of Neurooncology, and the working group
for Response Assessment in Neurooncology

FIGURE 1. Identification of studies as PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) flow diagram.
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with PET (35). The cutoffs and verification method (histologic con-
firmation vs. clinical–neuroradiologic follow-up) of the selected
studies are summarized in Table 2.
As shown in Figure 2, the heterogeneity among the studies

regarding sensitivity appeared to be an I2 of 0%. Consequently,
the common-effect and random-effect models provided identical
results for pooled sensitivity of 0.82 (95% CI, 0.76–0.86).
The analyses of specificity are summarized in Figure 3. An I2

of 25% means that 25% of the variability is explained by

heterogeneity among the studies. This resulted in an identical
estimate for pooled specificity but a slightly different estimate
for 95% CI in the common-effect and random-effect models:
0.84 (95% CI, 0.79–0.88) and 0.84 (95% CI, 0.78–0.90),
respectively. Table 3 summarizes the values of DOR and likeli-
hood ratios. DOR was 16.7 (95% CI, 10.8–25.9)—that is, good.
PosLR and negLR were 3.8 (95% CI, 3.0–4.8) and 0.3 (95%
CI, 0.2–0.3), respectively—that is, both within the acceptable
range (14).

TABLE 2
Cutoffs and Verification Method (Histologic Confirmation vs. Clinical–Neuroradiologic Follow-up) as Percentage of

Histologic Confirmation

Study Tracer
Mean TBR

cutoff
Maximum
TBR cutoff

Histologic confirmation,
% (lesions)*

Tsuyuguchi et al., 2003 11C-MET 1.40 52

Terakawa et al., 2008 11C-MET 1.40 54

Minamimoto et al., 2015 11C-MET 1.30 Not reported

Jung et al., 2017 11C-MET 1.61 12

Tomura et al., 2017 11C-MET 1.42 56

Yomo et al., 2017 11C-MET 1.40 41

Grosu et al., 2011 11C-MET 1.80 50

Grosu et al., 2011 18F-FET 1.80 50

Romagna et al., 2016 18F-FET 1.95 2.15 40

Ceccon et al., 2017 18F-FET 1.95 2.55 34

Galldiks et al., 2021 18F-FET 1.95 3

Lizarraga et al., 2014 18F-FDOPA 1.70 2.02 11

Cicone et al., 2015 18F-FDOPA 1.59 24

*Percentages, at the level of lesions (not patients).

TABLE 1
Study Characteristics

Study Tracer
Patients

(n)
Lesions

(n)
Sens
(%)

Spec
(%)

TP
(n)

TN
(n)

FP
(n)

FN
(n)

Acc
(%)

PPV
(%)

NPV
(%)

Tsuyuguchi et al., 2003 11C-MET 21 21 78 100 7 12 0 2 91 100 86

Terakawa et al., 2008 11C-MET 51 56 79 75 19 24 8 5 77 70 83

Minamimoto et al., 2015 11C-MET 39 42 82 86 23 12 2 5 83 92 71

Jung et al., 2017 11C-MET 48 77 71 81 36 21 5 15 74 88 58

Tomura et al., 2017 11C-MET 15 18 90 75 9 6 2 1 83 82 86

Yomo et al., 2017 11C-MET 32 37 82 75 14 15 5 3 78 74 83

Grosu et al., 2011 11C-MET,
18F-FET

13 10 83 100 5 4 0 1 90 100 80

Romagna et al., 2016 18F-FET 21 50 86 79 18 23 6 3 82 75 88

Ceccon et al., 2017 18F-FET 62 76 86 88 31 35 5 5 87 86 88

Galldiks et al., 2021 18F-FET 21 31 73 94 11 15 1 4 84 92 79

Lizarraga et al., 2014 18F-FDOPA 32 83 81 73 26 37 14 6 76 65 86

Cicone et al., 2015 18F-FDOPA 42 46 90 92 18 24 2 2 91 90 92

Sens 5 sensitivity; Spec 5 specificity; TP 5 true-positives; TN 5 true-negatives; FP 5 false-positives; FN 5 false-negatives;
Acc 5 accuracy; PPV 5 positive predictive value; NPV 5 negative predictive value
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Pooled diagnostic accuracy was 0.82 (95% CI, 0.78–0.85).
Pooled positive and negative predictive values were 84% (95%
CI, 77–90) and 83% (95% CI, 77–88), respectively. A summary
receiver-operating characteristic curve as calculated using the
bivariate model is shown in Supplemental Figure 1. Because the
biodistribution of 18F-FDOPA differs from that of 11C-MET and
18F-FET, we in addition performed the same analyses only for
studies with 11C-MET and 18F-FET (n 5 10). The results did not
change substantially (Supplemental Figs. 2 and 3; Supplemental
Table 2). There was also no statistically significant difference
between the studies with 11C-MET and 18F-FET (data not shown).

