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Register today!
www.acnmonline.org/webinars

2024 ACNM/SNMMI HOT TOPICS Webinar Series
SNMMI and ACNM are excited to announce the lineup for the 2024 Hot Topics Webinar Series.
These informative webinars will take place at 12:00 pm ET on the second Tuesday of each month
and are complimentary for ACNM and SNMMI members.
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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

Molecular Imaging in Breast Cancer
Martine Piccart and G$eraldine Gebhart Talk with DavidMankoff About 2
Generations of Research

G$eraldine Gebhart1, Martine Piccart1, and David Mankoff2

1Universit$e Libre de Bruxelles, Hôpital Universitaire de Bruxelles, Institut Jules Bordet, Brussels, Belgium; and 2Perelman School of
Medicine, University of Pennsylvania, Philadelphia, Pennsylvania

David Mankoff, MD, PhD, the Matthew J. Wilson Professor
of Research Radiology at the University of Pennsylvania Perelman
School of Medicine (Philadelphia) and an associate editor for The
Journal of Nuclear Medicine (JNM), talked with breast cancer
oncology and molecular imaging (MI) leaders Martine Piccart,
MD, PhD, and G$eraldine Gebhart, MD, PhD. Dr. Piccart, an hon-
orary professor of oncology at the Universit$e Libre de Bruxelles
(ULB; Belgium) and scientific director at Institut Jules Bordet
(Brussels), and Dr. Gebhart, Oncologic Clinical Director of the
Nuclear Medicine Department of the Hôpital Universitaire de Bru-
xelles, are mother and daughter.
Dr. Piccart is an international leader in medical oncology with a

focus on breast cancer research. In 1999, she cofounded the Breast
International Group (BIG), the largest network of groups conduct-
ing clinical breast cancer research in the world. She is a member
of the Belgian Royal Academy of Medicine and served as presi-
dent of the European Cancer Organization, the European Organi-
zation for the Research and Treatment of Cancer, and the
European Society for Medical Oncology (ESMO). Dr. Piccart also
served on the American Society of Clinical Oncology (ASCO)
board, as well as on the board of the American Association for
Cancer Research. She has published over 600 peer-reviewed arti-
cles and received multiple awards.
Dr. Gebhart is a rising star in oncologic MI and focuses on breast

cancer research. She studied medicine at ULB. In 2009, with a solid
background in internal medicine, she began her work in nuclear med-
icine under the supervision of Patrick Flamen, MD, PhD, at the Insti-
tut Bordet. She focused on MI as an emerging field in oncology. Her
PhD project was on the contribution of MI to early evaluation of
response to anti–human epidermal growth factor receptor 2 (anti-
HER2) agents in breast cancer. She played lead roles in seminal
studies testing PET as a predictive and response biomarker for
HER2-targeted breast cancer, including the NEOALTTO and
ZEPHIR trials, and was a key contributor to the recently published
PHERGAIN study. Gebhart has been recognized with JNM Editor’s
Choice Award for 2013, the Alavi–Mandell Award for a JNM arti-
cle published in 2013, and the 2023 Marie Curie Award from the
European Association of Nuclear Medicine (EANM).
Dr. Mankoff: Martine and G$eraldine, it is a pleasure to speak

to you as leaders in breast cancer oncology and MI, as well as
medical oncology and nuclear medicine collaborators in breast

cancer research at Jules Bordet and in leading international
trials. As an oncologist and as an imager who both work in breast
cancer, what do you see as the greatest areas of need in which MI
can impact breast cancer treatment and outcomes?
Dr. Piccart: The last decade has witnessed the successful

development of several new anticancer drugs for the 3 main breast
cancer subtypes: cyclin-dependent kinase 4 and 6 inhibitors and
selective estrogen receptor downregulators (SERDs) for luminal
disease (2/3 of patients); anti-HER2 monoclonal antibodies, tyro-
sine kinase receptor inhibitors, and antibody–drug conjugates
(ADCs) for HER2-positive disease (%15% of patients); and
immune checkpoint inhibitors and ADCs for triple-negative breast
cancer (TNBC; %12% of patients). These agents are quite expen-
sive, and there is a huge unmet need for clinically useful biomar-
kers allowing a better selection of patients likely to benefit from

Martine Piccart, MD, PhD (left), and G$eraldine Gebhart, MD, PhD (right)
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these drugs. As a result, many patients are over- or undertreated.
In advanced breast cancer, disease heterogeneity is increasingly
recognized as a limiting factor for the efficacy of targeted drugs.
This is, in our view, an area where MI could play a critical role.
Dr. Gebhart: The ZEPHIR imaging study in advanced HER2

breast cancer nicely showed how HER2 PET can predict the anti-
tumor efficacy of the ADC trastuzumab emtansine: only patients
showing a strong and generalized uptake of 89Z-trastuzumab
across their metastatic sites enjoyed a prolonged time to treatment
failure.
Dr. Mankoff: What do you see as the biggest hurdles for mov-

ing breast cancer MI from early-stage studies into clinical
practice?
Dr. Piccart: As noted, MI should be viewed as a powerful bio-

marker with the potential to reduce overtreatment as well as under-
treatment. This great potential is largely ignored by the community
of medical oncologists. Indirect proof of this is the very limited
space given to MI in famous cancer congresses such as those of
ASCO or ESMO.
Dr. Gebhart: On the other hand, the MI community should

invest more time and energy in the full validation of MI as a bio-
marker, meaning going beyond analytic/clinical validity and dem-
onstrating clinical utility. This can be best achieved through a
much-reinforced crosstalk and collaboration between these 2
worlds. This type of research, however, is not inexpensive and
will not always be viewed as attractive by the pharmaceutical
industry, given that it could restrict their drug market. Hopefully,

governments and charities will understand the value of MI,
because it is likely that the cost of sophisticated imaging will be
offset by the ability to prescribe the right expensive anticancer
drugs for the right patient at the right time.
Dr. Mankoff: Breast cancer was one of the earliest areas in

which individualized targeted systemic therapy was used. Targeted
therapy remains a key part of breast cancer treatment, with an
increasing array of drugs matched to specific targets and with
new diagnostic agents that can image these targets. Despite
advances in imaging breast cancer targets, such as the estrogen
receptor (ER) and HER2, there seems to be relatively slow accep-
tance of these tools in the breast cancer community. What are the
barriers for imagers and oncologists to more widespread accep-
tance and use of imaging biomarkers to help guide targeted ther-
apy in breast cancer?
Dr. Gebhart: Again, prospective trials designed to robustly

demonstrate the clinical utility of an imaging modality are quite
expensive and not necessarily welcomed by pharma. In addition,
these trials must be conducted with rigor: standardization of the
imaging test must be performed in all participating centers. They
should ideally be supported by data on cost effectiveness to be
able to refute the frequently heard argument that PET scans are
“too expensive.”
Dr. Piccart: From the viewpoint of an experienced clinical

trialist, the high level of multidisciplinary expertise required
might discourage many research groups. What is needed is a few

enthusiastic teams able to perform these trials with the needed
quality and statistical power.
Dr. Mankoff: You both provide excellent examples of team

players at the intersection of breast cancer and imaging. On a
related topic, radiopharmaceutical therapy has had a large impact
on some endocrine-related cancers, such as thyroid, neuroendo-
crine, and prostate cancers. However, radiopharmaceutical ther-
apy has had only a limited role in breast cancer thus far. Is this
due to the number of other effective systemic therapies for breast
cancer, or are there other considerations limiting the use of radio-
pharmaceutical therapy for breast cancer? What do you see as the
areas in which radiopharmaceutical therapy might be helpful?
Dr. Piccart: It is true that radiopharmaceutical therapy for

breast cancer is in its infancy. We can see 4 potential explanations:
the “wave” of new effective drugs developed for this disease in
the last 10 years; the recognition that breast cancer is not a single
disease but a collection of “subtypes,” which complicates the
design and conduct of trials exploring innovative therapies; the
marked heterogeneity in target expression, which has been particu-
larly well documented in HER2-positive breast cancer; and the
extra burden that may be imposed by health authorities on trials
with radiopharmaceuticals for safety reasons, sometimes associ-
ated with limited access to PET devices.
Dr. Gebhart: We are hopeful that this situation will improve in

the near future, particularly for 2 clinical scenarios: advanced
TNBC, a very aggressive subtype with poor clinical outcomes
despite the introduction of immunotherapy, and brain metastases.

Our colleagues from the Vrije Universiteit Brussel are exploring
HER2-targeted nanobodies for refractory brain metastases, and we
are currently investigating targets such as prostate-specific mem-
brane antigen or, in the near future, fibroblast-activation protein
inhibitor in advanced TNBC.
Dr. Mankoff: G$eraldine, you have led groundbreaking trials of

novel MI approaches for breast cancer in European studies that
have often been well ahead of those in the United States. What’s
the secret to your ability to implement and perform these trials?
Dr. Gebhart: First, I have greatly benefited from a fantastic

research team in the nuclear medicine department at my institute,
including Dr. Flamen, an enthusiastic head of unit who trusted me
from the beginning. I started my research in collaboration with
Z$ena Wimana, PhD, MBA, without whose great expertise in the
radiopharmacy field I don’t think I could have managed an ambi-
tious imaging trial such as ZEPHIR. And I work with 2 brilliant
bioengineers, Julie Gaye and Thomas Guiot. Second, with the help
of my mother I was introduced to a network of cancer centers in
Belgium and The Netherlands with prime interests in novel MI
approaches as powerful tools for development of “precision
oncology.” In particular, I found great partners in Groningen: for
example, Elisabeth de Vries, MD, PhD, and Carolien Schr€oder,
MD, PhD, both medical oncologists with long-standing interest in
MI. I also enjoyed working closely with the team of C. Willemien
Menke-van der Houven van Oordt, MD, in Amsterdam. Finally,
I had the chance to finalize the primary endpoint of the ZEPHIR

`̀We really need the kind of evidence that oncologists look for in drug trials: well-powered and randomized trials
to demonstrate that patients treated with the help of MI guidance do better than patients who do not receive
MI… .This is an area in which the model of European–U.S. collaborative trials that has changed treatment

practice could support changes in diagnostic practice.´́
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study with Magdalena Mileva. Results were presented in the
recent EANM congress and recognized with the Marie Curie
Award.
Dr. Mankoff: You’ve had the good fortune to work with other

outstanding leaders in the field and have the skill and diplomacy
to encourage team science. We in the United States can learn
from your success. Martine, you are among the world’s leaders in
breast cancer oncology and medical oncology in general. What
advice can you give us on how best to use PET MI to help oncolo-
gists care for their breast cancer patients?
Dr. Piccart: There are 2 families of new drugs that my colleagues

are excited about: the ER-targeting agents (SERDs, proteolysis-
targeting chimeras, etc.) and the ADCs, which show an exponential
growth with more than 100 compounds in development and ground-
breaking results already shown for a few of them. It should not be
too difficult to convince oncologists that MI will increase our ability
to identify the good (or poor) candidates for these agents as well as
clarify how best to sequence them with the goal of extending disease
control and overall survival. These are very promising new classes
of drugs, especially for metastatic breast cancer, where MI assess-
ment of target expression and early response to therapy could be
attractive to oncologists.
Dr. Mankoff: Partnerships between imagers and oncologists

have been important in advancing MI research and translation of
new methods to the oncology clinic. In addition to being leaders in
your fields working together, you have unique insights on that
partnership as mother and daughter. How has this partnership
influenced your research and practice and impacted your careers?
Dr. Piccart: When my daughter decided to specialize in nuclear

medicine, I realized how little I knew about the specialty and decided
to learn about its multiple facets. It literally opened my eyes.
Dr. Gebhart: Living close to a breast medical oncologist is a

huge advantage, because I heard my mother complaining about
the extremely slow development of predictive biomarkers in her
field beyond ER and HER2. This unique context has been instru-
mental in our desire to bring the 2 communities—the medical
oncologists and nuclear medicine specialists—closer to each other.
Both: … and through beneficial complicity!
Dr. Mankoff: Very interesting! This is a wonderful and unique

scenario that has benefited breast cancer research and patients.
One last question, primarily directed to you, Martine: In my

experience in leading studies testing MI biomarkers as adjuncts to
tissue biomarkers to help direct individualized breast cancer ther-
apy, there seems to be some hesitancy among oncologists to
accept imaging as a way to select a therapy. In the United States,
we now have an approved agent to image ER expression, [18F]-
fluoroestradiol ([18F]-FES), with 2 level 1 evidence studies from
Korea and Europe showing the equivalence of PET imaging
findings and biopsy results. Documentation of ER expression
by biopsy is a widely accepted gold standard for selecting
ER-targeted therapy; however, many oncologists remain reluctant
to use [18F]-FES PET results to direct therapy. What will it take
to change their minds?
Dr. Piccart: That’s an interesting question. We have to be much

more ambitious when we collaborate between the 2 specialties
(oncology and imaging). We really have to come up with powerful
studies that will show that using MI will result in better outcomes
for our patients. The benefit of having imaging biomarkers that can
avoid therapy when the intended target is absent, stop a treatment
early on that’s never going to work, or identify a treatment that is
going to be quite effective is appealing. But we need to have strong
evidence to support these uses of MI—not just the small trials with
30–60 patients that are commonly published. We really need the
kind of evidence that oncologists look for in drug trials: well-
powered and randomized trials to demonstrate that patients treated
with the help of MI guidance do better than patients who do not
receive MI. This is a big challenge, because it means conducting
prospectively powered multicenter studies in which the use of a
diagnostic imaging test is randomized and where imaging and
image interpretation are standardized and therapeutic choices are
harmonized across centers. You will likely need several hundred
patients for this type of study. It will not be easy, but, with collabo-
ration and funding, it can be done. This is an area in which the
model of European–U.S. collaborative trials that has changed treat-
ment practice could support changes in diagnostic practice.
Dr. Mankoff: I agree 100%. Let’s figure out how to do this!

G$eraldine and Martine, thank you for the fascinating discussion
and chance to talk to 2 leaders in the field with a passion for
imaging and breast cancer research. I hope we can follow up on
Martine’s suggestion to generate international trials to provide
level 1 evidence of the ability of MI to improve breast cancer
patient outcomes.
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Sequencing of Somatostatin-Receptor–Based Therapies in
Neuroendocrine Tumor Patients

Jonathan R. Strosberg1, Taymeyah Al-Toubah1, Ghassan El-Haddad2, Diane Reidy Lagunes3, and Lisa Bodei4

1Department of GI Oncology, Moffitt Cancer Center and Research Institute, Tampa, Florida; 2Department of Radiology, Moffitt Cancer
Center and Research Institute, Tampa, Florida; 3Department of Medicine, Memorial Sloan Kettering Cancer Center, New York,
New York; and 4Department of Radiology, Memorial Sloan Kettering Cancer Center, New York, New York

Most well-differentiated neuroendocrine tumors (NETs) express high
levels of somatostatin receptors, particularly subtypes 2 and 5. Somato-
statin analogs (SSAs) bind to somatostatin receptors and are used for
palliation of hormonal syndromes and control of tumor growth. The
long-acting SSAs octreotide long-acting release and lanreotide are
commonly used in the first-linemetastatic setting because of their toler-
able side effect profile. Radiolabeled SSAs are used both for imaging
and for treatment of NETs. 177Lu-DOTATATE is a b-emitting radiola-
beled SSA that has been proven to significantly improve progression-
free survival among patients with progressive midgut NETs and is
approved for treatment of metastatic gastroenteropancreatic NETs. A
key question in management of patients with gastroenteropancreatic
and lung NETs is the sequencing of 177Lu-DOTATATE in relation to other
systemic treatments (such as everolimus) or liver-directed therapies. This
question is particularly complicated given the heterogeneity of NETs and
the near absence of randomized trials comparing active treatment
options. This state-of-the-art review examines the evidence supporting
use of somatostatin-receptor–targeted treatments within the larger land-
scapeofNET therapy andoffers insights regarding optimal patient selec-
tion, assessment of benefit versus risk, and treatment sequencing.

Key Words: radionuclide therapy; PRRT; lanreotide; neuroendocrine
tumors; octreotide; somatostatin analogs

J Nucl Med 2024; 65:340–348
DOI: 10.2967/jnumed.123.265706

Somatostatin receptor (SSTR) expression is a key feature of
well-differentiated neuroendocrine tumors (NETs). Since the 1980s,
somatostatin analogs (SSAs) have been used to palliate hormonal
syndromes associated with NETs and inhibit tumor growth (1).
More recently, radiolabeled SSAs have been developed for diagnos-
tic and therapeutic purposes. 111In(In)-pentetreotide scintigraphy
(OctreoScan; Curium) was the first widely used SSTR-based scan
for staging NETs and characterizing the degree of SSTR expression
(2,3). In the past decade, it has been supplanted by SSTR PET
imaging, including 68Ga(Ga)-DOTATATE and 64Cu(Cu)-DOTA-
TATE PET scans, which have substantially higher sensitivity and
image resolution (4,5).
b-emitting radiolabeled SSAs, such as 177Lu(Lu)-DOTATATE or

DOTATOC, deliver therapeutic doses of b-radiation (high-energy

electrons) to SSTR-expressing tumors and can result in tumor shrink-
age in addition to substantial improvement in progression-free sur-
vival (PFS). Newer forms of peptide receptor radionuclide therapy
(PRRT) include a-emitting radiolabeled SSAs such as 212Pb(Pb)-
DOTAMTATE and 225Ac(Ac)-DOTATATE (6,7). By emitting much
larger particles (2 protons and neutrons) with higher linear energy
transfer over an ultrashort particle range, a-emitters can induce
double-strand DNA damage and a higher level of cytotoxicity with an
improved therapeutic index.
In this state-of-the-art review, we evaluate the role of SSTR-

based treatments in patients with advanced NETs of the gastrointes-
tinal tract, pancreas, and lungs. We discuss evidence regarding the
efficacy of conventional and radiolabeled SSAs, risks and toxicities,
patient selection, and the sequencing of these therapies within the
larger therapeutic landscape. Additional topics include early use of
PRRT, retreatment with PRRT after progression, and combination
approaches.

OVERVIEW OF GASTROENTEROPANCREATIC AND
LUNG NETS

NETs can be categorized on the basis of multiple features, includ-
ing primary site, stage, differentiation, grade, and SSTR expression.
Well-differentiated NETs morphologically resemble endocrine cells
of origin. Poorly differentiated neuroendocrine carcinomas are
highly aggressive malignancies that tend to express SSTRs weakly
and are outside the scope of this review. Most well-differentiated
NETs are low-grade (Ki-67 index, 0%–2%) or intermediate-grade
(Ki-67, 3%–20%) but can occasionally be high-grade (Ki-67. 20%).
For lung NETs, the terms typical carcinoid versus atypical carci-
noid persist and correspond roughly to low and intermediate grades,
respectively (8).
Metastatic NETs of different primary sites are quite distinct. Mid-

gut (typically ileal or ileocecal) primaries are the most common and
tend to be slow-growing. They are characterized by a high propen-
sity to metastasize to mesenteric lymph nodes (often with desmo-
plastic features), liver, and, less commonly, peritoneum, ovaries,
and bone (9). Metastatic midgut NETs often secrete serotonin,
among other vasoactive substances, resulting in diarrhea, flushing,
and damage to right heart valves, a condition known as carcinoid
syndrome. Metastatic pancreatic NETs also tend to metastasize to
the liver and are generally more aggressive than midgut NETs (10).
Approximately 10%–20% are associated with hormonal syndromes
such as Zollinger–Ellison syndrome (gastrinoma) or Verner–Morri-
son syndrome (vasoactive intestinal peptide tumors). Metastatic rec-
tal NETs are rare, often aggressive, and hormonally nonfunctioning
(unassociated with a syndrome). Metastatic lung NETs are variable
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in behavior: most are nonfunctioning, although some can produce
serotonin or adrenocorticotropic hormone.
SSTR expression also varies by primary site. Midgut NETs

almost universally express SSTRs, particularly SSTR subtypes 2
and 5, which are targeted by SSAs. Expression is a bit more hetero-
geneous in pancreatic NETs, particularly higher-grade tumors, and
quite heterogeneous in lung NETs, especially atypical ones that can
often be SSTR-negative (11).