DISCUSSION

To our knowledge, this is the first meta-analysis on the utility of
amino acid PET in the differential diagnosis of RPBM and TRCs. It
includes 12 studies with a total of 547 lesions in 397 patients. Using
histologic examination or radiologic and clinical follow-up as refer-
ence, we found a pooled sensitivity and specificity of 82% and 84%,

respectively. Although values for posLR and
negLR were acceptable, DOR appeared to
be good.
As compared with gliomas, sensitivity of

amino acid PET for differentiation of RPBM
from TRCs seems to be lower. In particular,
a recent meta-analysis of 39 studies with
amino acid PET (36) reported a sensitivity
of 85%–93% and specificity of 82%–100%,
depending on the tracer, that is, 18F-FET,
11C-MET, or 18F-FDOPA. Given a large
variance in the amino acid transporter ex-
pression of brain metastases (37), some
might primarily be PET-negative. Yet, de-
spite a large variance in 18F-FET uptake,
most (89%) newly diagnosed and untreated
brain metastases were reported to be PET-
positive (38). Another explanation of the
lower sensitivity is the impact of systemic
therapy; that is, some agents may reduce
tumor vitality or amino acid transporter

expression. In this regard, it is noticeable that one of the lowest sensi-
tivities (73%) among the included studies was in patients who had
undergone immune checkpoint inhibition and targeted therapy (11).
The impact of this modern, increasingly available therapy on tracer
uptake warrants further studies. We found a pooled diagnostic speci-
ficity of 84%, which is well within the range of values reported for
gliomas (36). That is, TRCs are more likely to be PET-negative.
Similar to gliomas, however, specificity is far from perfect, as
inflammatory processes such as reactive astrocytosis after radia-
tion therapy or immunotherapy may result in tracer uptake above
the level of normal brain tissue (39), in some cases leading to
false-positive findings on PET (40). Pooled positive and negative
predictive values were 84% and 83%, respectively. Although,
from a clinical perspective, positive and negative predictive
values are more helpful for decision making than conventional
sensitivity and specificity, the former indices are dependent on
the prevalence of a pathologic condition—that is, recurrent brain
metastases in the included studies. Therefore, these results should
be treated with caution.

So far, just one meta-analysis has addressed
the diagnostic utility of PET in the differenti-
ation between RPBM and TRCs (41). Yet,
that work analyzed a pool of studies (n 5
15) with 18F-FDG (n 5 6) and amino acid
tracers (n 5 9) without a separate analysis
for the latter. Among these 9 studies, only
5 fulfilled our selection criteria and were
therefore included in the present work
(10,31–34). Thus, the current meta-analysis
includes substantially more studies and cov-
eres the amino acid tracers only, following
recent recommendations of the RANO/PET
group on PET imaging in patients with brain
metastasis (12). Because of a low lesion-to-
background ratio, that report rated 18F-FDG
PET as a test with limited diagnostic accu-
racy (Table 3 of Galldiks et al. (12)).
This study had certain limitations. Because

brain metastases are often multifocal, and
biopsy or resection is usually performed on

FIGURE 2. Forest plot for sensitivity. Events column lists the number of true-positives. Total
column shows sum of true-positives and false-negatives. Proportion column lists reported sensitivity
of individual publications and 95% CI. Weight columns indicate contribution of given study accord-
ing to sample size. Area of gray squares is proportional to weight of study in the meta-analysis.
Length of diamonds corresponds to corresponding CI. Vertical line represents pooled sensitivity.

FIGURE 3. Forest plot for specificity. Events column lists the number of true-negatives. Total col-
umn shows sum of true-negatives and false-positives. Proportion column lists reported specificity of
individual publications and 95% CI. Weight columns indicate contribution of given study according
to sample size. Area of gray squares is proportional to weight of study in the meta-analysis. Length
of diamonds corresponds to corresponding CI. Vertical line represents pooled specificity.
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single lesions, radiologic and clinical criteria were used as a reference
for more than two thirds of lesions. Second, the included studies var-
ied widely regarding the follow-up duration (range, 3–23 mo). Third,
most studies did not report the lesion size. Thus, it remains unclear
how far the reported values of sensitivity might have been compro-
mised by partial-volume effects in small lesions. In this respect, the
maximal diameter of contrast enhancement in T1-weighted MRI
(10 mm)—that is, at least double the spatial resolution (full width at
half maximum) of modern PET scanners—was proposed as the mini-
mal lesion size (29). Fourth, although we carefully checked for patient
overlap, it cannot be excluded (26,28). Finally, most studies had a ret-
rospective design.

CONCLUSION

The present meta-analysis suggestes good accuracy for amino
acid PET in the differential diagnosis of recurrent brain metasta-
ses. In particular, specificity of 84% indicates that amino acid PET
may reduce the number of invasive procedures and overtreatment
in patients with TRCs. This study provides class IIa evidence
on the utility of amino acid PET in the differential diagnosis
of RPBM. Further studies—preferably multicenter ones—should
investigate the dependence of tracer uptake on the origin, histo-
logic type, and molecular biomarkers of the primary tumor, as
well as on the character and regime of local and systemic therapy.
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KEY POINTS

QUESTION: How accurate is amino acid PET in the differential
diagnosis of recurrent brain metastases and TRCs?

PERTINENT FINDINGS: The present study summarized, in the
form of a meta-analysis, the existing evidence on the diagnostic
utility of amino acid PET in recurrent brain metastases. Across 12
included studies, pooled sensitivity and specificity were 82% and
84%, respectively.

IMPLICATIONS FOR PATIENT CARE: Amino acid PET is able to
assist the differential diagnosis of recurrent brain metastases
versus TRCs.
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Biomarkers for tau pathology are essential to the latest Alzhei-
mer disease (AD) research framework (1). Phosphorylated tau, the
primary component of neurofibrillary tangles, is measurable in
cerebrospinal fluid and plasma, but these fluid biomarkers do not
capture the spatial dynamics of tau accumulation and spread (Braak
staging) (2–4). Over the last decade, radiotracers that selectively
bind to aggregated tau in neurofibrillary tangles have been devel-
oped, enabling diagnosis, mapping, and quantification of this pathol-
ogy in living people (2,4,5). Tau PET correlates with other regional
pathologic changes (synaptic loss, hypometabolism, and brain atro-
phy), domain-specific cognitive scores, and cognitive decline in peo-
ple with AD (2). In AD clinical trials, tau PET is increasingly being
used in participant selection, pretreatment staging, and measurement
of treatment response (6). In the future, tau PET could become an
important diagnostic and prognostic tool in clinical practice.

18F-flortaucipir is the most widely used tau PET tracer. Quantitative
analysis of 18F-flortaucipir PET accurately distinguishes clinically
diagnosed dementia due to AD from non-AD neurodegenerative dis-
eases and cognitively unimpaired controls (7). Although quantitative
analysis has been used primarily in research, newer visual interpreta-
tion methods may have important research and clinical applications
(8,9). In a PET-to-autopsy study, majority interpretations of 5 raters
applying a binary visual read algorithm (negative or positive AD tau
pattern) on 64 antemortem scans showed 92% sensitivity and 80%
specificity for detecting advanced tau pathology (Braak stages V–VI)
at autopsy (mean PET-to-autopsy interval, 2.6 mo) (8). On the basis
of these data, the U.S. Food and Drug Administration approved clini-
cal 18F-flortaucipir PET “to estimate the density and distribution of
aggregated tau neurofibrillary tangles in adult patients with cognitive
impairment who are being evaluated for Alzheimer’s disease” (10).
Importantly, the positive AD tau pattern excluded isolated uptake in
medial and anterolateral temporal lobes, which is less specific and
may represent early neurofibrillary tangle pathology in AD, age-
related tau accumulation in cognitively normal adults, or off-target
binding in non-AD neurodegenerative conditions (8). However,
accumulation in these regions can be clinically significant, indicating
Braak stage III–IV tangle pathology, which in clinicopathologic
studies is often associated with mild cognitive impairment (MCI)
or dementia during life (11). An alternative visual read method that

classified scans as positive on the basis of uptake in these regions
showed increased sensitivity but lower specificity for MCI and
mild dementia due to AD compared with the Food and Drug
Administration–approved visual read method (9). Both visual read
methods were developed for diagnostic purposes, and neither was
intended to track disease progression or treatment response on
longitudinal imaging.
Several other tau radiotracers have advanced to investigational

human studies (5). 6-(fluoro-18F)-3-(1H-pyrrolo[2,3-c]pyridin-1-yl)
isoquinolin-5-amine (18F-MK-6240) has high affinity and selectivity
for AD neurofibrillary tangles. Compared with 18F-flortaucipir, 18F-
MK-6240 has a 2-fold higher dynamic range and less off-target bind-
ing in the choroid plexus, which may be advantageous for detecting
early medial temporal neurofibrillary pathology (Braak stages I–II)
and small changes in longitudinal studies or clinical trials (12,13). On
the other hand, 18F-MK-6240 has more off-target binding in the
meninges, which may be misinterpreted as tracer uptake in the medial
and inferior temporal lobes (12).
In the March 2023 issue of The Journal of Nuclear Medicine,