SOMATOSTATIN ANALOG THERAPY

The SSAs octreotide and lanreotide are often prescribed as a first-
line systemic treatment for metastatic NETs. They are considered
ideal first-line therapies because of their favorable side effect profile
and efficacy, particularly in patients with hormone-related symptoms
such as carcinoid syndrome. In a landmark phase II study of short-
acting octreotide in patients with carcinoid syndrome, diarrhea and
flushing were palliated in 88% of patients, and 5-hydroxyindoleacitic
acid was reduced by more than 50% in 72% of patients (12). Subse-
quent small studies demonstrated equivalent palliation in rarer hor-
monal syndromes associated with gastrinomas, vasoactive intestinal
peptide tumors, and glucagonomas. An exception was insulinomas, in
which the effect of SSAs was inconsistent, sometimes leading to
improvement and other times exacerbating hypoglycemia because of
suppression of the counterregulatory hormone glucagon (13).
After the approval of octreotide for syndrome control, several

single-arm studies suggested that SSA therapy may inhibit tumor
growth despite the absence of objective radiographic responses.
These preliminary observations led to 2 randomized phase III stud-
ies designed to test the so-called antiproliferative effect of SSAs.
The first of these studies was the PROMID trial, in which 85
patients with metastatic midgut NETs were randomized to 30mg of
long-acting-release octreotide every 4 wk versus placebo, with a pri-
mary endpoint of time to progression (14). The study was strongly
positive, with an improvement of median time to progression from

6mo on placebo to 14.5mo with octreotide (hazard ratio [HR],
0.34; P, 0.001).
Subsequently, the CLARINET trial randomized 204 patients

with nonfunctioning enteropancreatic NETs to receive 120mg of
lanreotide versus placebo with a primary endpoint of PFS (15). Eli-
gibility requirements included a tumor Ki-67 of less than 10% and
SSTR expression on imaging. This trial also met its primary end-
point, with significant improvement in PFS (18mo on placebo, not
reached with lanreotide at the time of primary analysis; HR, 0.47; P
, 0.001). The HR for progression in the midgut NET population of
the CLARINET trial was nearly identical to the HR on the PRO-
MID trial, suggesting that the 2 drugs are likely quite similar in
efficacy.
There was no trend for overall survival (OS) benefit in either the

PROMID or the CLARINET study (16,17). However, it is essential
to note that patients crossed over from the placebo arm to SSA on
progression, and neither study was sufficiently powered to evaluate
for OS.
Side effects of both drugs tend to be minor. Abdominal cramping

and nausea tend to occur more often early in treatment. Steatorrhea
is a common side effect that can be palliated with pancreatic
enzymes. Gallstone formation is also common but rarely of clinical
significance.
As a result of the proven inhibitory effect of SSAs and their

benign toxicity profile, either octreotide or lanreotide is typically
recommended as first-line treatment for metastatic NETs, both for
inhibition of tumor growth and for palliation of hormonal syn-
dromes in patients with functioning tumors. There is little evidence
that SSAs inhibit tumor growth in patients with SSTR-negative
tumors, although they can still be used to palliate hormonal syn-
dromes. There is also limited evidence to support their use in
patients with relatively aggressive tumors (e.g., Ki-67. 10%) (18).
However, it is not unreasonable to try SSAs alone in patients who
lack significant symptoms related to tumor burden. It is also impor-
tant to note that high-level evidence for tumor control exists only
for gastroenteropancreatic NETs since neither the PROMID nor the
CLARINET trial enrolled patients with lung NETs. In addition, a
randomized trial of lanreotide versus placebo in lung NETs
(SPINET trial) closed prematurely for poor accrual (19). Neverthe-
less, it is reasonable to consider SSA therapy in lung NETs, espe-
cially if all tumors express SSTR. In tumors with significant
symptoms related to tumor burden, or in patients with higher-grade
or more aggressive biology, other therapies described below should
also be considered in the first-line setting.

PRRT

Since the 1990s, labeling SSAs with radioactive isotopes has
been devised to deliver targeted radiation to SSTR-expressing
NETs. Radiolabeled SSAs belong to a broader category of treatment
known as PRRT. The first generation of PRRT used high doses of
111In-pentetreotide (3). The Auger electrons emitted by this isotope
were weakly cytotoxic and rarely led to radiographic responses. The
high-energy b-emitting isotopes 90Y and 177Lu were next to be
tested, using DOTA as the linker and either octreotide (DOTATOC)
or octreotate (DOTATATE) as the peptide in most studies (20–22).
Octreotate has an exceptionally high affinity to SSTR subtype 2,
strongly expressed in NETs. Early studies using 90Y-peptides
reported high rates of severe, grade 3 or 4, nephrotoxicity related to
the high tissue penetration and energy of the b-particles (maximum
range, 11mm; maximum energy, 2.27MeV), despite renal

NOTEWORTHY

! SSAs (octreotide and lanreotide) are often the first-line treat-
ment for patients with metastatic well-differentiated,
somatostatin-receptor–positive NETs.

! PRRT with 177Lu-DOTATATE is used in patients with progres-
sive, somatostatin-receptor–positive metastatic disease; how-
ever, optimal sequencing of treatments vis-!a-vis other systemic
and liver-directed therapies, in the absence of dedicated ran-
domized trials, depends on many factors such as primary site,
grade, symptom burden, and distribution of metastatic disease.

! Not all patients with metastatic NETs are appropriate candi-
dates for PRRT: particular attention is needed in patients with
high-grade or lung NETs (in which SSTR expression is often
heterogeneous) and patients with high-burden peritoneal dis-
ease (which may increase risk of bowel obstruction)

! Emerging studies (e.g., the COMPETE and COMPOSE trials)
will help determine how to best sequence PRRT compared
with other standards of care.

! The future of PRRT may include combinations of systemic
therapy with PRRT, a-emitting particles, and SSTR
antagonists.
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protection with positively charged prophylactic amino acid infu-
sions consisting of arginine and lysine (20,22). 177Lu was less neph-
rotoxic because of its shorter particle range and lower b-energy
(maximum range, 2mm; maximum energy, 0.5MeV).
Both 90Y- and 177Lu-based radiolabeled SSAs resulted in radio-

graphic responses and relatively long median durations of PFS. Sev-
eral large institutional databases reported on outcomes in hundreds
of treated patients (23–25). One prospectively defined cohort study
from Erasmus Hospital in The Netherlands described outcomes in
443 patients with NETs originating in the pancreas, gastrointestinal
tract, lung, and unknown primary. Treatment consisted of a fixed
administered activity of 177Lu-DOTATATE, 7.4 GBq (200mCi),
administered every 8 wk for 4 treatments with prophylactic
arginine/lysine. An objective response rate of 39% was reported for
the entire cohort, with a median PFS of 29mo and a median OS of
63mo. It is important, however, to note that these outcomes were
analyzed only among patients who had received at least 3 cycles of
therapy (23).
A prospective phase I/II study conducted at the Institute of Euro-

pean Oncology in Milan enrolled 51 NET patients with escalating
administered activities of 177Lu-DOTATATE (26). Among 46
patients assessable for response, an objective response rate of 33%
was reported with a median time to progression of 36mo.
The NETTER-1 trial was the first prospective randomized phase

III study of a radiolabeled SSA (27). In this trial, 231 patients with
metastatic low- and intermediate-grade, SSTR-positive midgut
NETs progressing on standard-dose octreotide were randomized to
receive 4 cycles of 177Lu-DOTATATE plus standard-dose octreo-
tide or high-dose octreotide (60mg). The primary endpoint was
PFS. The study met its primary endpoint with a clinically and statis-
tically significant improvement in PFS on the 177Lu-DOTATATE
arm (HR, 0.21; P , 0.0001). An objective response rate of 18%
was observed on the 177Lu-DOTATATE arm versus 3% in the con-
trol group. On final analysis, the median investigator-assessed PFS
was 25mo with 177Lu-DOTATATE versus 8.5mo with high-dose
octreotide (28). A nonsignificant 12-mo improvement in OS was
reported (48mo vs. 36.3mo), likely attenuated by crossover to
PRRT in over a third of patients from the control arm (29).
Although the NETTER-1 trial enrolled patients with midgut

NETs only, 177Lu-DOTATATE was approved for all gastroentero-
pancreatic NETs by the Food and Drug Administration and the
European Medicines Agency on the basis of both the NETTER-1
trial and the Rotterdam database study. Since the trial was con-
ducted only in patients progressing on SSAs, the current recommen-
dations are to use 177Lu-DOTATATE after progression and not in
the first-line setting.

SIDE EFFECTS OF PRRT

Cytopenias are a common side effect of PRRT. Although lym-
phopenia is the most frequent toxicity, it is rarely of clinical signifi-
cance, and opportunistic infections are seldom observed, as B
lymphocytes are the main subpopulation involved (30). On the
NETTER-1 trial, grade 3 or 4 anemia, neutropenia, and thrombocy-
topenia occurred in 0%, 1%, and 2% of 177Lu-DOTATATE–treated
patients. In the Rotterdam study, grade 3/4 anemia, thrombocytope-
nia, and leukopenia occurred in 5%, 4%, and 5% of patients, respec-
tively (23).
Myelodysplastic syndrome and acute leukemia are among the

most serious potential complications of PRRT. The combined inci-
dence of myelodysplastic syndrome and acute myeloid leukemia is

approximately 2%–3%, and the prognosis is poor among patients
who experience treatment-related myelodysplasia (23,24). In addi-
tion, some evidence indicates that concurrent or sequential adminis-
tration of cytotoxic chemotherapy may increase the risk of
myelodysplastic syndrome or acute leukemia (31–33). Current
research focuses on early detection or screening for chronic myelo-
toxicity evaluating the role of clonal hematopoiesis analysis.
Renal toxicity is a known consequence of 90Y-based PRRT but

appears negligible among patients receiving 177Lu-DOTATATE
with coadministration of amino acids, if they have an acceptable renal
function (e.g., estimated glomerular filtration rate . 30mL/min)
(23,24,29,34). The NETTER-1 study allowed for a controlled assess-
ment of renal function over time. Study patients randomized to 177Lu-
DOTATATE demonstrated no evidence of a long-term decline in
renal function compared with high-dose octreotide (29).
The risk of bowel obstruction appears to be increased in patients

with peritoneal or mesenteric carcinomatosis receiving PRRT (35). In
some instances, radiation peritonitis can lead to a frozen abdomen
with an irreversible intestinal blockage. There is some evidence that
prophylactic corticosteroids may diminish radiation-induced tumor
inflammation and complications arising from such inflammatory
changes. However, some experts caution against administering ster-
oids before treatment because steroids can reduce SSTR expression.

PRRT AND QUALITY OF LIFE

Large cohort studies have demonstrated that treatment with
177Lu-DOTATATE can improve health-related quality of life and
global health status in patients with gastroenteropancreatic and lung
NETs (36). A small retrospective study of patients with midgut
NETs and carcinoid syndrome treated with 177Lu-DOTATATE
demonstrated statistically significant reductions in flushing and diar-
rhea compared with baseline (37). On the NETTER-1 trial, analysis
of health-related quality of life using European Organization for
Research and Treatment of Cancer questionnaires demonstrated a
statistically significant delay in the decline of quality of life in key
metrics including global health, physical functioning, pain, and diar-
rhea on the 177Lu-DOTATATE arm compared with control. Differ-
ences in flushing were not statistically significant between the 2
arms of the study (38). However, another analysis of symptom dia-
ries on NETTER-1 indicated that 177Lu-DOTATATE was associ-
ated with a decline in the number of days per month with flushing,
diarrhea, and abdominal pain, compared with high-dose octreotide
(39).

PRRT IN LUNG NETS

Lung NETs appear to express SSTR relatively heterogeneously;
consequently, the number of patients eligible for PRRT is low com-
pared with small-bowel or pancreatic NETs (11,40–42). However,
when patients are appropriately selected, outcomes can be compara-
ble to the results of treatment in gastroenteropancreatic NETs (43).
177Lu-DOTATATE is not approved by regulatory authorities for
advanced lung NETs but is recommended by guidelines (44).

PRRT IN HIGH-GRADE NETS

Research on PRRT in high-grade NETs is relatively limited. The
NETTER-1 study was restricted to patients with grade 1 and 2
tumors (Ki-67, 20%). However, some retrospective studies have
indicated benefits among patients with a Ki-67 of up to 30%–40%
(45). Beyond that, median PFS durations tend to be short.
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Therefore, when treating patients with high-grade NETs, ensuring
that all tumors express SSTR strongly is crucial. Although not man-
datory, obtaining dual 18F-FDG and DOTATATE PET scans can
help ensure that all hypermetabolic tumors also express SSTRs and
is in fact considered standard practice in many institutions to deter-
mine whether a more aggressive component of disease exists that
should be treated with an alternate therapy.

PREDICTIVE MARKERS

PRRT is the archetype of a theranostic treatment, with radiola-
beled SSAs used for diagnosis and therapy. Not surprisingly, data
indicate that the degree of SSTR expression correlates with objec-
tive radiologic response. The Krenning scale is used to quantify the
degree of radiotracer uptake on 111In(In)-pentetreotide scintigraphy:
grade 1 indicates tumoral uptake below the normal liver, grade 2
indicates uptake equivalent to the liver, grade 3 indicates uptake
above the liver, and grade 4 indicates avidity above splenic uptake
(46). A minimum Krenning grade 2 uptake on measurable lesions is
considered a threshold for PRRT, and higher degrees of uptake cor-
relate with response. DOTATATE PET scans are more sensitive,
and SUVs greater than normal liver are considered a minimum

requirement for treatment. Some studies suggest that SUVs double
that of the normal liver are predictive of response (47). A blood
RNA-based biomarker in development, the PRRT predictive quo-
tient, integrates a gene expression score with Ki-67 to predict, at
baseline, the clinical benefit (disease stabilization or response vs.
progression) with 177Lu-DOTATATE treatment (48). The PRRT
predictive quotient was studied in prospective clinical trials in
Europe and the United States and demonstrated 96% accuracy in
predicting PRRT response (49).

SEQUENCING SSTR-BASED THERAPIES

A key question in managing patients with metastatic NETs is
how to best sequence therapies. This issue is complicated because
NETs are extremely heterogeneous cancers for which a uniform
algorithmic approach is particularly unsuitable. Moreover, until
recently, there have been virtually no prospective randomized stud-
ies comparing active therapies. Existing trials evaluate primarily
PFS and are highly underpowered to assess differences in OS.
Thus, recommendations on treatment sequencing are derived from
low-level evidence. Table 1 provides a summary of key randomized
clinical trials.

TABLE 1
Randomized NET Clinical Trials

Trial NET type Patients treated (n) PFS (mo) OS (mo)
Objective

response rate

PROMID Midgut NETs 85 (42 octreotide;
43 placebo)

14.3 (octreotide) vs. 6
(placebo) (HR, 0.34; P
, 0.0005)

Not reported; (HR,
0.81, P 5 0.77)

2% in both arms

CLARINET Grade 1 and 2 GEP
NETs 1 unknown
primary

204 (101
lanreotide; 103
placebo)

Not reached (lanreotide)
vs. 18 (placebo) (HR,
0.47; P , 0.001)

Not reported Not reported

ECOG 2211 Grade 1 and 2
pancreatic NETs

133 (65 TEM; 68
CAPTEM)

14.4 (TEM) vs. 22.7
(CAPTEM) (HR, 0.58;
P 5 0.022)

53.8 (TEM) vs. 58.7
(CAPTEM) (HR,
0.82; P 5 0.42)

33.7% TEM;
39.7% CAPTEM

Sunitinib Pancreatic NETs 171 (86 sunitinib;
85 placebo)

12.6 (sunitinib) vs. 5.8
(placebo) (HR, 0.32; P
, 0.0005)

38.6 (sunitinib) vs.
29.1 (placebo)
(HR, 0.73;
P 5 0.094)

9.3% sunitinib; 0%
placebo

OCLURANDOM Pancreatic NETs 84 (41 PRRT; 43
sunitinib)

20.7 (PRRT) vs. 11
(sunitinib)

Not reported Not reported

NETTER-1 Grade 1 and 2
midgut NETs

223 (111 PRRT;
112 high-dose
octreotide)

28.4 (PRRT) vs. 8.5
(high-dose octreotide)

48 (PRRT) vs. 36.3
(high-dose
octreotide) (HR,
0.84; P 5 0.30)

18% PRRT; 3%
high-dose
octreotide

RADIANT-2* Carcinoid syndrome
NETs

429 (200
everolimus; 203
placebo 1
octreotide)

16.4 (everolimus) vs.
11.3 (control) (HR,
0.77; P 5 0.026)

Not reported 2.5% everolimus;
1.9% control

RADIANT-3 Grade 1 and 2
pancreatic NETs

410 (207
everolimus; 203
placebo)

11 (everolimus) vs. 4.6
(placebo) (HR, 0.35; P
, 0.001)

Not reported 5% everolimus;
2% placebo

RADIANT-4 Grade 1 and 2
gastrointestinal
and lung NETs
(nonfunctional)

302 (205
everolimus; 97
placebo 1 best
supportive care)

11.0 (everolimus) vs. 3.9
(control) (HR, 0.48; P
, 0.0005)

Not reported 2% everolimus;
1% control

*RADIANT-2 PFS statistical significance was set to 0.0246 and was 0.026.
GEP 5 gastroenteropancreatic; TEM 5 temozolomide; CAPTEM 5 capecitabine and temozolomide.
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As noted, we recommend that patients with newly diagnosed
metastatic grade 1 or 2 SSTR-positive gastroenteropancreatic NETs
be treated with an SSA in the first line. The basis for this is that
both octreotide and lanreotide have a proven inhibitory effect on
tumor progression and carry a low risk of significant toxicity. A
minority of patients may be eligible for cytoreductive surgery.
Patients with low symptom and tumor burden and who lack a hor-
monal syndrome may be eligible for watchful waiting rather than
active treatment. In such cases, SSAs can be started after progres-
sion. As indicated above, there have been no completed randomized
trials of SSAs for patients with metastatic lung NETs; however, evi-
dence suggests that SSAs can be used to treat SSTR-positive
tumors, particularly in patients with relatively unaggressive disease.
Evidence for SSA monotherapy in patients with relatively aggres-

sive tumors (e.g., Ki-67. 10%) is limited. However, octreotide or
lanreotide can be considered if the tumor or symptom burden
is relatively low. The NETTER-2 study evaluates first-line
177Lu-DOTATATE versus high-dose octreotide in tumors with a
Ki-67 of 10%–55% (NCT03972488).
Beyond first-line treatment, options depend on the primary site.

Small-bowel (midgut) NETs are relatively resistant to most sys-
temic therapies (50). Most tyrosine kinase inhibitors and cytotoxic
drugs have demonstrated lower response rates in midgut NETs than
in pancreatic NETs (51). A randomized phase III study of everoli-
mus plus octreotide versus placebo plus octreotide in patients with a
history of carcinoid syndrome (RADIANT 2) did not meet its pri-
mary endpoint of improvement in PFS (52). Given the fact that
most cases of carcinoid syndrome originate in midgut NETs, evero-
limus appears to be relatively ineffective in this population.
On the other hand, liver-directed therapies, such as hepatic trans-

arterial embolization, appear to be quite effective in midgut NETs,
although evidence derives primarily from small retrospective stud-
ies (53–56). Since the liver is the dominant site of metastatic dis-
ease, liver-directed therapies represent the main second-line
alternative to PRRT in patients with metastatic midgut NETs. There
is currently no high-level evidence favoring a particular method of
transarterial embolization, with data suggesting similar responses to
bland embolization, chemoembolization, or radioembolization.
There are also no randomized studies comparing any mode of
embolization with PRRT. Thus, decisions on sequencing embolic
therapy versus 177Lu-DOTATATE are individualized, depending
on the degree of hepatic versus extrahepatic tumor burden, disease
progression sites, SSTR expression, and patient preference (Fig. 1).
Patients with pancreatic NETs have the largest number of

approved or guideline-recommended therapies. Beyond first-line
SSAs, systemic options include everolimus, sunitinib,

temozolomide, or streptozocin-based chemotherapy regimens, and
177Lu-DOTATATE. Approval of everolimus was based on the
RADIANT 3 study, in which patients with progressive metastatic
pancreatic NETs were randomized to everolimus versus placebo
(57). Despite response rates of less than 10%, the study showed sta-
tistically significant improvement in PFS (median, 11.0 vs. 4.6mo;
HR, 0.35; P , 0.001). Toxicities include oral aphthous ulcers,
pneumonitis, hyperglycemia, fatigue, and immunosuppression.
Approval of sunitinib was based on a phase III trial in which
patients with progressive metastatic pancreatic NETs were random-
ized to sunitinib versus placebo (58). The outcomes were remark-
ably similar to RADIANT 3, with statistically significant
improvement in PFS (median, 11.4 vs. 5.5mo; HR, 0.42; P ,
0.001) and an objective response rate of 9% with sunitinib. Side
effects of sunitinib include fatigue, hypertension, diarrhea, palmar–
plantar erythrodysesthesia, and increased risk of cardiovascular
events.
The capecitabine/temozolomide chemotherapy regimen is associ-

ated with much higher objective radiographic response rates of
approximately 50% (59). In the randomized phase II ECOG2211
trial, capecitabine/temozolomide was compared with single-agent
temozolomide in patients with progressive pancreatic NETs (60).
Median PFS was 22.7mo with capecitabine/temozolomide (vs.
14.4mo with temozolomide; P 5 0.02), and the confirmed radio-
graphic response rate was 40%. This regimen is relatively well tol-
erated, with the main toxicities consisting of cytopenias.
The sequencing of therapies beyond first-line SSAs is particularly

complicated for patients with SSTR-positive pancreatic NETs. The
OCLURANDOM trial was among the first prospective trials to ran-
domize patients to 2 active treatments: 177Lu-DOTATATE versus
sunitinib (61). Although this randomized phase II study of 84
patients was too underpowered to allow for statistical comparison
of the 2 arms, the differences in outcomes favoring 177Lu-DOTA-
TATE were stark: a median PFS of 20.7mo (90% CI, 17.2–23.7)
with 177Lu-DOTATATE versus 11mo (8.8–12.4) with sunitinib.
This study strongly suggests (although it does not prove) that
second-line 177Lu-DOTATATE is a superior option to sunitinib for
progressive pancreatic NETs. The larger phase III COMPETE
study, which compares 177Lu-DOTATOC with everolimus in pro-
gressive nonfunctioning gastroenteropancreatic NETs, has com-
pleted accrual, but results are still pending.
It is important to note that liver embolization is also an option for

patients with liver-dominant pancreatic NETs. Most guidelines do
not currently recommend a particular sequence of therapies for
patients with metastatic pancreatic NETs (62). However, for
patients with extrahepatic disease and strong SSTR expression,
177Lu-DOTATATE represents an option that likely has the least
adverse impact on patient quality of life. Median PFS almost
certainly exceeds outcomes with everolimus or sunitinib. The
advantage of PRRT compared with capecitabine/temozolomide che-
motherapy is less certain. For patients with high tumor and symp-
tom burden who require rapid cytoreduction, chemotherapy with
capecitabine/temozolomide (or other cytotoxic regimens) may be
preferred because of the rapid responses and the ability to initiate
treatment quickly (Fig. 2). The capecitabine/temozolomide regimen
is also appropriate for patients with well-differentiated grade 3 pan-
creatic NETs (63–66).
For metastatic lung NETs, everolimus is the only therapy

approved by regulatory authorities on the basis of the phase III
RADIANT 4 trial in which patients with nonfunctioning gastroin-
testinal and lung NETs were randomized to everolimus versus

Somatostatin
analog Hepatic arterial embolization

177Lu-Dotatate

Everolimus

Second-line treatment option Influencing factor

Somatostatin
receptor positive

Liver-dominant
disease

Evidence strongest
for nonfunctioning
tumors. Limited role
for patients with
carcinoid syndrome

FIGURE 1. Second-line options for patients with metastatic, SSTR-
positive, progressive midgut NET after SSA.
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placebo (67). The study, which included a plurality of lung NETs,
demonstrated an improvement in median PFS from 3.9mo on
placebo to 11.0mo with everolimus (HR, 0.48; P , 0.001). Non-
randomized studies suggest that median PFS is likely higher with
177Lu-DOTATATE in patients with SSTR-positive lung NETs (43).
However, 177Lu-DOTATATE is not approved by regulatory author-
ities for lung NETs. Some guidelines recommend 177Lu-DOTA-
TATE only after progression or intolerance of everolimus based on
a higher level of evidence supporting the latter drug. A randomized
phase II study comparing 177Lu-DOTATATE with everolimus in
metastatic lung NETs is open (NCT04665739).
For patients with other uncommon primary sites (e.g., rectum,

stomach, or duodenum), the main alternative to PRRT is everoli-
mus, also based on the RADIANT 4 study. The COMPETE study
will help determine the optimal sequence of systemic therapies in
patients with these tumor types (NCT03049189). As with other pri-
mary sites, liver embolization represents an option for patients with
unresectable, liver-dominant disease (Fig. 3).

SSAS BEYOND PROGRESSION

In patients with hormonally functional tumors, the SSA octreo-
tide or lanreotide is typically continued indefinitely beyond progres-
sion through multiple lines of treatment to control hormonal
syndromes. Even patients with suboptimal control of symptoms
such as flushing or diarrhea may derive some benefit from these
drugs compared with discontinuation.
A more controversial question is whether to continue SSAs

beyond progression in patients with nonfunctional tumors. This
question is particularly salient among patients receiving PRRT. On
the NETTER-1 trial, which enrolled patients with functional and
nonfunctional tumors, all patients in the 177Lu-DOTATATE arm
continued standard-dose octreotide despite having progressed on
this drug before enrollment. Retrospective studies have yielded data
supporting this practice: one study showed markedly prolonged
PFS and OS in patients who continued SSA during or after PRRT
compared with those who stopped (68). However, confounding
variables probably substantially impact nonrandomized studies such
as these. For example, patients who progress rapidly on SSAs are
more likely to discontinue the drug than patients with mild progres-
sion. A small, randomized trial comparing maintenance octreotide
versus observation after PRRT showed no PFS benefit from mainte-
nance SSA (69). Therefore, we can say that there is currently no
compelling evidence to support maintenance SSA after progression
in patients with nonfunctioning tumors.

CONTINUING SSA IN FUNCTIONING TUMORS WHILE
ON PRRT

Patients with carcinoid syndrome or other hormonal symptoms typ-
ically continue octreotide or lanreotide while receiving PRRT. In
many studies, including NETTER-1, long-acting SSAs were stopped
more than 6 wk before each PRRT cycle, and short-acting octreotide
was stopped more than 24h before treatment. The rationale for this
practice was the concern that cold SSAs would compete with radiola-
beled SSAs for SSTR binding. However, numerous recent studies
have called this practice into question by demonstrating that the
impact of SSAs on SSTR imaging is minimal and that SSAs can pref-
erentially decrease the SSTR expression of normal organs compared
with NETs. Food and Drug Administration guidance recommends
suspending long-acting SSA for 4 wk or more before PRRT treatment.
Therefore, one potential option is to administer a long-acting SSA
after each treatment and then 4 wk later, precisely at the midpoint
between the 8-wk cycle of 177Lu-DOTATATE. However, it is debat-
able whether there is a need for any precise synchronization of SSAs
and PRRT.

FIRST-LINE PRRT

Because of risks associated with PRRT, including myelodysplastic
syndrome or acute leukemia, using 177Lu-DOTATATE as first-line
therapy is generally not recommended. Exceptions may include
patients with a high tumor burden in whom early aggressive treatment
is necessary. The NETTER 2 trial is investigating 177Lu-DOTATATE
versus high-dose octreotide in patients with gastroenteropancreatic
NETs and high-intermediate–grade or high-grade disease (Ki-67,
10%–55%) (NCT03972488). The COMPOSE study is also evaluating
the early use of PRRT with 177Lu-DOTATOC in patients with rela-
tively high-grade tumors (NCT04919226). The primary endpoint of
both trials is PFS. However, it will be challenging to ascertain whether
the earlier use of PRRT impacts the ultimate endpoint of OS.
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Second-line treatment option Influencing factor

Strong somatostatin
receptor expression

Liver-dominant
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FIGURE 2. Second-line options for patients with metastatic, SSTR-
positive, progressive pancreatic NET after SSA.
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FIGURE 3. Second-line options for patients with metastatic, SSTR-
positive, progressive nonmidgut gastrointestinal or lung NET after SSA. GI
5 gastrointestinal.
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There are also small retrospective series describing the neoadju-
vant use of PRRT, particularly in patients with borderline-
resectable pancreatic NETs or patients with oligometastases in
whom some tumor shrinkage is necessary to enable surgery with
negative margins (70). However, no evidence supports postopera-
tive adjuvant PRRT to eradicate micrometastases. Indeed, the rela-
tively long particle range of b-emitters such as 177Lu-DOTATATE
may be poorly suited for targeting submillimeter tumors.

AGGRESSIVE TRANSFORMATION OF NETS

The transformation of metastatic NETs from relatively slow-
growing to highly aggressive is a phenomenon that has been docu-
mented, particularly for pancreatic NETs. It is possible (but not
certain) that cytotoxic drugs such as chemotherapy or PRRT increase
the risk of this occurrence by inducing somatic intratumoral muta-
tions or by selectively killing the more differentiated population.
Indeed, one case series documented the transformation of well-
differentiated NETs to poorly differentiated neuroendocrine carcino-
mas in 7 of 152 patients (5%) who had received PRRT (71). All 7
had pancreatic NETs (among 39 patients with pancreatic NETs) and
had also received prior temozolomide chemotherapy. It is unclear
whether this phenomenon should influence treatment sequencing for
patients with pancreatic NETs.
Once transformation develops, prognosis is poor, and treatments

used in low-intermediate–grade tumors are of doubtful efficacy,
even if SSTR expression is retained. For very aggressive disease,
platinum-based regimens such as carboplatin/etoposide or 5-fluoro-
uracil/oxaliplatin are often recommended (72).

RETREATMENT, COMBINATION THERAPY, AND NOVEL
PRRT AGENTS

Retreatment with PRRT beyond the standard 4 doses is recom-
mended for patients who experience benefit from initial treatment, ide-
ally those who have at least 12mo of disease control after therapy
(73–76). The lifetime maximum of standard-dose PRRT is typically
6–8 cycles. This practice is currently based on retrospective data; there
is currently a trial exploring this in a randomized fashion (retreatment
with 177Lu-DOTATATE vs. everolimus; NCT05773274).
There have been several studies exploring the combination of

PRRT with various cytotoxic and targeted therapies. The combina-
tion of capecitabine/temozolomide and PRRT with either 177Lu-
DOTATATE or 90Y-DOTATOC has been explored in several small
studies, either sequentially or in a sandwich fashion, and although
response rates tend to be higher than for monotherapy, there have
not been significant improvements in PFS or OS compared with
PRRT alone (31,33,77). Other avenues are exploring combinations
of PRRT with radiosensitizing drugs (78–80).
In addition to combination therapies, novel PRRT agents—

a-emitters and SSTR antagonists—are being explored in several
trials (6,7,81). a-emitters allow for a more targeted therapy because
of their shorter penetration range and higher linear energy, and
SSTR antagonists can occupy more binding sites with a lower dis-
sociation rate than SSTR analogs, leading to higher tumor uptake
and lower risk of damage to surrounding healthy tissue. There are
several ongoing clinical trials, phase II and phase III, exploring
a-PRRT with 212Pb-DOTAMTATE and 225Ac-DOTATATE in the
PRRT-naïve and -refractory settings. A clinical trial with the SSTR
antagonist 177Lu-satoreotide tetraxetan recently reported a response
rate of 21% and median PFS of 28mo, warranting further evalua-
tion of the drug in future studies (82).

CONCLUSION

The SSAs octreotide and lanreotide represent a standard first-line
therapy for patients with metastatic, unresectable well-differentiated
gastroenteropancreatic NETs, both for control of tumor growth and
for inhibition of hormonal syndrome. They are also probably effec-
tive in patients with SSTR-positive lung NETs, although high-level
evidence is lacking. The radiolabeled SSA 177Lu-DOTATATE is an
appropriate therapy for patients with SSTR-positive disease pro-
gression in the second-line setting or beyond. Evidence from a
phase III trial exists only for midgut NETs (NETTER-1). More
recently, a randomized phase II study (OCLURANDOM) demon-
strated substantially improved PFS with 177Lu-DOTATATE versus
sunitinib, although the small sample size precluded definitive con-
clusions. When PRRT is initiated, SSAs should be continued in
most patients with carcinoid syndrome or other hormonal syn-
dromes. Evidence for continuation of SSAs beyond progression in
nonfunctioning NETs is weak.
As of now, no phase III trials have been completed comparing

PRRT with other standard, approved systemic or liver-directed ther-
apies. Decisions on treatment sequencing should be individualized
on the basis of disease and patient factors. Multidisciplinary tumor
boards at centers of expertise, incorporating perspectives from rele-
vant medical specialties (e.g., medical oncology, interventional radi-
ology, surgery, and nuclear medicine), can help to optimize
treatment strategies.
The future of PRRT in NETs will likely include a-emitting iso-

topes that have the potential to improve the therapeutic index of
radiolabeled SSAs. Prospective clinical trials will help determine
whether these agents will replace the b-emitter 177Lu-DOTATATE
or whether they will be used primarily for patients who are refrac-
tory to standard PRRT.
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Breast cancer is a common but heterogeneous disease characterized
by several biologic features, including tumor grade, hormone receptor
status, human epidermal growth factor receptor 2 status, and gene
expression assays. These biologic and genomic features drive treat-
ment decisions. In the advanced disease setting, inter- and intrapatient
tumor heterogeneity is increasingly recognized as a challenge for
optimizing treatment. Recent evidence and the recent approval of
novel radiopharmaceuticals have increased recognition and accep-
tance of the potential of molecular imaging as a biomarker to impact
and guide management decisions for advanced breast cancer.
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Breast cancer represents a broad spectrum of diseases with
treatment outcomes varying on the basis of disease stage and
inherent tumor biology. Precision medicine aims at treatment cus-
tomization based on a patient’s specific disease, the disease’s
molecular makeup, and the environmental factors in the patient’s
life (1). In the late 1970s, tamoxifen, a selective estrogen receptor
(ER) modulator that blocks the effects of estrogen, was approved
by the U.S. Food and Drug Administration (FDA), becoming one
of the first agents in the precision medicine arsenal (2). Numerous
other targeted therapies have since been approved. Target

identification relies on examining tissue from the biopsy of the pri-
mary tumor or a metastatic site.
Molecular imaging is the “visualization, characterization, and

measurement of biological processes at the molecular and cellular
levels in humans and other living systems (3).” Molecular imaging
with radiotracers, by providing functional information, is thereby
distinguished from anatomic imaging, which is currently used
more often for systemic staging, detecting recurrent disease, and
assessing response to therapy in patients with advanced breast
cancer.
Recent evidence and the approval of novel radiopharmaceuticals

have driven recognition and acceptance of the potential of molecu-
lar imaging as a biomarker to guide management decisions for
advanced breast cancer. After providing a brief background on
breast cancer pathophysiology, this narrative review summarizes
the current treatment paradigms and the expanding role of molecu-
lar imaging as a precision medicine biomarker for advanced breast
cancer.

ANATOMIC AND PROGNOSTIC INDICATORS OF
BREAST CANCER

Most breast cancers are carcinomas. The 2 most common histo-
logic subtypes are infiltrating ductal (%76%) and infiltrating lobu-
lar (%8%) (4). Infiltrating ductal carcinomas typically present as
firm masses on physical examination. They invade surrounding tis-
sue in a nonregular pattern, and the malignant cells cause a fibrous
reaction in the normal tissue. In contrast, infiltrating lobular carci-
noma may be nonmasslike, invading normal tissue in a linear,
single-cell–like infiltrative pattern (5). Both histologic subtypes
may be detected on screening mammography and receive similar
treatment based on clinical stage and molecular subtype. Com-
pared with infiltrating ductal carcinomas, classic infiltrating lobu-
lar carcinomas are often of lower grade and larger, with a higher
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incidence of bilateral involvement at diagnosis, and are more chal-
lenging to detect by mammography (6–8).
Hormone receptor expression (ER and progesterone receptor

[PR]), human epidermal growth factor receptor 2 (HER2) overex-
pression or gene amplification, histologic grade, the Ki-67 prolifer-
ation marker, and genomic profiling classify breast cancer into
distinct clinical subtypes with differing prognoses and treatment
paradigms. Gene expression profiling identifies intrinsic subtypes
(luminal A, luminal B, basal, and HER2-enriched), which can be
approximated by immunohistochemical findings obtained in clini-
cal practice (Table 1) (2,9).

BREAST CANCER STAGING

Breast cancer staging follows the American Joint Committee on
Cancer staging system, which includes biologic features such as
tumor grade; HER2, ER, and PR status; and genomic characteris-
tics (10). Anatomic stage considers primary tumor size, nodal sta-
tus, and the presence or absence of distant metastases (Tables 2
and 3). Clinical T, N, M, and biomarker information from genomic
assays (Oncotype DX [Exact Sciences], MammaPrint [Agendia])
determines pathologic prognostic stage.
Advanced breast cancer includes locally advanced breast cancer

(LABC), inflammatory breast cancer (IBC), and metastatic breast
cancer (MBC). Historically, LABC was defined clinically as those
breast cancers deemed inoperable at presentation. LABC includes
patients with anatomic stage 3 disease and some with stage 2B
(10,11). IBC is clinically distinct, with the diagnosis being based
on findings including breast pain, edema, erythema, a rapidly
enlarging breast, and a peau d’orange appearance. IBC has a
higher likelihood of regional and distant metastases (12). Though
IBC technically meets the criteria for LABC, the natural history,
treatment paradigms, and outcomes differ from non-IBC (12).
MBC, or stage 4 disease, involves organs and lymph nodes outside
the locoregional nodal stations. Treatment is generally considered
palliative; however, survival for some patients with de novo meta-
static HER2-positive or oligometastatic (,5 distant sites) breast
cancer may be prolonged (13).

MOLECULAR IMAGING AS A BIOMARKER: KEY
TERMINOLOGY

Precision medicine uses biomarkers, defined as a “characteristic
that is measured as an indicator of normal biological processes,
pathogenic processes, or biological responses to an exposure or
intervention, including therapeutic interventions” (14). The FDA–
National Institutes of Health Biomarker Working Group established

the BEST (Biomarkers, EndpointS, and other Tools) Resource to
provide a comprehensive glossary of all biomarker types (14). For
advanced breast cancer, several biomarkers, including blood, tissue,
and imaging measures, play a role in clinical care, and several key
terms are important.
A prognostic biomarker correlates with a future event or disease

outcome with or without treatment; a key example is hormone
receptor status. Patients with ER- or PR-positive tumors survive
longer than those with hormone receptor–negative tumors (15). A
predictive biomarker determines potential benefit derived from a
specific treatment based on the biomarker’s presence or absence.
Predictive biomarkers in advanced breast cancer include HER2
overexpression and ER positivity to predict response to HER2-
targeted or endocrine therapy, respectively (16,17).
Biomarkers may be both prognostic and predictive (i.e., ER).