Seibyl et al. describe and evaluate an 18F-MK-6240 PET visual
read method to assess the in vivo presence of tau pathology, mea-
sure the regional pattern and extent of tau, and classify abnormal
regional patterns as either AD (temporal and extratemporal corti-
cal tracer uptake without subcortical uptake) or non-AD neurode-
generation (subcortical tracer uptake, with some cortical uptake
allowable) (14). Three expert nuclear medicine physicians applied
this algorithm in masked reads of cross-sectional 18F-MK-6240
PET data from 102 participants at 60–90 min after injection,
including cognitively healthy controls and patients with clinical
diagnoses of MCI, AD dementia, or non-AD neurodegenerative
diseases. Scans were read in gray scale, without corresponding
structural neuroimaging data and with images scaled to mean
activity in a cerebellar gray matter reference region. Majority
visual reads were 81% sensitive and 93% specific for distinguish-
ing patients with MCI or dementia due to AD from non-AD
patients and controls. Reliability was high (k 5 0.91), with discor-
dant reads occurring because of technical artifacts from scan pro-
cessing or reconstruction, difficulty distinguishing cortical tracer
retention in medial and inferior temporal lobes from nearby men-
ingeal off-target binding, and low interrater agreement in regions
of early tau accumulation (hippocampus and medial temporal
lobes). Majority visual reads had higher accuracy than individual
reads and higher sensitivity than various quantitative methods.
The high accuracy and reliability support the plausibility of tau
PET visual reads performed by experienced readers.
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This research represents a major advance by introducing the first
systematic approach to visual interpretation of 18F-MK-6240 PET.
The study also raises several important follow-up questions. First,
is this an optimal 18F-MK-6240 visual read algorithm? Visual read
approaches require standardization of many image visualization
and classification parameters (i.e., color scale, thresholds, image
scaling, target regions, and classification rules). The parameters
selected for 18F-MK-6240 were notably different from those for
18F-flortaucipir. Most important was the decision to consider scans
showing focal temporal uptake as AD-positive. The initial proposed
criteria considered these scans negative because of concerns about
inaccurate classification due to possible misinterpretation of menin-
geal off-target binding. However, the researchers found that visual
raters could be trained to distinguish off-target binding from on-
target temporal signal by applying multiple planar views, which could
theoretically increase sensitivity for detecting earlier Braak stages.
However, even without choroid plexus contamination, many concerns
around the specificity of signal in temporal regions observed with 18F-
flortaucipir also apply to 18F-MK-6240. Ultimately, PET-to-autopsy
studies are needed to determine the trade-off between increased sensi-
tivity and potentially decreased specificity associated with interpreta-
tion of isolated temporal lobe signal as consistent with AD-related tau.
Second, how will this visual read method generalize to less experi-

enced brain PET readers? Although most readers in the present study
were naïve to 18F-MK-6240, all had substantial experience with amy-
loid PET and other tau radiotracers. As tau radiotracers are rolled out
into broader research and clinical use, the reliability of visual reads by
less experienced clinicians will need to be established. Encouraging
early data from the Imaging Dementia—Evidence for Amyloid
Scanning (IDEAS) study found high agreement between visual
reads of amyloid PET scans performed and interpreted in the com-
munity and scan classification by image quantification (15). How-
ever, unlike amyloid PET radiotracers, all of which show similar
off-target binding in white matter, each tau PET tracer has unique
off-target binding patterns, which can complicate visual interpreta-
tion (5,9,12,16). Novice readers may need additional radiotracer-
specific training to accurately identify and discriminate off-target
binding, especially near the medial temporal lobes, with the same
accuracy and reproducibility as experts.
Third, should a single clinician’s qualitative read be the standard for

tau PET interpretation? For both 18F-MK-6240 and 18F-flortaucipir,
majority visual reads show generally higher accuracy than individ-
ual visual reads, but requiring multiple expert reads for each scan
is not practical (8,14). Hybrid read approaches, which incorporate
both a visual read and quantitative information from the image,
have been proposed to leverage the complementary strengths, and
counterbalance the weaknesses, of qualitative versus quantitative
approaches to image classification (17). Further research is needed
to measure the effect of additional quantitative information on the
accuracy and reliability of tau PET visual reads.
Fourth, will visual ratings be useful for measuring longitudinal

changes in tau in individual patients? The authors propose this as a
potential application of their visual read algorithm, but validation
in longitudinal observational research or clinical trials is needed.
The proposed region-based method may be too time-consuming for
routine clinical or research purposes, and there are a variety of
challenges (e.g., variable reliability of reads in different regions of
interest, difficulty grading the extent of tracer binding in regions
without complementary structural neuroimaging) that may impact
the reliability of this method, even in the hands of expert readers.
Given these challenges, quantitative approaches to measuring signal

intensity and spatial spread will likely be necessary to most precisely
evaluate longitudinal changes in tau PET signal.
Lastly, how well will the visual read algorithm perform in MCI?

The present study included only 21 MCI patients in the visual read
test group, yet this early clinical stage represents one of the highest-
priority populations for tau PET in clinical trials and future clinical
practice. Patients with MCI are functionally independent and have
subtle symptoms that overlap those of non-AD neurodegenerative
diseases; thus, accurate and timely identification of these patients is
important and may be particularly crucial for administration of future
disease-modifying therapies (18). At autopsy, MCI patients have on
average intermediate Braak stage III–IV neurofibrillary pathology,
and the antemortem tau PET signal can be modest and subtle at this
stage (8,11,19). A more sensitive visual read schema that identifies
early signal in the medial temporal lobes may be particularly benefi-
cial for detection of AD tau pathology in MCI.
Ultimately, visual reads will need to be applied to large numbers

of longitudinally scanned patients who have a broad range of neuro-
degenerative disease diagnoses and excellent clinical characterization
and amyloid biomarker data and who eventually undergo autopsy.
These data will clarify the sensitivity and specificity of tau tracers to
neurofibrillary tangle pathology, elucidate causes of off-target bind-
ing, and determine how longitudinal visual tracking of regional tracer
uptake corresponds to pathologic progression of AD. Another area of
interest is head-to-head comparisons of different tau PET ligands in
the same patients, which may lead to development and validation of
unified approaches to tau PET quantification and visual reads (20).
Although each tau radiotracer has its idiosyncrasies, the overall spa-
tial pattern of binding is remarkably consistent, suggesting that stan-
dardized approaches will be feasible (7). The maturation of tau PET
as a powerful biomarker for diagnosis, staging, and prognosis in AD
is occurring hand in hand with the emergence of novel molecular
therapies that modify the course of AD pathophysiology (21). Collec-
tively, the field seems to be at an inflection point, heralding a new era
of early detection, biomarker-based diagnosis, and disease-modifying
therapy.
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Dosimetry-guided treatment planning in selective internal radiation ther-
apy relies on accurate and reproducible measurement of administered
activity. This 4-center, 5-PET-device study compared the manufacturer-
declared 90Y activity in vials with quantitative 90Y PET/CT assessment of
the same vials. We compared 90Y PET-measured activity (APET) for 56
90Y-labeled glass and 18 90Y-labeled resin microsphere vials with the
calibrated activity specified by the manufacturer (AM). Additionally, the
same analysis was performed for 4 90Y-chloride vials. The mean APET/
AM ratio was 0.796 0.04 (range, 0.71–0.89) for glass microspheres and
1.15 6 0.06 (range, 1.05–1.25) for resin microspheres. The mean APET/
AM ratio for 90Y-chloride vials was 1.006 0.04 (range, 0.96–1.06). Thus,
we found an average difference of 46% between glass and resin micro-
sphere activity calibrations, whereas close agreement was found for
chloride solutions. We expect that the reported discrepancies will pro-
mote further investigations to establish reliable and accurate patient
dosimetry and dose–effect assessments.

Key Words: resin microspheres; glass microspheres; 90Y; PET/CT;
activity
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Selective internal radiation therapy (SIRT) with radioactive micro-
spheres is an established liver-directed therapy for both primary liver
cancer and liver metastases. Both 90Y glass and resin microspheres
are used globally; they are Food and Drug Administration–approved
in the United States, and they received the CE (Conformit!e Euro-
p€eenne) mark in the European Union.
Considerable evidence of dose–effect relationships for both

tumor and nontumor liver have been demonstrated for 90Y SIRT
(1). In particular, for glass microspheres, Garin et al. highlighted a
dose–response relationship in a prospective randomized trial,
which demonstrated that planned personalized dosimetry improves
outcomes compared with standard single-compartment dosimetry

for locally advanced hepatocellular carcinoma (2). Another area of
investigation is focused on posttreatment SIRT dosimetry, which
obviates most of the difficulties linked to the hypothesis that pre-
treatment imaging-based dosimetry is a robust surrogate of the
actual delivered absorbed dose. In that respect, recent studies have
suggested the benefit of 90Y PET–based dosimetry in hepatocellu-
lar carcinoma or cholangiocarcinoma (3,4).
For reliable dosimetry-guided treatment planning and dose–

effect assessment from pretherapy imaging–based absorbed dose
estimates, the net administered activity of 90Y microspheres
should be accurately determined. Accurate assay of 90Y, an almost
pure b-emitter, using activity meters is challenging compared with
other radionuclides commonly used in nuclear medicine proce-
dures (5). (In this work, we adopted the term activity meter for the
reentrant well-type ionization chamber that is calibrated to convert
a measured ionization current to an activity; this device is also
colloquially referred to as a dose calibrator in North America. We
reserved the use of dose for the absorbed dose in units of Gy.) The
specific geometry and material composition of the source and its
container affects the spectrum of Bremsstrahlung photons, hence
affecting the activity meter measurement.