An integral biomarker directs decision-making in clinical practice
or clinical trial settings. An integrated biomarker is included and
under investigation in a clinical trial setting but is not used to
make decisions (3).

LABC
Treatment. Neoadjuvant systemic therapy is recommended in

the setting of LABC to decrease primary tumor size or to make an
unresectable primary tumor operable, reduce distant recurrence risk,
and inform adjuvant therapy choice based on neoadjuvant treatment
response. Achieving a pathologic complete response (pCR, i.e.,
absence of invasive breast cancer in the breast and axillary nodes)
with neoadjuvant therapy reduces recurrence risk, particularly in
HER2-positive and triple-negative breast cancer (TNBC) (18).
Breast cancer subtype dictates neoadjuvant therapy selection.

HER2-targeted agents (trastuzumab, pertuzumab) are used for
HER2-positive breast cancer. Chemotherapy remains the backbone
of neoadjuvant and adjuvant treatment for TNBC. Recent studies
demonstrated the benefit of adding the immune checkpoint inhibi-
tor pembrolizumab to neoadjuvant chemotherapy for patients with
stage 2 or 3 TNBC (19,20). For patients with germline BRCA1, 2
mutations, and high-risk HER2-negative breast cancer, adjuvant
olaparib is recommended on the basis of improvements in disease-
free and overall survival (21).
For ER-positive, HER2-negative breast cancer, neoadjuvant che-

motherapy is associated with a substantially lower pCR rate
(18,20). There is emerging interest in a role for immune checkpoint
inhibitors for patients with high-risk luminal breast cancers (19).
After local therapy, adjuvant endocrine therapy is recommended
for hormone receptor–positive breast cancer, with duration varied
depending on the clinical risk at presentation and agent used. For
premenopausal patients with LABC, ovarian function suppression
and aromatase inhibitors are recommended (22). Cyclin-dependent
kinase 4 and 6 (CDK4/6) inhibitors are considered in the adjuvant
setting in specific clinical situations, such as high-risk hormone
receptor–positive, HER2-negative breast cancer (23).
For all breast cancer subtypes, breast surgery follows neoadju-

vant systemic therapy. Multiple factors influence choice of breast
conservation versus mastectomy and axillary lymph node dissec-
tion versus sentinel lymph node biopsy or targeted axillary dissec-
tion. Radiation therapy reduces the risk of local or regional disease
recurrence in LABC, even after mastectomy, because of nodal dis-
ease involvement at presentation.
Neoadjuvant therapy for LABC is an optimal setting for investi-

gating molecular imaging biomarkers because the pCR endpoint
obtained at surgery is a surrogate of survival outcomes (24). The

TABLE 1
Major Molecular Subtypes of Breast Cancer (9)

Molecular subtype

Proportion
of breast
cancer

4-y estimated
survival

HR-positive/HER2-negative 66.6% 92.5%

HR-positive/HER2-positive 9.7% 90.3%

HR-negative/HER2-positive 4.3% 82.7%

Triple-negative 10.8% 77.0%

HR 5 hormone receptor.
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increasing drug armamentarium available in the neoadjuvant set-
ting also provides opportunities to evaluate biologic tumor
changes related to the drug’s mechanism of action.
Imaging. Accurate staging of LABC is essential to guide the ini-

tial treatment plan, and the primary modalities for initial staging are
CT, bone scanning, and 18F-FDG PET/CT. National Comprehensive
Cancer Network guidelines endorse 18F-FDG PET/CT for initial
staging of at least stage 3 and in select cases of stage 2A or 2B dis-
ease in which CT or bone scanning is equivocal or there is a high
suspicion of metastatic disease (11). Occult metastases occur in 6%–
14% of patients undergoing initial staging 18F-FDG PET/CT, with
increasing frequency as stage increases. Up to 30% of patients with
stage 3 disease may be upstaged, with similar rates across triple-
negative, HER2-positive, and HER2-negative disease (25–27).
Although 18F-FDG PET/CT is increasingly recognized as a sin-

gle imaging modality for staging LABC (28), its clinical use for
this purpose remains variable and even debated, driven mainly by

a lack of homogeneous prospective data on how upstaging to stage
4 disease affects clinical outcomes for those otherwise thought to
have curable disease. A prospective, randomized trial in patients
with stage 2B or 3 invasive ductal carcinomas confirmed more
upstaging (n 5 43/184, 23.3%) with 18F-FDG PET/CT than with
conventional imaging (n 5 21/185, 11.3%), leading to less
curative-intent treatment in the 18F-FDG PET/CT group. Longer-
term data are still needed to determine whether the changed treat-
ment approach affected survival outcomes and whether these
results will further standardize 18F-FDG PET/CT use for initial
staging of 2B/3 disease. These data do provide evidence that tips
the scales to further investigate 18F-FDG PET/CT as an imaging
biomarker to explore novel treatment strategies in clinical indica-
tions with unmet needs, such as oligometastatic disease, and also
demonstrate that randomized imaging trials testing relevant clinical
endpoints in specific populations are feasible and of interest (29).
Beyond initial staging, a significant advantage of molecular

imaging across many tumor types is visualization of changes indi-
cating response or lack of response before anatomic imaging.
Such early changes provide the opportunity for response-adapted
therapy. Early during preoperative therapy,18F-FDG PET/CT mea-
sures the pharmacodynamic response of breast cancer to predict
the likelihood of a pCR at surgery (30,31), mostly studied in
HER2-positive disease. In TBCRC026, 83 women with newly
diagnosed stage 2 or 3 HER2-positive breast cancer underwent
18F-FDG PET/CT before and 15 d after starting pertuzumab and
trastuzumab (31). Most strikingly, patients with less than a 40%
decrease in SUVmax at day 15 were unlikely to achieve a pCR at
surgery, with a high negative predictive value of 91% (31). A
cycle 1, day 15, SUVmax of 3 or less in the primary tumor may
also be associated with recurrence-free and overall survival at a
53.7-mo median follow-up (32).
The DIRECT trial (NCT05710328) aims to validate the results of

TBCRC026 across several standard neoadjuvant regimens for HER2-
positive LABC to subsequently use interim 18F-FDG PET/CT as an
integral biomarker to test optimization strategies for patients with
HER2-positive disease. PHERGain (NCT03161353) demonstrated

TABLE 2
Description of T, N, and M Stages for Breast Cancer (10)

T stage N stage M stage

Tx: primary not assessable Nx: not assessable M0: no distant metastases

T0: no evidence of primary N0: no regional LN cM0(i1): tumor cells on circulating
blood markers, marrow, or
nonregional nodal tissue , 0.2mm

Tis: ductal carcinoma in situ N1: ipsilateral level I or II axillary LN M1: distant metastases

T1: #20mm N2: clinically fixed/matted ipsilateral level I or II
axillary LN or clinically detected ipsilateral
internal mammary LN

T2: .20 but #50mm N3: ipsilateral level III axillary LN, clinically
detected ipsilateral internal mammary LN with
level I or II axillary LN, or ipsilateral
supraclavicular LN

T3: .50mm

T4: any size with direct chest
wall or skin extension

T4d: IBC

LN 5 lymph node.

TABLE 3
TNM Stages for Early, Locally Advanced, and Metastatic

Breast Cancer (10)

Category Stage TNM description

Early 1A T1N0M0

1B T0/T1, N1mi, M0

2A T0/or T1, N1, M0

T2, N0, M0

2B T2, N1, M0

Locally advanced 2B T3, N0, M0

3A T0/T1/T2, N2, M0

T3, N1/N2, M0

3B T4, N0, N1/N2, M0

3C Any T, N3, M0

Metastatic 4 Any T, Any N, M1
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the feasibility of this response-adapted approach (30). In treatment
arm B, early 18F-FDG PET/CT adds chemotherapy to trastuzumab
and pertuzumab if more than a 40% decline in SUVmax is not
observed. The results of these important trials are eagerly awaited.
Studies of early 18F-FDG PET/CT for predicting pCR in TNBC

cancer have yielded mixed results and been limited by small sam-
ple sizes and various treatment regimens (33–36). Larger well-
designed studies are needed, but this represents a clinical need for
which treatment optimization would be highly beneficial.
Another advantage of PET imaging is the ability to perform

dynamic imaging and derive tumor kinetics. In 75 patients with
LABC who underwent 18F-FDG PET at baseline and midway
through neoadjuvant chemotherapy and after adjusting for ER
status and axillary stage, models including kinetic parameters
(K1 and inhibition constant [flux]) for predicting pCR were more
robust than SUV (area under the receiver-operating-characteristic
curve, 0.97 vs. 0.84; P 5 0.005). Further changes in K1, but not
SUV, independently prognosticated for disease-free and overall
survival (37). Practically, deriving kinetic PET parameters is more
complex than deriving static parameters but is feasible. Kazerouni
et al. evaluated changes in dynamic 18F-FDG PET and dynamic
contrast-enhanced MRI prospectively in 35 patients with LABC
(38). They found that mid-treatment changes in both 18F-FDG PET
and dynamic contrast-enhanced MRI measures were predictive of
pathologic response by residual cancer burden and recurrence-free
survival after neoadjuvant chemotherapy. The 2 modalities offer
complementary measures of metabolism and perfusion, and greater
reductions in metabolism–perfusion mismatch were associated with
improved recurrence-free survival. These noninvasive imaging-
based markers could help guide treatment decisions and facilitate
more personalized therapies for optimal patient outcomes.

18F-39-deoxy-39-fluorothymidine (18F-FLT) images tumor pro-
liferation, correlates with Ki-67 (39), and has generated interest as
a biomarker for predicting LABC response to preoperative chemo-
therapy. Crippa et al. found that changes in tumor 18F-FLT SUV-

max could separate responders with residual cancer burden 01 1
from those with residual cancer burden 21 3 and proposed a pre-
dictive score (40). The prospective phase 2 ACRIN 6688 study
showed that changes in 18F-FLT uptake could predict pCR after
1 cycle or at the completion of neoadjuvant therapy, but with a
higher area under the curve (0.83 vs. 0.68) at the later time point
(39). Additional smaller studies also demonstrated potential for
serial 18F-FLT as a predictive imaging biomarker (39,41–43).
Despite its promise, several factors limit 18F-FLT’s clinical

applicability. 18F-FLT is not widely available, nor is it FDA-
approved. High uptake in the bone marrow and liver limit evalua-
tion of these organs and use for initial staging. 18F-FLT may
predict pCR better after neoadjuvant therapy, whereas 18F-FDG
PET/CT may be predictive within 2 wk of starting neoadjuvant
therapy, sparing exposure to ineffective therapy. Consequently, at
present, 18F-FLT PET is unlikely to supplant 18F-FDG as an imag-
ing biomarker for predicting pCR.
Furthermore, as more targeted drugs become available in the

neoadjuvant setting for LABC, it will be essential to match the
therapeutic drug mechanism of action with the radiotracer mecha-
nism of uptake and even downstream processes to identify and
optimize the use of molecular imaging biomarkers.

MBC
Treatment. MBC is generally not considered curable, although

patients with HER2-positive breast cancer may experience long

disease-free periods because of highly efficacious therapies (44). If
metastatic disease presents at diagnosis, surgical resection and
radiation therapy are not typically options but may become appro-
priate if tumor burden affects the quality of life (45). Treatment
recommendations are based on tumor biology, previous treat-
ments, disease burden, patient’s performance status, preferences,
and comorbidities (46). The acquisition of metastatic tumor tissue
and evaluation of genetic makeup for actionable mutations
(PIK3CA, ESR1), tumor mutational burden, and microsatellite sta-
bility are recommended to inform systemic therapy. Medical
genetics counseling and germline testing are also recommended
for all patients with MBC because of the efficacy of poly(adeno-
sine diphosphate-ribose) polymerase (PARP) inhibitors in patients
harboring germline BRCA1, BRCA2, and PALB2 mutations.
However, the treatment goal is often more individualized and cen-
ters around symptomatic management after providing systemic
therapy (47).
For hormone receptor–positive tumors, first-line systemic ther-

apy usually consists of endocrine therapy with a CDK4/6 inhibitor.
Endocrine therapies include selective ER modulators (i.e., tamoxi-
fen), aromatase inhibitors, and selective ER degraders (i.e., fulves-
trant and elacestrant) (47). Prolongation of overall survival
has been demonstrated with targeted treatments such as CDK4/6
inhibitors (ribociclib, abemaciclib), and prolongation of progression-
free survival (PFS) has been demonstrated with CDK4/6 inhibitors,
mammalian-target-of-rapamycin inhibitors (i.e., everolimus), and
alpelisib (phosphatidylinositol-39-kinase inhibitor) (47). Resistance to
first-line therapy is common. For patients with tumors harboring
ESR1 mutations, elacestrant demonstrated improved PFS versus
standard-of-care endocrine therapy and received FDA approval in
2023 (48). Once endocrine resistance has been established, systemic
therapy options for patients with ER-positive, HER2-negative breast
cancer include sequential chemotherapy and antibody–drug conju-
gates (49,50).
For HER2-positive MBC, first-line standard treatment is trastu-

zumab and pertuzumab (anti-HER2 monoclonal antibodies) and
taxane chemotherapy (47). The second-line standard is presently a
HER2-targeted antibody–drug conjugate (trastuzumab emtansine).
However, many other highly effective HER2-targeted agents are
available in the advanced disease setting. Most recently, in the
DESTINY-Breast03 trial, trastuzumab deruxtecan demonstrated a
significant improvement in overall survival versus trastuzumab
emtansine (51).
For TNBC, chemotherapy is the treatment mainstay. For patients

with PDL1-positive tumors (assessed by a combined positive score
$ 10%), pembrolizumab plus chemotherapy improved PFS in the
KEYNOTE 355 trial (52). Recently developed highly potent anti-
body–drug conjugates offer additional therapy options for patients
with metastatic TNBC. Sacituzumab govitecan is a monoclonal
antibody against Trop2 conjugated via a cleavable linker to SN-38,
the active metabolite of irinotecan. The ASCENT trial reported
improved PFS and overall survival for sacituzumab govitecan ver-
sus the physician’s choice of chemotherapy for advanced TNBC
and led to FDA approval in 2021 (53). For patients with germline
BRCA-associated TNBC, incorporation of platinum is associated
with higher objective response rates (54) and PARP inhibitors are
recommended on the basis of the results of the OlympiAD and
EMBRCA trials (55,56).
For patients with osseous metastases, regardless of breast cancer

subtype, bone-modifying drugs such as bisphosphonates or deno-
sumab are recommended to reduce the risk of skeleton-related
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complications (hypercalcemia of malignancy, pathologic fractures,
or need for radiation) (47).
Imaging. The current radiopharmaceuticals approved for asses-

sing MBC are 18F-FDG, 18F-NaF, and 18F-fluoroestradiol (18F-
FES). 18F-FDG PET/CT better detects recurrent disease and lytic
bone metastases than conventional imaging (i.e., CT, MRI, and
bone scanning) (57,58). 18F-FDG PET/CT is also a valuable bio-
marker for response and outcome, particularly for patients with
bone-dominant or bone-only MBC, who are often excluded from
drug trials because of lack of measurable disease by RECIST 1.1.
In 28 women with bone-dominant or bone-only MBC, Peterson
et al. demonstrated that changes on 18F-FDG PET/CT after 4mo
of standard-of-care treatment predicted time to skeletal-related
event and time to progression but not overall survival using modi-
fied PERCIST (59). Serial 18F-NaF PET/CT did not predict time to
skeletal-related event and time to progression but did predict over-
all survival. Makhlin et al. recently reported longer, albeit nonsig-
nificant, PFS, overall survival, and time to skeletal-related event in
23 women with ER-positive bone-dominant or bone-only MBC
(60). The lack of significance could be related to the small sample
size. The FEATURE/EA1183 clinical trial (NCT04316117) is
under way to validate these findings. If validated, 18F-FDG
PET/CT may serve as an imaging biomarker in routine practice and
clinical trials for this group of patients.
Given that endocrine therapy is the backbone of treatment for

ER-positive disease, the 2020 FDA approval of 18F-FES has
opened a potential door to advance precision medicine for patients
with ER-positive MBC. 18F-FES selectively binds ER, and in con-
trast to tissue and blood biomarkers, 18F-FES PET/CT surveys the
whole body to assess tumor burden heterogeneity, functional
expression of the target, and ligand binding. This is relevant
because over the disease course, hormone receptor status may
change 30%–41% of the time, and loss of initial ER positivity
increases risk of death compared with stable ER status (61).

18F-FES PET/CT can help clarify ER tumor status and distin-
guish the origin of the metastasis in the setting of multiple primary
breast malignancies (62). 18F-FES PET/CT detects infiltrating
lobular cancer metastases with higher sensitivity than 18F-FDG
(Fig. 1), particularly osseous metastases, though larger trials are
required (63). In 16 women with ER-positive MBC undergoing
18F-FDG PET and 18F-FES PET before rintodestrant therapy 18F-
FES PET was prognostic, with a trend for longer PFS with higher
18F-FDG and 18F-FES uptake (64). Baseline tumor 18F-FES
uptake has also been suggested to predict responsiveness to endo-
crine therapy in those with ER-positive disease (65). EAI142
(NCT02398773) investigated the negative predictive value of 18F-
FES PET/CT for clinical benefit at 6mo of endocrine treatment,
and the results are awaited to help design future clinical trials. For
predicting endocrine therapy response, 18F-FES PET/CT primarily
characterizes tumor for functional target, and correlation with con-
current 18F-FDG PET/CT is likely important to quantify tumor
heterogeneity, that is, burden of ER-positive and ER-negative
metastases (16).

FUTURE DIRECTIONS OF MOLECULAR IMAGING AND
THERAPY IN LABC

Other radiotracers have been or are being explored for molecu-
lar imaging of LABC. A full review of all of these is beyond this
article’s scope. In this section, several promising radiotracers that

image pathways already targeted for treatment in LABC are
reviewed.
As previously discussed, PARP inhibitors are efficacious in

patients with metastatic HER2-negative breast cancer with germ-
line BRCA1 and BRCA2 mutations (28). Several PARP-targeting
agents have been radiolabeled (66,67). In early-phase clinical
trials, 18F-fluorthanatrace uptake in tumors was variable but corre-
lated with PARP-1 expression. In 4 patients with stage 3 or 4
breast cancer, 3 with increased 18F-fluorthanatrace uptake at base-
line had a decline in uptake after PARP inhibitor therapy, with
a partial response or stable disease. The fourth patient had no
18F-fluorthanatrace uptake at baseline and had subsequent disease
progression. These, and other (68), early data on radiolabeled
PARP inhibitors suggest a potential future role as a pharmacody-
namic or predictive imaging biomarker for those being considered
for PARP inhibitor therapy.
The HER2-targeted therapies trastuzumab and pertuzumab have

both been radiolabeled for noninvasively imaging HER2 expres-
sion. In a study of 24 women with HER2-negative primary breast
cancer, 6 had 89Zr-pertuzumab uptake in metastases: 3 HER2-
positive on biopsy, 2 negative, and 1 inconclusive (69). In a
single-institution study of 50 patients (34 with HER2-positive

FIGURE 1. 66-y-old woman with de novo metastatic, ER-positive lobular
breast cancer. 18F-FES PET/CT shows more lesions than 18F-FDG
PET/CT. ER tumor heterogeneity is also demonstrated with both 18F-FDG–
negative, 18F-FES–positive lesions (white arrows) and 18F-FDG–positive,
18F-FES–negative lesions (red arrows).