90Y PET imaging is also challenging because of the low true
coincidence count rates associated with the low yield of positron
emission (0.0032%). Despite this, there have been multiple reports
demonstrating the quantification accuracy of 90Y PET in phantom
studies when using state-of-the-art time-of-flight scanners (6–8). It
should be noted that almost all phantom studies to date have used
90Y in the form of a chloride solution and not the microsphere
devices themselves. Reasons may include the difficulty of sus-
pending microspheres in a uniform distribution throughout a phan-
tom compartment.
In this work, we used quantitative 90Y PET/CT imaging to mea-

sure the 90Y microsphere vial activity in air before SIRT with resin
and glass microspheres at 4 institutions on 5 scanners: PET-1, a
Biograph Vision 600 (Siemens Healthineers) at Lausanne Univer-
sity Hospital (Centre hospitalier universitaire vaudois [CHUV]);
PET-2, a Discovery 690 (GE Healthcare) at CHUV; PET-3, a Bio-
graph mCT 40 (Siemens Healthineers) at the University of Michi-
gan; PET-4, a Biograph Vision 600 (Siemens Healthineers) at
Luzerner Kantonsspital; and PET-5, a Biograph 40 mCT (Siemens
Healthineers) at the University Hospital of Nantes. Additional data
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came from PET measurements of vials containing 90Y in chloride
solution and as a liquefied resin. We compared the PET-measured
activity with the activity on the calibration certificate supplied by
the vendor for each vial with appropriate decay correction.

MATERIALS AND METHODS

We analyzed 90Y vials from 3 different manufacturers: 56 90Y-labeled
glass microsphere vials (TheraSphere; Boston Scientific), 18 90Y-labeled
resin microsphere vials (SIR-Spheres; Sirtex Medical), 4 vials containing
90Y-chloride solution (2 from Curium and 2 from Eckert and Ziegler),
and 1 vial containing a solution of dissolved 90Y-labeled resin micro-
spheres (liquefied resin). All vials were imaged in air at a single bed posi-
tion centered on the 3 tomographic directions of the PET scanner to yield
peak sensitivity.

Glass Microspheres
A first dataset of 43 90Y-labeled glass microsphere vials (0.7–6.3 GBq)

was imaged on PET-1, with a subgroup of 8 of these vials (0.7–6.3 GBq)
being additionally measured on PET-2. Another dataset of 13 glass micro-
sphere vials (2.3–8.6 GBq) was imaged on PET-3.

Resin Microspheres
90Y-labeled resin microsphere vials (3.3–4.6 GBq) were imaged on

PET-1 (n 5 11), PET-2 (n 5 1), or PET-4 (n 5 6).

Chloride Solution
In addition to performing acquisitions on microsphere vials, we

acquired PET/CT data for vials of liquid 90Y-chloride solution. Of
these, 2 (0.4 and 2.5 GBq) were acquired on PET-1 and 2 (0.4 and
4.4 GBq) on PET-3.

Liquified Resin Microspheres
The vial with the solution of dissolved 90Y-labeled resin micro-

spheres was from a prior study evaluating the reliability of measuring
90Y activity using PET performed at the University Hospital of Nantes
in collaboration with the French National Standard Laboratory in Paris
(LNHB [Laboratoire National Henri Becquerel]–CEA [Commissariat
!a l’#energie atomique et aux #energies alternatives]). For this purpose, a
reference activity of resin microspheres (2.95 GBq) was first dissolved
(9), measured using the triple- to double-coincidence ratio method
with Cherenkov counting at LNHB-CEA, and then shipped to the Uni-
versity Hospital of Nantes for a PET/CT acquisition on PET-5.

PET/CT Reconstruction and Quantification
Supplemental Table 1 summarizes acquisition and reconstruction para-

meters for the different PET/CT devices (supplemental materials are
available at http://jnm.snmjournals.org). Manufacturer-recommended re-
construction parameters were used for 90Y. Considering the measure-
ments on PET-1 and PET-4 (the 2 Biograph Vision 600 devices), we
tested both absolute and relative scatter corrections available with the
manufacturer software. The relatively high noise associated with low-
count 90Y PET can affect the scatter correction with relative scaling, and
some bias can appear in the final quantification as reported previously
(6). Since the preliminary quantitative assessment showed, as expected,
no significant difference between the 2 scatter methods in the low-scatter
setting (in air) of the current experiment (Supplemental Tables 2 and 3),
we focus on results obtained with the absolute scatter correction.

In all PET scanners used in the current study, the software enables
90Y quantitation automatically from the local 18F system cross-
calibration, accounting for the 90Y specific physical decay and posi-
tron branching ratio. The quantitative PET data were decay-corrected
to the start of the PET acquisition. On the PET images, we defined
cylindric (50 mm in diameter, 5 cm high) volumes of interest that
encompassed the vials (diameters of 25, 35, and 25 mm for resin,

glass, and 90Y-chloride, respectively), to minimize any signal loss due
to partial-volume effects.