PRECISION ONCOLOGY IN BREAST CANCER ! Jacene et al. 353



disease) and using an SUVmax cutoff of 3.2, 89Zr-trastuzumab
PET/CT correctly characterized HER2 status with a sensitivity of
76%, specificity of 62%, positive predictive value of 83%, and
negative predictive value of 50%. Twenty percent of patients with
multiple lesions had variable 89Zr-trastuzumab uptake (70). Like
ER, the global in vivo assessment of tumor heterogeneity over-
comes the limitation of assessing HER2 status from a single
biopsy site or when biopsy is not feasible (69–71). HER2-targeted
PET could help identify those who may have otherwise been
thought not likely to benefit from HER2-targeted therapy, particu-
larly with emergence of the HER2-low category, which benefits
from some of the newer HER2-targeted drugs, likely trastuzumab
deruxtecan (49). Both trastuzumab and pertuzumab have also been
radiolabeled with therapeutic radioisotopes for theranostic applica-
tion, but work in this domain is early (72).
Endocrine therapy for advanced breast cancer currently targets

the ER. Over time, resistance to endocrine therapy develops. PR
imaging with 18F-fluorofuranylnorprogesterone has been evalu-
ated, and in vitro studies demonstrated that changes in PR expres-
sion could provide insight into the development of resistance to
endocrine therapy (73).
Fibroblast activation protein has emerged as a new diagnostic

and therapeutic target across a variety of cancer types (74), with
multiple radiolabeled fibroblast activation protein inhibitors
(FAPIs) under investigation. Stromal cancer-associated fibroblasts
and tumor-associated macrophages express fibroblast activation
protein in all breast cancer subtypes (75). Early studies of FAPI
PET/CT in breast cancer were generally small, used different
FAPI radiotracers, and included heterogeneous subtypes of breast
cancer but consistently demonstrated increased FAPI uptake and
tumor-to-background ratios in primary breast cancer, lymph node
metastases, and bone metastases compared with 18F-FDG (66,76).
FAPI PET/CT appears advantageous for detecting smaller lesions
and those breast cancers with low-level 18F-FDG uptake (77).
Backhaus et al. evaluated the use of 68Ga-FAPI-46 PET/MRI

for predicting pCR after neoadjuvant therapy in 13 women with
mixed subtypes of invasive breast cancer (78). After neoadjuvant
therapy, those with pCR had a lower FAPI-to-background ratio
than those with no pCR. A limited number of patients with MBC
have been treated with 177Lu- or 90Y-labeled FAPI. Adverse
events were manageable, with several instances of stable disease
or partial response reported (79). Fibroblast activation protein–tar-
geting breast cancer for imaging and therapy seems feasible. Still,
the data are too early to draw conclusions about the future use of
precision medicine in specific subtypes of breast cancer.

CONCLUSION

Given the heterogeneity of advanced breast cancer, precision
medicine and targeting of different biomarkers have proven highly
beneficial in treatment, with many other potential therapeutic tar-
gets currently under investigation. Several approved radiotracers
are also now available or under investigation. Molecular imaging
is uniquely positioned to aid in treatment planning by detecting
disease, determining disease extent, and characterizing biomarker
status in vivo and across the entire disease burden. As medical
oncology and molecular imaging continue to evolve, it will remain
essential to match processes based on biologic mechanisms for
treatment and imaging to take advantage of the full potential of
precision medicine. Finally, some of these imaging biomarkers
may not need clinical implementation. They could also be helpful

as pharmacodynamic markers to determine optimal dosing for
drug development or to study mechanisms of action or resistance.
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77. Alçın G, Arslan E, Aksoy T, et al. 68Ga-FAPI-04 PET/CT in selected breast cancer
patients with low FDG affinity: a head-to-head comparative study. Clin Nucl Med.
2023;48:e420–e430.

78. Backhaus P, Burg C, Asmus I, et al. Initial results of 68Ga-FAPI-46 PET/MRI to
assess response to neoadjuvant chemotherapy in breast cancer. J Nucl Med.
2023;64:717–723.

79. Yadav MP, Ballal S, Martin M, et al. Therapeutic potential of [177Lu]Lu-
DOTAGA-FAPi dimers in metastatic breast cancer patients with limited treatment
options: efficacy and safety assessment. Eur J Nucl Med Mol Imaging. November
7, 2023 [Epub ahead of print].

356 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 65 ! No. 3 ! March 2024



F O C U S O N M O L E C U L A R I M A G I N G

Molecular Imaging of Acute Graft-Versus-Host Disease

Chiara Bernardi1,2, Valentina Garibotto2–4, Behnaz Mobashwera5, Robert S. Negrin6, Israt S. Alam*7, and
Federico Simonetta*1,2

1Division of Hematology, Department of Oncology, Geneva University Hospitals, Geneva, Switzerland; 2Translational Research Center
for Oncohematology, Department of Medicine, University of Geneva, Geneva, Switzerland; 3Division of Nuclear Medicine and
Molecular Imaging, Geneva University Hospitals, Geneva, Switzerland; 4CIBM Center for Biomedical Imaging, Geneva, Switzerland;
5Department of Hematology, Southampton General Hospital, University Hospital Southampton, Southampton, United Kingdom;
6Division of Blood and Marrow Transplantation and Cellular Therapy, Stanford University, Stanford, California; and 7Molecular
Imaging Program at Stanford, Department of Radiology, Stanford University School of Medicine, Stanford, California

Noninvasive molecular imaging of acute graft-versus-host disease
(GvHD) after allogeneic hematopoietic stem cell transplantation has
great potential to detect GvHD at the early stages, aid in grading of
the disease, monitor treatment response, and guide therapeutic deci-
sions. Although the specificity of currently available tracers appears
insufficient for clinical GvHD diagnosis, recently, several preclinical
studies have identified promising new imaging agents targeting one or
more biologic processes involved in GvHD pathogenesis, ranging
from T-cell activation to tissue damage. In this review, we summarize
the different approaches reported to date for noninvasive detection of
GvHD using molecular imaging with a specific focus on the use of
PET. We discuss possible applications of molecular imaging for the
detection of GvHD in the clinical setting, as well as some of the pre-
dictable challenges that are faced during clinical translation of these
approaches.
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host disease; clinical; preclinical
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Allogeneic hematopoietic stem cell transplantation (HSCT) is
a potentially curative therapy for a broad range of hematologic dis-
eases. Unfortunately, allogeneic HSCT is still associated with sig-
nificant morbidity and mortality related to transplant complications,
namely acute graft-versus-host disease (GvHD). During acute
GvHD, donor-derived T cells interact with host tissues, leading to
their activation, proliferation, and migration to target organs, nota-
bly skin, liver, and intestine (1). Current approaches for the diagno-
sis of acute GvHD are based on clinical and pathologic elements
that are restricted to later, symptomatic, stages of the disease.
Given the importance of timely therapeutic interventions for acute
GvHD treatment, the use of noninvasive imaging modalities to

predict and detect GvHD early, prior to symptom onset, could
greatly benefit patient outcomes. Conventional radiology using
ultrasound, contrast-enhanced CT, or MRI is of limited utility for
acute GvHD diagnosis as any morphologic changes are often non-
specific (2).
Molecular imaging allows noninvasive measurements of bio-

logic processes at the cellular and subcellular levels, and its appli-
cation to the study of the immune system is a rapidly expanding
field. PET imaging is a highly sensitive and quantitative clinical
molecular imaging modality, perfectly poised to provide noninva-
sive, whole-body mechanistic insights into disease pathogenesis.
The use of targeted PET probes specifically allowing detection of
cellular or molecular processes involved in GvHD pathogenesis
thus represents a promising approach for early detection of acute
GvHD at presymptomatic stages.
According to the classic model, acute GvHD pathogenesis can

be divided into 3 phases (Fig. 1): host tissue damage resulting
from the conditioning chemotherapy; activation of donor and
recipient antigen-presenting cells and subsequent donor T-cell
activation and expansion; and an effector phase in which activated
donor T cells cause tissue damage by targeting host cells, inducing
apoptosis. Using current tools, acute GvHD is diagnosed predomi-
nantly during the third phase on the basis of a combination of clin-
ical symptoms and histologic findings. Major efforts have been
undertaken to identify biomarkers to predict and diagnose GvHD
at earlier stages. Molecular imaging approaches have the potential
to allow diagnosis as early as the second phase, before overt signs
of GvHD (Fig. 1). Imaging agents targeting metabolic pathways
have the potential to report on all 3 phases of GvHD, whereas the
use of small molecules or monoclonal antibodies (mAbs) to image
T cells could help elucidate phase 2 dynamics. Finally, imaging
agents evaluating tissue damage may allow detection and monitor-
ing of immunopathologic processes resulting from phase 3 of
GvHD pathogenesis. In this review, we summarize the clinical and
preclinical molecular imaging technologies available for acute
GvHD diagnosis and monitoring and discuss future prospects for
clinical translation.

IMAGING METABOLISM

18Fluorine-fluorodeoxyglucose ([18F]FDG)
[18F]FDG, the most widely used PET tracer in clinical practice,

takes advantage of the higher glucose consumption by metabolically
active tissues. Given the wide range of metabolically active cells
and tissues, [18F]FDG is thought to annotate all 3 phases of GvHD
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pathogenesis (Fig. 1). Early reports suggested that [18F]FDG PET
can visualize tissue inflammation associated with acute gastrointesti-
nal GvHD (GI-GvHD). In a retrospective analysis conducted on 101
patients with suspected acute GI-GvHD, 74 of whom were clinically
or histologically proven to have acute GI-GvHD, [18F]FDG PET
had a sensitivity of 93% and specificity of 73% (3). Moreover,
SUVmax discriminated between patients with a fast or slow/no
response to immunosuppressive therapies. False-positive cases were
related mostly to intestinal infections. In a more recent prospective
study, 51 allogeneic HSCT recipients with clinically suspected acute
GI-GvHD underwent PET/CT followed by endoscopy and histo-
logic analysis (Fig. 2, left panel) (4). Twenty-three patients had his-
tologically proven upper or lower acute GI-GvHD. [18F]FDG PET
was not able to distinguish between acute GvHD and non-GvHD
inflammatory changes in the colon, yielding a sensitivity of 69%, a
specificity of 57%, a negative predictive value of 73%, and a posi-
tive predictive value of 59%. To increase sensitivity and specificity,
a pilot study on 21 patients with acute GI-GvHD used [18F]FDG
PET/MRI (5). The acute GI-GvHD detection rate increased from
57% of [18F]FDG PET alone or 61% of MRI alone to 100% for
[18F]FDG PET/MRI.

Collectively, these prospective and retrospective studies show
promise that [18F]FDG PET/CT will have a role in GvHD diagno-
sis, but additional investigations are needed to evaluate the impact
of the limited specificity of [18F]FDG in this indication.

IMAGING T-CELL RESPONSES

Given the importance of T cells in GvHD pathogenesis, molecu-
lar imaging targeting T cells would be ideal for GvHD detection
and monitoring, allowing imaging of the second, and to some
extent the third, phase of GvHD (Fig. 1). Strategies to track T cells
in vivo using molecular imaging have been reviewed extensively
(6,7). The simplest approach, ex vivo radiolabeling of T cells
before infusion, is limited by the short time frame in which analy-
sis can be performed, which is due both to radioisotope decay and
to tracer dilution caused by cell proliferation. Using such a strat-
egy for GvHD would be challenging given the variable time frame
in which GvHD develops after transplantation. T-cell–specific tra-
cers will be likely required.

Small Molecules
18F-39-Deoxy-39-Fluorothymidine ([18F]FLT). Given the high

proliferation rate of T cells during GvHD, the use of [18F]FLT
PET imaging has been attempted in murine models of allogeneic
HSCT (8). FLT is a thymidine analog that is incorporated into the
DNA at the time of replication and therefore reflects cellular pro-
liferation. In murine models of GvHD, [18F]FLT allowed differen-
tiation of control mice from mice that developed GvHD after
receiving alloreactive T cells, by detecting higher tracer uptake in
the lymph nodes and spleen of the latter. However, tracer uptake
in GvHD-target organs, mainly the gastrointestinal tract, did not
differ between GvHD and control mice because of high variability.
This potentially represents a major limitation for the use of
[18F]FLT for GvHD diagnosis given that signal outside target
organs can originate from proliferation of hematopoietic cells other
than T cells during engraftment. An early phase I study is ongoing
and will show whether [18F]FLT uptake can predict GvHD devel-
opment in patients who underwent HSCT (NCT03546556).
29-Deoxy-29-[18F]Fluoro-9-b-D-Arabinofuranosyl Guanine ([18F]F-

AraG). AraG is the water-soluble prodrug of nelarabine, a drug
known for its specific cytotoxicity toward T cells and clinically
used in T-cell malignancies. AraG enters cells using nucleoside
transporters and is phosphorylated by either cytosolic deoxycytidine
kinase or mitochondrial deoxyguanosine kinase. At high doses, phos-
phorylated AraG induces T-cell death by inhibiting DNA synthesis
at the low picomolar mass levels required for imaging, AraG specifi-
cally accumulates in T cells without inducing detectable cell death.
Ronald et al. evaluated [18F]F-AraG in a mouse model of GvHD (9)
and showed that this small molecule is able to visualize T-cell expan-
sion in secondary lymphoid organs during GvHD. Unfortunately, the
tracer’s high background hepatic signal precluded analysis of both
the gastrointestinal tract and liver itself, 2 major GvHD-target organs.
Given the spatial resolution and the favorable kinetics observed with
[18F]F-AraG in humans, clinical evaluation of this approach for
GvHD diagnosis was explored in a limited number of subjects
(NCT03367962), although the trial was closed because of challenges
in patient recruitment and selection.

Immuno-PET
Immuno-PET exploits the high specificity of mAbs to selec-

tively bind cells expressing the target antigen; radiolabeling these
moieties with PET isotopes allows for in vivo visualization of

FIGURE 1. Summary of preclinical (mouse icon) or clinical (human icon)
studies to image different phases of acute GvHD pathogenesis. VHH 5

variable fragments of heavy chain antibody.

FIGURE 2. Examples of preclinical and clinical PET-imaging approaches
to imaging acute GvHD. In Cherk et al. (4), patients received [18F]FDG (3
MBq/kg) and were imaged 60–80min later. In Van Elssen et al. (11), mice
were given 1.85 MBq (%5mg) of [64Cu]Cu-DOTA-OX40mAb and were
imaged 2h after injection. In Xiao et al. (16), mice received 1.85 MBq
(%7mg) of [89Zr]Zr-DFO-ICOSmAb and were imaged 48h later. VHH 5

variable fragments of heavy chain antibody. (Reprinted from (4,11,16).)
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those targeted cells. This technique is rapidly gaining traction as
an approach to monitoring T cells without the need for their ex
vivo manipulation. Most T-cell–targeting immuno-PET tracers
developed so far can be classified on the basis of the antigen they
target and fall into 2 major categories: tracers targeting T-cell
lineage-defining molecules, (e.g., CD3, CD4, and CD8) and those
targeting T-cell activation makers (e.g., HLA-DR [human leuko-
cyte antigen–DR isotype], CD69, OX40 [CD134], 41BB [CD137],
and inducible T-cell costimulator [ICOS]).
Immuno-PET Targeting T-Cell Lineage Markers. Targeting

T-cell lineage-defining markers such as CD3, CD4, or CD8 is an
obvious approach to immuno-PET imaging of T-cell–mediated
processes, including GvHD. Given the importance of T-cell
expansion in GvHD pathogenesis, namely during phase 2, the spe-
cific quantification of T-cell numbers at the target-tissue level and,
moreover, the dynamic quantification of T-cell burden over time
have great potential for GvHD diagnosis. The most clinically
advanced T-cell–specific tracers to date are those targeting CD8,
which have yet to be evaluated in the context of GvHD. To date,
only CD3 immuno-PET has been reported in murine models
of GvHD.
Pektor et al. used PET/MRI with a 89Zr (half-life, 78.4 h)-labeled

antihuman CD3 mAb in a murine model of xenogeneic GvHD (10).
The tracer exhibited higher uptake in GvHD-target organs, namely
the liver, as well as in secondary lymphoid organs at different time
points after peripheral blood mononuclear cell administration into
lymphodepleted mice. Interestingly, the authors administered regula-
tory T cells as GvHD prophylaxis; this approach significantly
reduced T-cell infiltration in regulatory T-cell–treated mice, visual-
ized with CD3 immuno-PET. Although promising, this proof-of-
concept report did not address one of the major risks of targeting
CD3 in immunopathogenic contexts such as GvHD: that of poten-
tially interfering with T-cell biology and exacerbating the disease.
Targeting CD3 could also induce chronic T-cell stimulation and
eventually lead to T-cell exhaustion, thus potentially limiting the
graft-versus-tumor effect.
Immuno-PET Targeting T-Cell Activation Markers. Targeting

T-cell–restricted markers upregulated specifically during T-cell
activation has the potential advantage of providing not only quan-
titative and qualitative information but also functional information
about the activation status of T cells and their dynamics. Several
approaches for different activation markers have been assessed
preclinically.
HLA-DR is a human class II major histocompatibility complex

molecule expressed on a variety of immune cells, including T cells
during activation. A 64Cu (half-life, 12.7 h)-radiolabeled variable
fragment of heavy chain antibodies was developed to target human
HLA-DR and used to image T-cell activation in a murine model
of xenogeneic GvHD (11). [64Cu]Cu-NOTA-HLA-DRVHH uptake
was higher within the liver of mice displaying signs of severe GvHD
(Fig. 2, middle panel) than in control mice, but the authors were
unable to correlate early PET findings with subsequent GvHD before
the occurrence of overt disease. Given the broad and unspecific
expression of HLA-DR, the tracer uptake could be a consequence of
tissue infiltration by activated T cells or by other non-T HLA-DR–
positive cells, such as monocytes and macrophages.
OX40 is a member of the tumor necrosis factor receptor super-

family, and its cell-surface expression is highly restricted to activated
T cells, on which it acts as a costimulatory molecule. We have previ-
ously developed a murine OX40-specific mAb ([64Cu]Cu-DOTA-
OX40mAb) that enables noninvasive imaging of murine OX40-

positive activated T cells (12). This tracer was assessed in vivo using
a major histocompatibility complex–mismatch HSCT murine model
of GvHD (13), given the increased expression and the role of OX40
during acute GvHD (14,15). OX40 immuno-PET successfully
detected T-cell activation, expansion, and target-tissue infiltration.
Importantly, because of its high sensitivity, OX40 immuno-PET
could detect signs of GvHD even before the manifestation of clinical
symptoms and could distinguish these signs from the toxicities of the
conditioning regimen. However, a major limitation of this approach
was the agonistic nature of the mAb used: at the mass doses used for
PET imaging, the [64Cu]Cu-DOTA-OX40mAb tracer led to further
T-cell activation and subsequent exacerbation of GvHD when
administered early after HSCT. These results stress the need to
develop biologically inert immuno-PET tracers for imaging purposes
and to carefully select imaging targets and epitopes to avoid interfer-
ing with T-cell activation and disease pathogenesis.
A search for alternative target molecules for immuno-PET

tracers to circumvent the toxicity encountered with OX40
immuno-PET identified the inducible T-cell costimulator (ICOS),
an extracellular T-cell activation marker and costimulatory mole-
cule, which is selectively upregulated on activated T cells during
GvHD (16). Using a previously reported [89Zr]Zr-DFO-ICOSmAb
tracer (17,18), we demonstrated that ICOS immuno-PET effi-
ciently allowed monitoring of alloreactive T-cell activation, expan-
sion, and tissue infiltration in a major histocompatibility complex–
mismatch murine model of acute GvHD (16) (Fig. 2, right panel).
Importantly, ICOS immuno-PET was not associated with any
detectable toxicity and did not interfere with the graft-versus-
tumor effect. The combination of highly specific and sensitive
detection of T-cell activation, in the absence of detectable toxicity,
renders ICOS immuno-PET a compelling method that warrants
further evaluation in patients for the early detection of GvHD.