Manufacturer-Specified Activity Assessment
The manufacturer-specified calibrated activity was reported in a

document shipped with the vial to the different hospitals. In this docu-
ment, the manufacturer indicates the vial activity and the time of the
calibration. After performing the manufacturer-specified procedure for
establishing a local calibration factor, we routinely verified the activity
by measuring the received vial in the local activity meter. Specifically,
nominal manufacturer activity was used for resin microspheres,
whereas the manufacturer-measured total activity (not nominal) was
used for glass microspheres. The local versus certified manufacture
activity was found to be within 5% at all centers.

Comparison of PET-Derived Activity with
Manufacturer-Specified Value

For each measurement, the total PET activity measured in the vial vol-
ume of interest (APET) was compared with the vial activity reported in the
manufacturer calibration sheet (AM) decay-corrected to the start of the PET
acquisition, using the ratio APET/AM. We assessed for statistical differences
in APET/AM ratios for the same microsphere type obtained in different PET
scanners by applying ANOVA and multiple-comparison tests using the
MATLAB statistical toolbox (version R2021a; MathWorks). A significant
difference was considered present for P values of less than 0.05.

RESULTS

Figure 1 shows a dot-plot representation of the APET/AM distri-
bution across all 4 vial types and all centers. Table 1 presents the

FIGURE 1. Distribution of APET/AM ratios for the 4 vial products tested
in this study (i.e., 90Y-labeled glass microspheres, 90Y-chloride solution,
90Y-labeled resin microspheres, and 90Y-labeled liquefied resin). LUKS 5

Luzerner Kantonsspital, the 90Y-labeled liquefied resin (Nantes PET-5,
purple dot) was associated to the resin’s category.
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summary statistics for all measurements (full data are available in
Supplemental Presentation 1). The mean APET/AM ratio for 90Y
glass spheres was 0.796 0.04 (range, 0.71–0.89). No statistical dif-
ferences in mean APET/AM for 90Y glass spheres were found
between PET-1 and PET-3 (P 5 0.43). Statistical differences were
found between PET-1 and PET-2 (P 5 0.009) and between PET-2
and PET-3 (P 5 0.002). The mean APET/AM ratio for the resin
spheres was 1.15 6 0.06 (range, 1.05–1.25). In this case, no statis-
tical difference was found between PET-1 and PET-4 (P 5 0.072).
The mean APET/AM measured in 90Y-chloride vials was 1.00 6

0.04 (range, 0.96–1.06) (Table 1; Supplemental Table 4). The
APET/AM measured for the liquefied resin spheres in PET-5 was
1.22 6 0.12, whereas good agreement was found between the
LNHB-CEA reference activity and the PET activity measure-
ments, with a ratio of 1.01.

DISCUSSION

In this study, we used PET as an independent measure of activ-
ity for 90Y microsphere vials in air and compared this measure
with the activity reported in the respective manufacturer’s calibra-
tion sheet for 90Y-labeled resin and glass microspheres and 90Y in
chloride solution and liquefied resin. Although we report substan-
tial discrepancies for resin and glass microspheres, close agree-
ment is reported for the chloride solution. Furthermore, PET
measurement of the liquefied resin activity is in excellent agree-
ment with the national metrology laboratory reference measure-
ment, suggesting an accurate PET quantification.
For the resin spheres, we reported an average APET/AM ratio of

1.15 6 0.06 (i.e., AM underestimates APET by 13%); this value is
compatible with the high-purity germanium National Institute of
Standards and Technology–referred results of Graves et al., who
recently reported a ratio of 1.233 6 0.030 (10). In addition, we
provided original data for the glass spheres showing a trend oppo-
site that of resin, an APET/AM ratio of 0.79 6 0.04 (i.e., AM

systematically overestimating APET by 27%). Therefore, a relative
difference of about 46% exists between the 2 manufacturers’ 90Y
activity calibrations; that is, 1 Bq of 90Y measured in the activity
reference frame of the glass microsphere manufacturer corre-
sponds to 1.46 Bq in that of the resin microsphere manufacturer.
Quantitative PET imaging of 90Y is challenging, but it is en-

hanced by the state-of-the-art time-of-flight systems used in this
study. However, an error in the PET-reconstructed activity may
arise from a potentially inaccurate attenuation correction due to
inadequate modeling of higher-density materials such as glass.
The glass containers for the 90Y-chloride and resin microspheres
have a minimal thickness. Such a thickness will have minor effects
on PET-reconstructed activity. The following observations support
this claim: first, our APET/AM for resin microspheres is consistent
with prior studies (10,11) reporting that AM is underestimated
using a measurement approach different from PET; second, our
APET/AM is near unity for 90Y-chloride, for which activity meter
measurements are well known with a traceable standard; and third,
we obtained a near-unity value for the ratio of the LNHB-CEA
reference activity to the PET activity, indicating the good agree-
ment of the 2 methods (i.e., the coincidence Cherenkov counting
and the PET) in estimating the vial activity. However, the combi-
nation of a thick glass V-Vial (Wheaton Industries, Inc.) bottom
and glass microspheres settling at that bottom may lead to a com-
bined glass thickness potentially great enough to introduce bias in
the attenuation correction. To estimate the potential bias, we used
cone-beam CT of a glass microsphere vial to create a high-
resolution (0.1 mm) model of the geometry and material used in
our study. Nominal linear attenuation coefficients were then
assigned, and attenuation correction factors (ACFs) were calcu-
lated along a few lines of response. We compared ACFs from the
high-resolution model with ACFs calculated from the CT-derived
attenuation map used in the PET reconstruction. Assuming nomi-
nal values for diameter and total number of microspheres, with a
packing ratio of 0.6, we estimated the potential ACF bias along