IMAGING TISSUE DAMAGE

Once considered a passive target of T-cell cytotoxic function
during acute GvHD, the target tissue epithelium is increasingly
being recognized as an active player of GvHD pathogenesis. For
this reason, target tissue damage can be exploited as a molecular
imaging target to visualize phase 3 of the disease pathogenesis
(Fig. 1). The analysis of phenotypic and functional changes of
enterocytes during acute GvHD led to the identification of
tryptophan-rich sensory protein (TSPO), a stress-related protein,
as a marker expressed by enterocytes during acute GI-GvHD (19).
TSPO is an outer mitochondrial membrane protein previously
reported to be overexpressed by enterocytes after stimulation with
inflammatory mediators such as tumor necrosis factor, leading to
its overexpression in inflammatory bowel disease. After demon-
strating enterocytic TSPO expression in tissue biopsies from
patients with acute GI-GvHD, Scott et al. (19) performed a pro-
spective pilot study of PET/CT using [18F]-flutriciclamide
([18F]GE-180), an already-reported third-generation high-affinity
TSPO radiotracer, in 8 allogeneic HSCT adult recipients with a
clinical suspicion of acute GI-GvHD. They demonstrated tracer
uptake specifically at the intestinal level and correlation between
uptake and histology in 6 of 8 participants (75%) including 4 true-
positive and 2 true-negative. The correlation with histology was
greater in small bowel and colon. Even though TSPO detection is
not completely specific to enterocytes and although preliminary,
this proof-of-concept study provided the first evidence for molecu-
lar imaging of target epithelium during GvHD as a strategy to
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detect tissue damage and potentially to monitor response to treat-
ment during the healing process. Another drawback of [18F]GE-
180 and other TSPO tracers is their sensitivity to the TSPO single-
nucleotide polymorphism (rs6971-SNP), which affects the binding
of these tracers. TSPO PET studies typically require patients to be
genotyped to ascertain whether they are low-, medium-, or high-
affinity binders and thus their eligibility for the scan.

OPPORTUNITIES AND CHALLENGES FOR CLINICAL
TRANSLATION

Tracer Development and Optimization
The studies performed so far using the widely available PET

tracer [18F]FDG have highlighted both the potential and the limita-
tions of using molecular imaging for GvHD diagnosis, stressing
the importance of developing new imaging agents designed with
acute GvHD pathogenesis in mind. The ideal tracer will target
molecules or biologic pathways specifically involved in acute
GvHD, allowing for accurate distinction between GvHD-target
tissues both from healthy tissues and from tissues affected by
other pathologic processes, namely infections. Despite the well-
established utility of murine models of GvHD for reproducing
human GvHD pathogenesis, animal models are ultimately limited
in their ability to fully assess the specificity of a tracer given the
absence of confounding factors, such as infection risk, encoun-
tered in the clinic. It will therefore be essential to test the most
promising tracer candidates in well-conducted clinical trials.
In addition to the target molecule/pathway recognized by the

new tracers, the choice of PET radionuclide is also of crucial
importance. Use of radionuclides with a longer half-life, such as
89Zr, might provide the advantage of obtaining sequential longitu-
dinal images over several days, thus allowing imaging for both
diagnosis and monitoring. The resulting prolonged radiation expo-
sure and associated excretion in biologic materials may require
specific radiosafety measures that may not be compatible with an
outpatient setting. As such, shorter-lived radionuclides, such as
64Cu, also warrant consideration, as do advanced scanner technol-
ogies such as total-body PET, which are capable of generating
high-resolution images with significantly reduced administered
radioactive doses (20). Finally, combining molecular imaging by
PET with anatomic modalities other than CT, such MRI, might
further increase the diagnostic potential of new tracers, in particu-
lar immuno-PET tracers, similarly to what has been shown for
[18F]FDG (5).

Defining the Optimal Use of Molecular Imaging for GvHD
Diagnosis and Monitoring
Once one or more promising radiotracers are identified, it

remains to be defined how best to implement molecular imaging
of GvHD into clinical practice. One option would be to use it as a
screening strategy in all allogeneic HSCT recipients at selected
time points after transplantation. Given the high complexity and
significant costs of PET, it is, however, unlikely that this approach
will prove to be cost-effective when used as a general screening
tool. One option could be to restrict its use to patient populations
at particular risk of developing GvHD on the basis of certain clini-
cal criteria (e.g., the donor type used). Alternatively, the use of
PET for detection of GI-GvHD could be triggered by other clinical
signs frequently preceding or accompanying it, such as skin
GvHD. Given the great results accomplished with blood biomar-
kers of GvHD, such as regenerating islet-derived 3a and suppres-
sion of tumorigenicity 2, we can imagine a scenario in which

molecular imaging use will be triggered by positive results from
the cheaper and more easily accessible blood biomarkers.
Virtually all patients receive GvHD prophylaxis after allogeneic

HSCT in clinical practice. Early detection of GvHD using molecu-
lar therapy will likely not eliminate the need for such pharmaco-
logic prophylaxis but could crucially help clinicians define its
optimal duration and tapering schedule. Moreover, molecular
imaging might indicate the transition from GvHD prophylaxis to
therapy based on imaging findings and without the need to wait
for clinical signs, and therefore tissue damage, before intervention,
thereby enabling a personalized approach to GvHD treatment.
Molecular imaging might be used to guide histologic sampling for
GI-GvHD diagnosis in cases of clinical suspicion, thus increasing
the sensitivity of tissue biopsies. In addition to acute GvHD diag-
nosis, molecular imaging has great potential as a tool to assess the
severity of GvHD and guide therapy accordingly. We have
recently seen promising results from clinical trials adjusting the
intensity of anti-GvHD therapy on the basis of the severity of
GvHD assessed on clinical and biologic criteria (21,22). Similarly,
molecular imaging could be used to evaluate the extent and sever-
ity of GvHD in a more comprehensive way than is possible with
endoscopy and biopsies, thus allowing identification of patients at
low and high risk of GvHD and helping to adapt treatment proto-
cols accordingly. Moreover, early reassessment using molecular
imaging after treatment introduction might predict the response to
therapy earlier than with currently available methods, thus allow-
ing earlier adaptation of therapy.

CONCLUSION

Diagnosis of acute GvHD currently relies on a combination of
clinical symptoms and tissue biopsies. However, especially for
liver and GI-GvHD, endoscopic biopsies are associated with sig-
nificant morbidity and even mortality. Molecular imaging of
GvHD has the potential to diagnose and monitor the disease while
circumventing the use of invasive biopsies and to make a diagno-
sis earlier during GVHD, when intervention may be more success-
ful. We have summarized how different molecular imaging
strategies can be applied to the study of different phases of GvHD
pathogenesis (Fig. 1), including [18F]FDG as a nonspecific but
sensitive and versatile marker across all phases and several investi-
gational target molecules for various molecular processes. Preclin-
ical studies suggest that molecular imaging has the potential to
detect the GvHD process before tissue damage and symptoms
actually occur. Clinical trials are needed to define the optimal tim-
ing of molecular imaging for early GvHD diagnosis and addition-
ally assess its potential for risk stratification and for monitoring
response to therapy.
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Ongoing discussion within the nuclear medicine community
suggests that all radionuclide therapies (RNTs) should include
posttreatment quantitative dosimetry as part of standard clinical
care. The hypothesis is that fixed administered activities limit the
potential efficacy of RNT and increase the risk of side effects;
therefore, patient-specific dosimetry should be leveraged to improve
patient outcomes. Furthermore, the development of new radionuclides
is often constrained by dosimetry-defined limits to normal organs
extrapolated from external-beam radiation therapy (EBRT).
At the same time, with few exceptions, nonradioactive onco-

logic therapies are administered as fixed or calculated doses based
on patient weight or body surface area. Although personalized
dosing schemes based on tumor burden, pharmacokinetics, and
pharmacodynamics can potentially improve the therapeutic index
of cancer treatments, very few such regimens have been adopted
in clinical practice (1–3). Large, randomized clinical trials are
required to validate personalized treatment regimens compared
with conventional ones, and few such trials have been conducted.
RNTs differ from nonradioactive systemic cancer treatments, as

absorbed doses to tumors and normal organs can be quantified
directly. Many experts argue that the similarities between RNT
and EBRT mandate dosimetry: no radiation oncologist would
conceive of treating a patient without a precise dose calculation to
target tumor and surrounding tissues. Once a threshold of radioac-
tivity administered to a field is exceeded, toxicity can be irreversible.
By analogy, no systemic RNT should be administered without ana-
lyzing the absorbed dose to at-risk organs and tumors (4,5).
However, in many other ways, this comparison fails. EBRT is

administered in a prescriptive fashion to a specific region. Effec-
tive dose ranges (typically measured in grays) for particular can-
cers have been well established, and the radiation sensitivities of
surrounding tissues are known. Precise radiation doses to tumors
and adjacent organs can be calibrated using increasingly sophisti-
cated techniques to maximize response and minimize toxicity (6).

None of these features of EBRT can be translated to systemically
administered RNT. Instead, RNT dosimetry estimates absorbed
dose to tumors and organs using imaging after the administration
of the therapy. Additionally, absorbed doses and their biologic
effects vary substantially on the basis of radionuclide properties,
including pathlength and linear energy transfer (7).
In EBRT, dosimetry is calculated for tissues within a radiation

field. With RNT, the usual organs of concern are typically the kid-
neys (for renally excreted radiopharmaceuticals) and the bone
marrow, the organ most sensitive to the effects of systemic radia-
tion. Renal doses are more straightforward to estimate than mar-
row doses, and therefore, the kidneys are commonly treated as the
target organ. Traditionally, a threshold absorbed dose of 23Gy to
the kidneys has been considered a maximum tolerable dose,
guided by the International Commission on Radiological Protec-
tion recommendations or QUANTEC (Quantitative Analyses of
Normal Tissue Effects in the Clinic) (7–9). However, there are
obvious pitfalls when trying to correlate the biologic effects of
EBRT on the entire kidney with the effects of radionuclides excreted
through renal tubules. Even among b-emitting radionuclides, the dif-
ferences in nephrotoxicity between 90Y (12-mm pathlength) and
177Lu (2-mm pathlength) are substantial when administered at a sim-
ilar estimated absorbed dose to the kidney (10).
Let us assume that we could accurately measure normal-organ–

absorbed doses. With respect to kidney-based dosing, it is increas-
ingly apparent that the kidney is not a dose-limiting organ. Although
single-arm studies have suggested that 177Lu-DOTATATE causes a
modest annual decrease in glomerular filtration rate, the randomized
phase III NETTER 1 trial showed no difference in creatinine clear-
ance over time between the 177Lu-DOTATATE and control arms
(11). Studies that calibrate administered activity on the basis of
absorbed renal doses nearly uniformly lead to an increase in total
administered activity (12). However, if the kidney is not a dose-
limiting organ, administration up to an artificial renal dose threshold
should not be considered a personalized form of treatment but rather
a simple dose escalation.
The bone marrow is a dose-limiting organ for many patients,

and an absorbed dose of 2Gy to the red marrow is considered a
maximum threshold, extrapolated from 131I therapy (13). How-
ever, marrow dosimetric calculations are imprecise. Uptake on
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posttherapy imaging may be reduced because of partial-volume
effects or may be overestimated because of background noise.
Even with the addition of plasma sampling, calculated marrow
doses may vary depending on the technique, and different radionu-
clides can produce substantial variations in marrow toxicity (14).
Moreover, patient-specific factors (age, genomic predisposition,
prior treatments, etc.) influence sensitivity to radiation (as is the
case with chemotherapy) (15–17). Some studies have shown no
correlation between bone marrow dose and cytopenias; others
have shown weak correlations (10,18,19). However, a more
straightforward method of assessing bone marrow toxicity and
adjusting administered activity is the complete blood count. There
is no evidence that dosimetric calculations are superior to a simple
complete blood count for personalizing treatment. Additionally,
there is no evidence that dosimetry can predict the most cata-
strophic long-term complications of treatment: myelodysplastic
syndrome or acute leukemia (20,21).
Dosimetry can also be used to calculate absorbed tumor doses.

Although dose–response relationships are expected, our under-
standing of tumor dosimetry in RNT lags far behind our knowl-
edge of optimal dosing in EBRT. Traditional approaches using
several manually identified index tumor lesions, typically with the
highest activity, fail to correlate with survival outcomes or lead to
actionable changes in management (22). This is not surprising
given tumor heterogeneity and the varying doses delivered to sites
within an individual. Newer approaches using whole-body tumor
dosimetry may be superior. For example, among 11 patients who
received less than a 10-Gy median whole-body tumor dose after
177Lu-PSMA-617 treatment, only one achieved a prostate-specific
antigen response (23). However, it is not yet clear how tumor
dosimetry data can be leveraged to improve patient outcomes. For
example, should a low absorbed tumor dose prompt additional
cycles of treatment or early discontinuation for futility?
Dosimetry has evolved enormously in the last decade. There has

been a transition from planar imaging to quantitative SPECT/CT
imaging. This has enabled a shift from dosimetry modeling based on
a standard human with assumed organ masses and shapes to direct
measurements using voxel-based techniques (24). New PET-like
ring-designed SPECT/CT devices using solid-state detectors enable
more accurate dose estimates with better resolution and speed. Con-
touring of normal organs has moved from a manual process at
multiple time points to semiautomated techniques using defined
thresholds or fully automated techniques using deep learning algo-
rithms assisted by the CT (25). The number of time points required
for accurate dosimetry is decreasing, with even single time points
feasible, using either patient-specific parameters from cycle 1 or
population-based databases (26).
Dosimetry sits at a crossroads. It is time to move away from

extrapolating external-beam–defined normal-organ constraints to
RNT. Direct observation of adverse effects is simpler and superior.
We must still monitor for longer-term adverse effects, especially
within organs of interest. Advances in quantitative SPECT/CT and
software open new opportunities to redefine the use of dosimetry
to improve patient outcomes. Undoubtedly, there are superior
personalized administration schedules that modulate the amount
and frequency of the administered activity. However, only well-
designed randomized clinical trials with long-term follow-up can
accurately evaluate whether novel dosimetry-based prescriptions
are superior to fixed schedules. As with any other oncologic ther-
apy, the burden of proof is on us to demonstrate that these strate-
gies yield superior efficacy or safety outcomes. We hope that

improved evidence-based strategies will be developed to improve
patient care.
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Imaging of Tumor Stroma Using 68Ga-FAPI PET/CT to
Improve Diagnostic Accuracy of Primary Tumors in Head
and Neck Cancer of Unknown Primary: A Comparative
Imaging Trial
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The low detection rate of primary tumors by current diagnostic techni-
ques remains a major concern for patients with head and neck cancer of
unknown primary (HNCUP). Therefore, in this study, we aimed to investi-
gate the potential role of 68Ga-labeled fibroblast activation protein inhibi-
tor (68Ga-FAPI) PET/CT compared with 18F-FDG PET/CT for the
detection of primary tumors of HNCUP. Methods: In this prospective
comparative imaging trial conducted at Fudan University Shanghai Can-
cer Center, 91 patients with negative or equivocal findings of a primary
tumor by comprehensive clinical examination and conventional imaging
were enrolled from June 2020 to September 2022. The presence of a pri-
mary tumor was recorded by 3 experienced nuclearmedicine physicians.
Primary lesions were validated by histopathologic analysis and a com-
posite reference standard. Results: Of the 91 patients (18 women,
73 men; median age, 60y; age range, 24–76y), primary tumors were
detected in 46 (51%) patients after a thorough diagnostic work-up. 68Ga-
FAPI PET/CT detected more primary lesions than 18F-FDG PET/CT (46
vs. 17,P, 0.001) and showed better sensitivity, positive predictive value,
and accuracy in locating primary tumors (51% vs. 25%, 98% vs. 43%,
and 51% vs. 19%, respectively). Furthermore, 68Ga-FAPI PET/CT led to
treatment changes in 22 of 91 (24%) patients compared with 18F-FDG
PET/CT. The Kaplan–Meier curve illustrated that patients with unidenti-
fied primary tumors had a significantly worse prognosis than patients
with identified primary tumors (hazard ratio, 5.77; 95% CI, 1.86–17.94;
P 5 0.0097). Conclusion: 68Ga-FAPI PET/CT outperforms 18F-FDG
PET/CT in detecting primary lesions and could serve as a sensitive, reli-
able, and reproducible imagingmodality for HNCUP patients.

Key Words: fibroblast activation protein; FDG; PET/CT; head and
neck cancer; cancer of unknown primary
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Head and neck cancer of unknown primary (HNCUP) is a
group of highly heterogeneous malignancies and usually manifests
as an enlarged cervical lymph node at initial diagnosis (1). The
low incidence of HNCUP, accounting for 1%–5% of all head and
neck cancers (2), and the uneven medical level lead to a lack of
normative experience among different medical centers in locating
primary tumors. The increase in multidisciplinary teams may
improve the quality of assessment and management for HNCUP
patients based on previously proposed guidelines, for example, the
National Comprehensive Cancer Network (3) and American Soci-
ety of Clinical Oncology (4) guidelines. Nevertheless, the low
detection rate of primary tumors by current diagnostic techniques
(e.g., CT, MRI, nasopharyngoscopy, and laryngoscopy) remains a
major concern for patients with HNCUP (5).
Molecular imaging using 18F-FDG PET/CT improves the detec-

tion of primary tumors compared with CT and MRI by reflecting
the level of glucose metabolism in tumor cells (6). Schaarschmidt
et al. (7) demonstrated that 18F-FDG PET/CT or PET/MRI outper-
formed MRI alone for T staging in terms of accuracy (59% or 75%
vs. 50%). However, elevated nonspecific uptake of 18F-FDG by nor-
mal tissues or inflammatory cells in the head and neck region may
lead to false-positive findings and may conceal small primary
tumors, especially in the oropharynx, resulting in a false-negative
diagnosis (8–10). In addition to noninvasive and minimally invasive
methods, diagnostic tonsillectomy is recommended for patients with
metastatic squamous cell carcinoma on the neck and human papillo-
mavirus positivity but no obvious signs of primary tumors on clini-
cal examination, imaging, or panendoscopy (4). Alzahrani et al. (11)
reported a detection rate of 49.2% for locating primary tumors via
transoral robotic mucosectomy in 65 patients with negative findings
on comprehensive clinical examination and standard imaging. Nev-
ertheless, postoperative complications, for example, pneumonia,
feeding difficulty, and hemorrhage, may prolong hospitalization and
delay antineoplastic therapy (12). Therefore, noninvasive diagnostic
techniques to improve the detection of primary tumors before defini-
tive therapy for HNCUP patients are urgently need.
Recently, PET imaging targeting fibroblast activation protein

(FAP) has shown great potential in depicting non–18F-FDG-avid
malignant tumors (13,14). FAP is overexpressed on cancer-associated
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fibroblasts, which account for most tumor stromata in more than 90%
of epithelial carcinomas (15). By imaging the tumor stroma rather
than tumor cells, 68Ga-labeled FAP inhibitor (FAPI) PET/CT reveals
elevated radioactivity on primary and metastatic lesions and low back-
ground uptake in normal tissues among various tumors, including gas-
trointestinal tumors (16), hepatobiliary tumors (17), and head and
neck cancers (18). Serfling et al. (18) demonstrated that noninvasive
imaging of FAP expression by 68Ga-FAPI PET/CT resulted in better
visual detection of the malignant primary tumors in the Waldeyer ton-
sillar ring, thereby avoiding diagnostic tonsillectomy.
Inspired by the promising results of 68Ga-FAPI PET/CT imaging

in patients with various head and neck cancers (e.g., nasopharyngeal
carcinoma, oropharyngeal cancer, and salivary ductal carcinoma), we
hypothesized that 68Ga-FAPI PET/CT would outperform 18F-FDG
PET/CT in localizing primary tumors in HNCUP patients. Thus, in
this study, we aimed to investigate the potential usefulness of 68Ga-
FAPI PET/CT compared with 18F-FDG PET/CT for the detection of
primary tumors in patients with HNCUP. The primary objective of
this study was to compare the sensitivity, positive predictive value,
and accuracy of 68Ga-FAPI and 18F-FDG PET/CT in localizing pri-
mary tumors. Secondary objectives were to compare 68Ga-FAPI and
18F-FDG uptake by primary and metastatic lesions and progression-
free survival.

MATERIALS AND METHODS

Patients
This was a prospective comparative imaging trial performed at Fudan

University Shanghai Cancer Center from June 2020 to September 2022.
Patients were eligible if they met the following inclusion criteria: older
than 18y, pathology-confirmed metastatic cervical carcinoma, negative
or equivocal finding of a primary tumor by comprehensive clinical exam-
ination and conventional imaging modalities (e.g., contrast-enhanced CT
and MRI), and paired 18F-FDG and 68Ga-FAPI PET/CT scans within
1 wk. Patients with non–head and neck primary carcinomas, lympho-
epitheliomalike carcinoma, 2 or more malignances, and unavailable clini-
cal data were excluded.

The Standards for Reporting of Diagnostic Accuracy checklist is
included in Supplemental Data 1 (supplemental materials are available
at http://jnm.snmjournals.org), and the flow diagram is shown in Supple-
mental Figure 1 and Supplemental Data 2. The study was approved by
the Fudan University Shanghai Cancer Center Institutional Review
Board (2004216-25), and written informed consent was obtained from
each patient. The data of 18 patients have been reported previously (10).

PET/CT Acquisition and Image Interpretation
18F-FDG and 68Ga-FAPI PET/CT were performed within 1 wk.

The 2 radionuclide PET/CT scans were obtained from a Biograph
mCT Flow scanner (Siemens Medical Solutions). The detailed proto-
cols for image acquisition and reconstruction are presented in Supple-
mental Data 2 (19).

Three experienced nuclear medicine physicians analyzed and inter-
preted the 18F-FDG and 68Ga-FAPI PET/CT images independently,
and they reached a consensus in cases of inconsistency. Lesions with
increased radioactivity compared with the surrounding normal tissue
and not associated with physiologic uptake were considered suspected
malignant lesions. SUVmax and SUVmean normalized to body weight
were manually computed by drawing a 3-dimensional volume of inter-
est for the tumor lesion and normal liver, respectively. Meanwhile, the
tumor-to-liver ratio (TLR) was calculated according to the following
formula: TLR 5 tSUVmax/lSUVmean, where tSUVmax is the SUVmax

of the tumor lesion and lSUVmean is the SUVmean of the liver.

Clinical Assessment and Follow-up
All suspected primary sites detected by 18F-FDG or 68Ga-FAPI

PET/CT were verified by biopsy or histopathologic examination. Sus-
pected metastatic lesions were confirmed by biopsy or 6-mo follow-
up. Suspected metastatic lesions with typical malignant features on
PET/CT images or a significant reduction or progression in size after
anticancer treatment during follow-up were considered malignant.
After a thorough diagnostic work-up, including medical history, imag-
ing, and endoscopy or tonsillectomy, all patients with or without an
identified primary tumor received treatment based on the decision of
the multidisciplinary head and neck cancer team. Treatment response
was assessed by imaging examination according to RECIST version
1.1 (20). The endpoint was set as progression-free survival, defined as
the time randomization to disease progression or death.

Statistical Analysis
Differences in general information between patients with identified

and those with unidentified primary tumors were evaluated using the
Mann–Whitney test (for continuous characteristics) and the x2 test or
Fisher exact test (for discrete characteristics). The differences in SUVmax

and TLR between 18F-FDG and 68Ga-FAPI PET/CT were assessed using
the paired t test and Wilcoxon signed-rank test, respectively. Diagnostic
performance was evaluated by receiver-operating-characteristic curve
analysis. The survival analyses were performed using the Kaplan–Meier
method. SPSS version 26 (IBM) was used for statistical analyses. A
2-tailed P value of less than 0.05 was considered statistically significant.

RESULTS

Patient Characteristics
From June 2020 to September 2022, 91 patients (18 women,

73 men; median age, 60 y; age range, 24–76 y) were enrolled in
this prospective study. Of the 91 patients, a primary tumor was
detected in 46 (51%) patients after a thorough diagnostic work-up.
The baseline characteristics for the patients with identified and
unidentified primary tumors are presented in Table 1 and Supple-
mental Data 3. Among these clinical characteristics, the presence
of Epstein–Barr virus DNA and the Epstein–Barr virus–encoded
small RNA status showed significant differences between these 2
cohorts, whereas there was no significant difference in the human
papillomavirus or p16 status. With regard to the therapeutic regi-
men, chemotherapy and radiotherapy were the main choices for
patients with identified primary tumors, whereas chemotherapy
was the main choice for patients with unidentified primary tumors.

Assessment of Metastatic Lesions on 18F-FDG and 68Ga-FAPI
PET/CT
In total, 121 lymph node metastases and 15 bone metastases

were involved in the analysis (Fig. 1; Supplemental Table 1). In
terms of lymph node metastases, 18F-FDG PET/CT detected
all metastatic lesions with significantly higher semiquantitative
SUVmax than 68Ga-FAPI PET/CT (12.486 6.10 and 9.806 5.02,
respectively; P , 0.001). Nevertheless, TLR presented more
favorable uptake of 68Ga-FAPI than 18F-FDG (18.656 10.50 and
5.646 2.81, respectively; P , 0.001). With regard to bone metas-
tases, 68Ga-FAPI PET/CT outperformed 18F-FDG PET/CT in
terms of SUVmax (13.656 5.12 and 10.856 6.17, respectively;
P 5 0.173) and TLR (21.996 9.70 and 4.946 2.90, respectively;
P , 0.001).

Evaluation of Primary Tumors on 18F-FDG and 68Ga-FAPI
PET/CT
Among the 46 patients with identified primary tumors, 39

patients received confirmation by pathology, whereas the other 7
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TABLE 1
Baseline Characteristics

Characteristic Total, n 5 91
Primary tumor

identified, n 5 46
Primary tumor

unidentified, n 5 45 P

Sex 0.793

Female 18 (20) 10 (22) 8 (18)

Male 73 (80) 36 (78) 37 (82)

Age (y) 60 (24–76) 55 (33–76) 61 (24–73) 0.238

Body mass index (kg/m2) 23 (10–31) 23 (10–29) 24 (18–31) 0.149

Pathologic type of cervical lymph node 0.198

Squamous cell carcinoma 81 (89) 42 (91) 39 (86)

Adenocarcinoma 7 (8) 4 (9) 3 (7)

Poorly differentiated carcinoma 3 (3) 0 (0) 3 (7)

EBV DNA status 0.024*

Positive 16 (17) 13 (28) 3 (7)

Negative 47 (52) 20 (44) 27 (60)

Unknown 28 (31) 13 (28) 15 (33)

Human papillomavirus status 0.787

Positive 10 (11) 6 (13) 4 (9)

Negative 11 (12) 5 (11) 6 (13)

Unknown 70 (77) 35 (76) 35 (78)

EBV-encoded RNA status 0.028*

Positive 18 (20) 13 (28) 5 (11)

Negative 39 (43) 14 (31) 25 (56)

Unknown 34 (37) 19 (41) 15 (33)

p16 status 0.405

Positive 20 (22) 12 (26) 8 (18)

Negative 27 (30) 11 (24) 16 (35)

Unknown 44 (48) 23 (50) 21 (47)

Surgery 0.677

Yes 45 (49) 24 (52) 21 (47)

No 46 (51) 22 (48) 24 (53)

Chemotherapy 0.026*

Yes 70 (77) 40 (87) 30 (67)

No 21 (23) 6 (13) 15 (33)

Radiotherapy ,0.001*

Yes 54 (59) 37 (80) 17 (38)

No 37 (41) 9 (20) 28 (62)

Targeted therapy 0.231

Yes 12 (13) 4 (9) 8 (18)

No 79 (87) 42 (91) 37 (82)

Immunotherapy 0.714

Yes 8 (9) 5 (11) 3 (7)

No 83 (91) 41 (89) 42 (93)

Progression-free survival 0.014*

Progression 12 (13) 2 (4) 10 (22)

Progression-free 79 (87) 44 (96) 35 (78)

Follow-up (mo) 19 (7–33) 18 (7–32) 19 (7–33) 0.708

*Statistically significant at P , 0.05.
EBV 5 Epstein–Barr virus.
Qualitative data are number and percentage; continuous data are median or mean and range.
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patients were pathologically negative but diagnosed clinically.
Table 2 shows that the locations of primary tumors included the
nasopharynx (n 5 14; Supplemental Fig. 2), tonsil (n 5 21; Sup-
plemental Fig. 3), submandibular gland (n 5 3), thyroid (n 5 3),
hypopharynx (n 5 2), tongue (n 5 1), laryngopharynx (n 5 1),
and palate (n 5 1; Fig. 2; Supplemental Fig. 4). Among the 7
patients with the primary tumor diagnosed clinically, 4 patients
were diagnosed as having nasopharyngeal carcinoma with meta-
static cervical nonkeratinizing squamous cell carcinoma and
Epstein–Barr virus infection, and the other 3 patients were diag-
nosed as having tonsil carcinoma with metastatic cervical squa-
mous cell carcinoma and moderate to severe dysplasia of tonsil
squamous epithelial cells.
Primary tumors in 17 of 91 (19%) patients were identified by 18F-

FDG PET/CT. 68Ga-FAPI PET/CT showed a significantly higher
detection rate (51%) of primary tumors than did 18F-FDG PET/CT
(P , 0.001). Furthermore, 68Ga-FAPI PET/CT led to treatment
changes in 22 of 91 (24%) patients compared with 18F-FDG PET/CT.
Moreover, in terms of SUVmax and TLR, primary tumors demon-
strated significantly higher semiquantitative uptake of 68Ga-FAPI than

18F-FDG (SUVmax, 6.1164.30 and 3.166
5.11, P , 0.001; TLR, 10.8566.81 and
1.4562.31, P, 0.001).
With regard to diagnostic performance in

identifying primary tumors, contrast-
enhanced MRI and 18F-FDG PET/CT
showed similar sensitivity, positive predic-
tive value, and accuracy, whereas contrast-
enhanced CT showed the lowest sensitivity
and accuracy (Table 3). 68Ga-FAPI PET/CT
outperformed contrasted-enhanced CT,
contrast-enhanced MRI, and 18F-FDG
PET/CT in terms of sensitivity (51% vs.
17%, 27%, and 25%, respectively), positive
predictive value (98% vs. 44%, 42%, and
43%, respectively), and accuracy (51% vs.
14%, 20%, and 19%, respectively).

Survival Outcome
After PET/CT scans, the median follow-up time was 19mo

(range, 7–33mo). Patients with identified primary tumors were
managed with a specific regimen, whereas patients with unidenti-
fied primary tumors were treated by referring to the guidelines for
HNCUP. The progression-free survival rate of patients with identi-
fied and unidentified primary tumors was 96% (44/46) and 78%
(35/45), respectively. Moreover, the Kaplan–Meier curve (Fig. 3)
illustrates that patients with unidentified primary tumors had a sig-
nificantly worse prognosis than those with identified primary
tumors (hazard ratio, 5.77; 95% CI, 1.86–17.94; P 5 0.0097).

DISCUSSION

To our knowledge, this study is the largest prospective study
investigating the performance of 68Ga-FAPI PET/CT compared
with 18F-FDG PET/CT in detecting primary tumors in patients
with HNCUP. Our results demonstrated that 68Ga-FAPI PET/CT
presented significantly higher diagnostic accuracy (51% vs. 19%,
P , 0.001) and radioactive uptake (SUVmax, 6.116 4.30 and

FIGURE 1. Box plots of SUVmax (A) and TLR (B) detected on 18F-FDG and 68Ga-FAPI PET/CT. Primary
tumors showed significantly higher semiquantitative uptake of 68Ga-FAPI than 18F-FDG (P , 0.001).
18F-FDG outperformed 68Ga-FAPI PET/CT in detecting lymph node metastases, with significantly higher
SUVmax (P , 0.001). In terms of TLR, lymph node and bone metastases presented more favorable
uptake of 68Ga-FAPI than 18F-FDG (P, 0.001). ***P, 0.001. NS5 no significance.

TABLE 2
Comparison of Primary Tumors Detected on 18F-FDG and 68Ga-FAPI PET/CT

Primary tumor site Total (n) 18F-FDG 68Ga-FAPI Treatment change led by 68Ga-FAPI

Nasopharynx 14 (4) 6 14 (4) 4

Tonsil 21 (3) 5 21 (3) 13

Palatine tonsil 13 (2) 3 13 (2) 8

Lingual tonsil 8 (1) 2 8 (1) 5

Submandibular gland 3 1 3 2

Thyroid 3 3 3 0

Hypopharynx 2 0 2 2

Tongue 1 1 1 0

Laryngopharynx 1 1 1 0

Palate 1 0 1 1

Total, n 5 91 46 (51%) 17 (19%) 46 (51%) 22 (24%)

Primary tumor site data in parentheses indicate primary tumor was pathologically negative but diagnosed clinically. Total tumor data
are number and percentage (P , 0.001).
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3.166 5.11, P , 0.001; TLR, 10.856 6.81 and 1.456 2.31,
P , 0.001) in localizing primary tumors than did 18F-FDG
PET/CT. Meanwhile, 68Ga-FAPI PET/CT led to treatment changes
in 22 of 91 (24%) patients compared with 18F-FDG PET/CT. Fur-
thermore, 68Ga-FAPI PET/CT outperformed 18F-FDG PET/CT in
detecting lymph node and bone metastases in terms of TLR.
Our data also highlighted that the prognosis of patients was sig-

nificantly improved by identifying the primary tumors (P 5
0.0097; Fig. 3). Recent studies have shown that the 5-y overall
survival of HNCUP patients is still dismal, approximately 55%
(21). In addition, Faisal et al. (22) reported that the late detection
of primary tumors in HNCUP patients after treatment may lead to
significantly worse 5-y overall survival than that of HNCUP
patients in whom primary tumors remain unidentified. Thus, accu-
rate diagnosis of the primary tumor before treatment is crucial for
patients with HNCUP.
Because the oropharynx is the most common primary location for

HNCUP malignancies, diagnostic tonsillectomy is recommended for

patients with metastatic squamous cell carci-
noma of the neck when the primary tumor
cannot be identified by noninvasive diag-
nostic methods, according to American
Society of Clinical Oncology guidelines (4).
However, only 18%–47% of patients with
HNCUP could benefit from diagnostic ton-
sillectomy (23–25). 18F-FDG PET/CT, as
a noninvasive, whole-body, and tumor-
specific imaging modality, has been widely
accepted for locating and clinically staging
primary tumors before treatment (26). Sig-
nificant visual differences between the
tumor and the background on PET/CT
images could effectively guide the biopsy
of suspected malignant lesions. However,
physiologic or inflammatory 18F-FDG
uptake in the head and neck may hide
small primary tumors, especially those in the
oropharynx (27). In our current study, 18F-
FDG PET/CT missed 16 of 21 primary
tumors in the oropharynx, which is consis-
tent with the research of Pencharz et al. (27).
Surprisingly, 68Ga-FAPI PET/CT detected
all 21 primary tumors in the oropharynx,
with significantly higher uptake than in the
contralateral normal oropharynx (Supple-
mental Fig. 3). In line with our research, Ser-

fling et al. (18) demonstrated higher 68Ga-FAPI than 18F-FDG avidity
within malignant primary tumors in the Waldeyer tonsillar ring. Fur-
thermore, Mona et al. (28) reported stronger FAP expression in malig-
nant oropharyngeal lesions than in nonmalignant tissue and a strong
correlation between the uptake of 68Ga-FAPI and the FAP immuno-
histochemistry score. Therefore, our research further demonstrates
that 68Ga-FAPI PET/CT could avoid invasive diagnostic tonsillec-
tomy in patients with HNCUP.
In the current study, although 68Ga-FAPI PET/CT detected all

46 primary tumors, which were confirmed pathologically or clini-
cally, the overall sensitivity and accuracy seemed unsatisfactory
(51% for each characteristic). This may be because the other 45
patients presented with inconspicuous primary tumors on imaging
and endoscopy. Even so, 68Ga-FAPI PET/CT could identify small,
mucous, and adenoid carcinomas, which always presented
non–18F-FDG avidity (Table 1) (10). Kratochwil et al. (29) and
Chen et al. (13) demonstrated that 68Ga-FAPI was a broad-
spectrum tumor imaging probe that outperformed 18F-FDG in

FIGURE 2. PET/CT and MR images of 72-y-old woman (patient 30) pathologically confirmed with
metastatic squamous cell carcinoma of right neck. (A) 18F-FDG PET images (left and top) and
PET/CT images (bottom), shown in coronal, sagittal, and axial views (from left to right), demonstrated
metastatic lymph node of right neck with intensive metabolic activity (black arrow, SUVmax, 30.1) but
presented no evidence for primary tumor. (B) 68Ga-FAPI PET images (top and right) and PET/CT
images (bottom), shown in axial, sagittal, and coronal views (from left to right), also detected meta-
static lymph node with high 68Ga-FAPI activity (black arrow, SUVmax, 16.3). There was intensive
uptake of 68Ga-FAPI in palate (red arrow, SUVmax, 11.3). (C) T1-weighted, T2-weighted, and
contrast-enhanced T1-weighted MRI also presented no evidence for primary tumor. Subsequent sur-
gery confirmed mucoepidermoid carcinoma of palate. C1 5 contrast-enhanced.

TABLE 3
Diagnostic Performance of Contrast-Enhanced CT, Contrast-Enhanced MRI, 18F-FDG, and 68Ga-FAPI PET/CT in

Identifying Primary Tumors

Test characteristic Contrast-enhanced CT Contrast-enhanced MRI 18F-FDG 68Ga-FAPI

True-positive (n) 12 15 17 46

False-positive (n) 15 21 23 1

False-negative (n) 60 40 51 44

Sensitivity (%) 17 27 25 51

Positive predictive value (%) 44 42 43 98

Accuracy rate (%) 14 20 19 51
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delineating the primary and metastatic lesions in patients with
head and neck cancers, gynecologic malignancies, and gastrointes-
tinal cancers, among others. Furthermore, Chen et al. (13) demon-
strated the superiority of 68Ga-FAPI PET/CT to 18F-FDG PET/CT
in detecting very small (diameter , 1.0 cm) malignant lesions. In
line with the results of the Chen et al. (13) study, our results indi-
cate the potential value of 68Ga-FAPI PET/CT in delineating small
primary lesions (Supplemental Fig. 2).
The accurate detection of metastatic lesions is helpful in making

treatment-related decisions, especially for HNCUP patients. Previ-
ous studies (30,31) have shown the apparent advantage of 68Ga-
FAPI PET/CT over 18F-FDG PET/CT in detecting regional and
distant metastatic lesions. Wang et al. (30) reported that 68Ga-
FAPI PET/CT outperformed 18F-FDG PET/CT in the detection of
advanced lung cancer metastases to the brain, lymph nodes, bone,
and pleura. In another study (31), 68Ga-FAPI PET/CT revealed
significantly higher accuracy than 18F-FDG PET/CT in the evalua-
tion of the N0 neck status of oral squamous cell carcinoma
patients (100% vs. 29%), which could overcome the potential
false-positivity of 18F-FDG PET/CT. In our current study, dual-
tracer PET/CT detected the same number of metastatic lesions (121
lymph node metastases and 15 bone metastases). In addition, more
favorable uptake of 68Ga-FAPI than 18F-FDG in terms of TLR was
presented by both lymph node metastases (18.656 10.50 and
5.646 2.81, P , 0.001) and bone metastases (21.996 9.70 and
4.946 2.90, P , 0.001), which indicates that FAP-targeted radioli-
gand therapy may exert a strong antitumor effect with little damage
to organs at risk (32).
The major limitation of this study is the absence of a histopatho-

logic analysis of tissue samples from primary and metastatic
lesions for FAP expression. Because some lesions were examined
by fine-needle aspiration, there were no remaining specimens for
further immunohistochemistry. Another limitation is that this trial
was performed at a single center. In the future, a multicenter trial
needs to be performed to verify our results.