TABLE 1
Summary of APET/AM Results

APET/AM

Product Manufacturer Vials (n) Scanner Mean SD Range

Glass Boston Scientific 43 PET-1 0.79 0.04 0.71–0.89

Glass Boston Scientific 8 PET-2 0.74 0.02 0.72–0.78

Glass Boston Scientific 13 PET-3 0.80 0.02 0.76–0.83

Glass Boston Scientific 64 All 0.79 0.04 0.71–0.89

Resin Sirtex Medical 11 PET-1 1.16 0.06 1.05–1.25

Resin Sirtex Medical 1 PET-2 1.07

Resin Sirtex Medical 6 PET-4 1.11 0.03 1.08–1.16

Resin Sirtex Medical 18 All 1.15 0.06 1.05–1.25

Resin* liquified Sirtex Medical 1 PET-5 1.22

Chloride Curium 2 PET-1 0.98 0.01 0.98–0.98

Chloride* Eckert and Ziegler 2 PET-3 1.01 0.07 0.96–1.06

Chloride All 4 All 1.00 0.04 0.96–1.06

*Data for which relative scatter correction was applied; otherwise, absolute scatter correction was applied.
Liquification was by LNHB-CEA.
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evaluated lines of response to vary from 211% to 113%. The
average ACF bias was no greater than 6%, which would move our
results only slightly toward unity, leaving the APET/AM ratio at or
below 0.85. The sensitivity of attenuation correction was also
tested by increasing the CT numbers above 600 Hounsfield units
by 20% and then performing PET reconstruction. The resulting
activity concentration image had a maximum difference of 3.6%,
demonstrating minimal sensitivity to changes in Hounsfield units.
Although primary measurements from national laboratories have

been reported for both devices (12,13), any changes from the speci-
fic source and container tied to these measurements will impact the
90Y Bremsstrahlung energy spectrum and thereby the activity meter
assay. One study reported a systematic bias of 4% due to likely
changes in the acrylic shield used by glass microspheres (14). Monte
Carlo simulations that model the composition and geometry of the
vials, as well as the devices, might provide more insight on their
impact on both the PET measurement and activity meter calibration
but are beyond the scope of this work.
To the best of our knowledge, we believe this is the first report

of such observed differences for 90Y glass microspheres between
PET and vendor-stated activity. The purpose of this study is not to
fully explain the discrepancies we have observed but to share our
observations that suggest a significant bias when comparing PET
quantification with vendor-stated activity for both glass and resin
90Y microsphere devices. Such differences would likely not affect
clinical practice given the large number of patients safely and
effectively treated to date with activities as stated by the vendors.
However, it is important from a metrological standpoint to know
the activities administered to patients; reporting true activities
should enable more accurate radiobiologic modeling and dosime-
try comparisons across devices and modalities. For example, our
results should be considered within the context of studies reporting
a lower biologic effect per Gray for glass versus resin micro-
spheres when treating the same hepatic disease (15).

CONCLUSION

We have presented original data comparing quantitative PET and
manufacturer-declared total activity in 90Y-labeled microspheres and
90Y-chloride vials. Manufacturer-declared vial activities were sub-
stantially different when measured by quantitative PET for glass
(mean ratio, 0.79) and resin (mean ratio, 1.15), which showed oppo-
site trends with a large relative difference of 46% between them. In
90Y-chloride vials, PET and manufacturer-declared activities agreed
closely. We expect that the reported discrepancies will promote fur-
ther investigations to establish reliable and accurate patient injected-
activity measurement and thus consistent dosimetry and dose–effect
relation assessments.
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KEY POINTS

QUESTION: How accurate are vendor-specified calibrated
activities used for therapy and absorbed dose assessment in
90Y SIRT?

PERTINENT FINDINGS: We compared quantitative 90Y PET
measurements against vendor-specified calibrated activities
in both glass and resin microsphere vials across multiple
centers and devices. We found a large difference between PET
measurements and reported vial activities (average, 221% for
glass and 115% for resin).

IMPLICATIONS FOR PATIENT CARE: Accounting for the
observed differences can lead to a shift of reported adminis-
tered activity and absorbed dose thresholds in dose–effect
studies.
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