CONCLUSION

Our study demonstrated that 68Ga-FAPI PET/CT has higher
sensitivity, positive predictive value, and accuracy in locating the
primary tumors in HNCUP patients than does 18F-FDG PET/CT,
which indicates that 68Ga-FAPI PET/CT could serve as a

sensitive, reliable, and reproducible indicator of primary tumors in
HNCUP patients.
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KEY POINTS

QUESTION: What is the diagnostic accuracy of 68Ga-FAPI
PET/CT imaging for localization of the primary tumor of HNCUP?

PERTINENT FINDINGS: In this prospective comparative imaging
trial of 91 patients, 68Ga-FAPI PET/CT detected more primary
lesions than did 18F-FDG PET/CT (46 vs. 17 primary tumors) and
outperformed 18F-FDG PET/CT in sensitivity, positive predictive
value, and accuracy for locating the primary tumor (51% vs. 25%,
98% vs. 43%, and 51% vs. 19%, respectively).

IMPLICATIONS FOR PATIENT CARE: 68Ga-FAPI PET/CT
outperforms 18F-FDG PET/CT in detecting primary lesions and
could serve as a sensitive, reliable, and reproducible imaging
modality for HNCUP patients.
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Patients with Various Malignancies
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To assess the diagnostic accuracy of 68Ga-labeled fibroblast activa-
tion protein inhibitor (FAPI) and 18F-labeled FDG PET for the detection
of various tumors, we performed a head-to-head comparison of both
imaging modalities across a range of tumor entities as part of our
ongoing 68Ga-FAPI PET observational trial. Methods: The study
included 115 patients with 8 tumor entities who received imaging with
68Ga-FAPI for tumor staging or restaging between October 2018 and
March 2022. Of those, 103 patients received concomitant imaging
with 68Ga-FAPI and 18F-FDG PET and had adequate lesion validation
for accuracy analysis. Each scan was evaluated for the detection of
primary tumor, lymph nodes, and visceral and bone metastases. True
or false positivity and negativity to detected lesions was assigned on
the basis of histopathology from biopsies or surgical excision, as well
as imaging validation. Results: 68Ga-FAPI PET revealed higher accu-
racy than 18F-FDG PET in the detection of colorectal cancer (n 5 14;
per-patient, 85.7% vs. 78.6%; per-region, 95.6% vs. 91.1%) and
prostate cancer (n 5 22; per-patient, 100% vs. 90.9%; per-region,
96.4% vs. 92.7%). 68Ga-FAPI PET and 18F-FDG PET had comparable
per-patient accuracy in detecting breast cancer (n 5 16, 100% for
both) and head and neck cancers (n 5 10, 90% for both modalities).
68Ga-FAPI PET had lower per-patient accuracy than 18F-FDG PET in
cancers of the bladder (n 5 12, 75% vs. 100%) and kidney (n 5 10,
80% vs. 90%), as well as lymphoma (n 5 9, 88.9% vs. 100%) and
myeloma (n 5 10, 80% vs. 90%). Conclusion: 68Ga-FAPI PET dem-
onstrated higher diagnostic accuracy than 18F-FDG PET in the diag-
nosis of colorectal cancer and prostate cancer, as well as comparable
diagnostic performance for cancers of the breast and head and neck.

Accuracy and impact on management will be further assessed in an
ongoing prospective interventional trial (NCT05160051).

KeyWords: FAPI; FDG; PET; oncology; theranostic; accuracy

J Nucl Med 2024; 65:372–378
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Imaging is fundamental in the treatment of malignancies, with
varying detection rates depending on the tumor entity and diagnos-
tic modality. PET of cancer cells using 18F-FDG PET acquires
additional molecular information useful for the detection of
disease recurrence and metastases, response assessment, disease
management, and prognostication (1–6). However, drawbacks of
18F-FDG include false-positive findings due to physiologic uptake
or inflammatory responses, as well as false-negative findings due
to elevated serum blood glucose levels. As such, targeting of can-
cer cells using alternative radioisotopes has been an area of grow-
ing interest.
Cancer-associated fibroblasts, a constituent of the tumor micro-

environment, are involved in tumor growth, migration, and pro-
gression (7). Fibroblast activation protein (FAP) a is expressed by
cancer-associated fibroblasts, a marker associated with protumori-
genic functions (8–12) and, therefore, a suitable target for diagnos-
tic and therapeutic purposes. Multiple preclinical and clinical
studies have shown the promise of FAP-directed therapies, includ-
ing radiolabeled FAP inhibitors (FAPIs), which exhibit favorable
properties in cancer diagnosis and therapy (13–18). These proper-
ties include, but are not limited to, fast imaging times, high con-
trast in tumor lesions, and no dietary requirements with regard to
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imaging, as well as acceptable side effects and long tumor reten-
tion times with regard to therapy.
Because of the favorable characteristics of this imaging modality,

patients were referred for clinical 68Ga-FAPI PET staging, both at
initial diagnosis and for reevaluation, and were offered subsequent
enrollment in our prospective observational 68Ga-FAPI registry.
In this report, we assess the diagnostic accuracy of 68Ga-FAPI

compared with 18F-FDG PET separately for various tumor entities
by analyzing sensitivity, specificity, positive predictive value
(PPV), negative predictive value (NPV), and accuracy on per-
patient and per-region bases.

MATERIALS AND METHODS

Study Design and Participants
Until March 2022, adult patients who underwent clinical 68Ga-FAPI

PET were offered the possibility to consent to a prospective observa-
tional trial for correlation and clinical follow-up of PET findings
(NCT04571086). Patients signed a written informed consent form, and
evaluation of data was approved by the ethics committee of the Univer-
sity Duisburg–Essen (20-9485-BO and 19-8991-BO). We previously
reported data on 68Ga-FAPI PET uptake and accuracy in sarcoma
(n 5 47 (19)), as well as 68Ga-FAPI PET uptake in mixed cohorts
(n 5 69 (20), n 5 91 (21), and n 5 324 (22)). Patients with sarcoma,
pancreatic cancer, and pleural mesothelioma have been excluded from
this analysis since the results have already been or will be published sep-
arately. Moreover, solid tumor entities with fewer than 10 patients per
entity for 68Ga-FAPI PET accuracy assessment were excluded from this
analysis.

Details of data collection (23,24), imaging and administration of
radioligands (20,25,26), imaging analysis, lesion validation, follow-up
(27), and statistical analysis are provided in the supplemental materials
(available at http://jnm.snmjournals.org).

RESULTS

Patient Characteristics
We identified 133 patients, of whom 115 with adequate lesion

validation were included in this analysis. In total, 8 tumor entities
and 313 regions were analyzed; patient characteristics (n 5 115)
are outlined in Table 1. The median age was 63 y (interquartile
range, 17 y). The most common tumor entities were prostate can-
cer (22/115, 19%), head and neck cancers (18/115, 16%), breast can-
cer (16/115, 14%), colorectal cancer (15/115, 13%), and bladder
cancer (12/115, 10%). Most patients (81/115, 70%) underwent 68Ga-
FAPI PET imaging for restaging purposes. A total of 103 (90%)
patients underwent concomitant imaging via 68Ga-FAPI and 18F-FDG
PET and had adequate lesion validation for the accuracy analysis, and
this set of patients was included in the composite analysis.

Composite Analysis: Higher Diagnostic Accuracy with
68Ga-FAPI PET Than with 18F-FDG PET

68Ga-FAPI PET showed higher diagnostic accuracy than 18F-
FDG PET in the diagnosis of colorectal cancer and prostate cancer
as listed in Table 2.
At a per-patient level in colorectal cancer, 68Ga-FAPI PET was

superior to 18F-FDG PET in accuracy (85.7% vs. 78.6%), sensitiv-
ity (90.9% vs. 81.8%), and NPV (66.7% vs. 50%). At a per-region
level, 68Ga-FAPI PET was superior to 18F-FDG PET in accuracy
(95.6% vs. 91.1%), sensitivity (94.1% vs. 88.2%), and PPV
(94.1% vs. 88.2%).
Furthermore, at a per-patient level in prostate cancer, 68Ga-

FAPI PET was superior to 18F-FDG PET in accuracy (100% vs.

90.9%) and sensitivity (100% vs. 90.9%). At a per-region level,
68Ga-FAPI PET was superior to 18F-FDG PET in sensitivity
(94.3% vs. 88.6%) and NPV (90.9% vs. 83.3%).

Composite Analysis: Comparable Diagnostic Accuracy
Between 68Ga-FAPI PET and 18F-FDG PET

68Ga-FAPI PET was comparable to 18F-FDG PET in the diagno-
sis of breast cancer and head and neck cancers as listed in Table 3.

TABLE 1
Patient Characteristics (n 5 115)

Variable Data

Sex

Male 71 (62%)

Female 44 (38%)

Median age at 68Ga-FAPI scan (y) 63 (17)

Tumor entities

Prostate 22 (19%)

Head and neck 18 (16%)

Breast 16 (14%)

Colorectal 15 (13%)

Bladder 12 (10%)

Myeloma 12 (10%)

Kidney 10 (9%)

Lymphoma 10 (9%)

Regional detection with 68Ga-FAPI scan*

No evidence of disease 15 (13%)

Primary or local disease detected 42 (37%)

Lymph node metastases detected 28 (24%)

Visceral metastases detected 38 (33%)

Bone metastases detected 24 (21%)

Scanning purposes

Staging at initial diagnosis 34 (30%)

Restaging after therapy 81 (70%)

Prior therapy received*

None 35 (30%)

Surgery 65 (57%)

Chemotherapy 53 (46%)

Radiation therapy 31 (27%)

Immune therapy 20 (17%)

Hormone therapy 16 (14%)

Radionuclide therapy 3 (3%)

Median uptake time (min)
68Ga-FAPI 15 (25)
18F-FDG 65 (21)

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

0 (2)

*Different combinations are possible; hence, values do not add
to 100%.

Qualitative data are number and percentage; continuous data
are median and interquartile range.
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At a per-patient level in breast cancer, 68Ga-FAPI PET and 18F-
FDG PET showed equal accuracy, sensitivity, specificity, PPV, and
NPV (all 100%). At a per-region level, 68Ga-FAPI PET showed
accuracy (97.9% vs. 100%) and sensitivity (96.6% vs. 100%) com-
parable to those of 18F-FDG PET but lower NPV (94.7% vs. 100%).
At a per-patient level in head and neck cancers, 68Ga-FAPI PET

and 18F-FDG PET showed equal accuracy (90%), sensitivity
(100%), and PPV (90%). At a per-region level, 68Ga-FAPI PET
showed accuracy (90.3% vs. 93.6%) and specificity (86.7% for
both) comparable to those of 18F-FDG PET but lower sensitivity
(93.8% vs. 100%) and NPV (92.9% vs. 100%).

Composite Analysis: Lower Diagnostic Accuracy with
68Ga-FAPI PET Than with 18F-FDG PET

68Ga-FAPI PET showed lower accuracy than 18F-FDG PET in
the diagnosis of bladder and kidney cancers, lymphoma, and mye-
loma as shown in Table 4.
At a per-patient level in bladder cancer, 68Ga-FAPI PET showed

lower accuracy (75% vs. 100%), sensitivity (72.7% vs. 100%), and
NPV (25% vs. 100%) than 18F-FDG PET. At a per-region level,
68Ga-FAPI PET showed lower accuracy (89.2% vs. 94.4%), sensitivity
(78.6% vs. 92.3%), and NPV (88% vs. 95.7%) than 18F-FDG PET.
At a per-patient level in kidney cancer, 68Ga-FAPI PET showed

sensitivity comparable to that of 18F-FDG PET (87.5% for both) but
lower accuracy (80% vs. 90%), specificity (50% vs. 100%), and PPV
(87.5% vs. 100%). At a per-region level, 68Ga-FAPI PET showed
accuracy (90.3% vs. 93.6%), sensitivity (92.9% for both), and NPV
(93.8% vs. 94.1%) comparable to those of 68Ga-FAPI PET but lower
specificity (88.2% vs. 94.1%) and PPV (86.7% vs. 92.9%).
At a per-patient level in lymphoma, 68Ga-FAPI PET showed

lower accuracy (88.9% vs. 100%), sensitivity (87.5% vs. 100%), and
NPV (50% vs. 100%) than 18F-FDG PET. At a per-region level,
68Ga-FAPI PET showed lower accuracy (90% vs. 96.7%), sensitivity
(78.6% vs. 100%), and NPV (84.2% vs. 100%) than 18F-FDG PET.
Finally, for myeloma at per-patient and per-region levels, accu-

racy (80% vs. 90%) and sensitivity (75% vs. 87.5%) were lower
with 68Ga-FAPI PET than with 18F-FDG PET.

Histopathology-Only Analysis
In a subgroup of 45 patients and 5 tumor entities, accuracy was

assessed by histopathology validation only (Supplemental Table 1).
In line with the findings of the composite analysis, 68Ga-FAPI PET
demonstrated higher accuracy than 18F-FDG PET for prostate can-
cer, comparable accuracy for breast cancer and colorectal cancer,
and lower accuracy for bladder and kidney cancers.

DISCUSSION

Here, we compare the diagnostic accuracy of 68Ga-FAPI and
18F-FDG PET for various tumors. Tumor validation by a compos-
ite reference standard revealed that the diagnostic accuracy of
68Ga-FAPI PET was higher than that of 18F-FDG PET in colorec-
tal cancer and prostate cancer, comparable in breast cancer and
head and neck cancer, and lower in bladder and kidney cancers,
lymphoma, and myeloma. Histopathology-only analysis revealed
that the diagnostic accuracy of 68Ga-FAPI PET was higher than
that of 18F-FDG PET in prostate cancer, comparable in breast and
colorectal cancers, and lower in bladder and kidney cancers.
For cancers of the abdomen and pelvis, 68Ga-FAPI uptake was

low in normal parenchyma, such as bowel (SUVmax range, 0.08–
3.56), liver (SUVmax range, 0.47–2.91), and spleen (SUVmax

range, 0.64–2.81) (15,28,29). This improves tumor delineation,

T
A
B
LE

2
C
om

p
ar
is
on

of
D
ia
gn

os
tic

E
ffi
ca

cy
B
et
w
ee

n
6
8
G
a-
FA

P
Ia

nd
1
8
F-
FD

G
P
E
T
(P
er
-P

at
ie
nt

an
d
P
er
-R

eg
io
n
A
na

ly
si
s)

fo
r
Tu

m
or
s
in

W
hi
ch

6
8
G
a-
FA

P
IO

ut
pe

rf
or
m
ed

1
8
F-
FD

G
P
E
T

Tu
m
or

en
tit
y

n
S
tr
at
ifi
ca

tio
n

P
E
T-
p
os

iti
ve

/
to
ta
l

S
en

si
tiv

ity
S
p
ec

ifi
ci
ty

P
P
V

N
P
V

A
cc

ur
ac

y

6
8
G
a-
FA

P
I
P
E
T

C
ol
or
ec

ta
l

14
P
er
-p
at
ie
nt

11
/1
4

90
.9

(5
8.
7–

99
.8
)

66
.7

(9
.4
–
99

.2
)

90
.9

(6
6.
6–

98
)

66
.7

(2
0.
8–

93
.9
)

85
.7

(5
7.
2–

98
.2
)

P
er
-r
eg

io
n

17
/4
5

94
.1

(7
1.
3–

99
.9
)

96
.4

(8
1.
7–

99
.9
)

94
.1

(6
9.
9–

99
.1
)

96
.4

(8
0.
1–

99
.5
)

95
.6

(8
4.
9–

99
.5
)

P
ro
st
at
e

22
P
er
-p
at
ie
nt

22
/2
2

10
0
(8
4.
6–

10
0)

—
10

0
—

10
0

P
er
-r
eg

io
n

33
/5
5

94
.3

(8
0.
8–

99
.3
)

10
0
(8
3.
2–

10
0)

10
0

90
.9

(7
2.
3–

97
.5
)

96
.4

(8
7.
5–

99
.6
)

1
8
F-
FD

G
P
E
T

C
ol
or
ec

ta
l

14
P
er
-p
at
ie
nt

10
/1
4

81
.8

(4
8.
2–

97
.7
)

66
.7

(9
.4
3–

99
.2
)

90
(6
3.
9–

97
.9
)

50
(1
8.
4–

81
.6
)

78
.6

(4
9.
2–

95
.3
)

P
er
-r
eg

io
n

17
/4
5

88
.2

(6
3.
6–

98
.5
)

92
.9

(7
6.
5–

99
.1
)

88
.2

(6
6.
1–

96
.7
)

92
.9

(7
7.
9–

98
)

91
.1

(7
8.
8–

97
.5
)

P
ro
st
at
e

22
P
er
-p
at
ie
nt

20
/2
2

90
.9

(7
0.
84

–
98

.9
)

—
10

0
—

90
.9

P
er
-r
eg

io
n

31
/5
5

88
.6

(7
3.
3–

96
.8
)

10
0
(8
3.
2–

10
0)

10
0

83
.3

(6
6.
53

–
92

.6
3)

92
.7

(8
2.
41

–
97

.9
8)

D
at
a
in

p
ar
en

th
es

es
ar
e
95

%
C
I.

374 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 65 ! No. 3 ! March 2024



with absolute and tumor-to-liver uptakes being higher on 68Ga-
FAPI PET than on 18F-FDG PET, which may lead to superior
diagnostic accuracy (22). This is particularly relevant in abdominal
surgery, for example, after which patients are required to take
nothing by mouth until bowel recovery. Also, the prevalence of
coexisting diabetes (#15.5% in patients with colon cancer, for
instance (30)) poses limitations for molecular imaging with 18F-
FDG PET. 68Ga-FAPI PET in such a context has protocol advan-
tages, given that no diet or fasting is required in preparation for
imaging, and image acquisition can take place a few minutes after
tracer application. 68Ga-FAPI PET, therefore, has the potential to
replace 18F-FDG for abdominal staging.
Our findings are corroborated by other studies that have also

shown 68Ga-FAPI PET to have diagnostic accuracy superior to that
of 18F-FDG PET in breast cancer (31–33) and head and neck cancers
(34–36). Moreover, reports have shown that 68Ga-FAPI PET can
detect PSMA-negative prostate cancer lesions (37–39), which can
aid in the diagnostic process, with potential therapeutic implications.
With regard to lymphoma and myeloma, several studies have

shown that 68Ga-FAPI PET is inferior to (or at best, not superior
to) 18F-FDG PET (40–43). For example, in comparison to colorec-
tal cancer, lymphoma lesions show lower uptake with 68Ga-FAPI
than with 18F-FDG PET (22,41,44), higher background uptake,
and, thus, lower tumor-to-background values (e.g., median
SUVmax of 7.4 vs. 22.5 and median liver tumor-to-background
ratio of 6.4 vs. 10.5 for 68Ga-FAPI vs. 18F-FDG PET, respectively
(22)). Taking this a step further, using systematic lesion validation
and follow-up, our study revealed 68Ga-FAPI to be less accurate
than 18F-FDG PET in lymphoma and myeloma.
An ongoing prospective clinical trial at our department

(NCT05160051) is exploring the diagnostic accuracy of 68Ga-FAPI-
46 PET and its effect on patient management and interreader repro-
ducibility for different tumor entities. An interim analysis of findings
has shown that 68Ga-FAPI PET is associated with a lower rate of
false-positive findings, especially in lymph node assessments (44).
With high tumor and low organ uptakes (22), as well as diag-

nostic accuracy across various tumor entities, 68Ga-FAPI PET has
a role as a gatekeeper for FAP-directed radioligand therapy. Feasi-
bility of FAP radioligand therapy has been reported for 90Y- and
153Sm-labeled compounds in breast (13) and ovarian (45) cancer,
as well as sarcomas and pancreatic cancers (17,46). 177Lu-labeled
compounds have also been used in multiple advanced and refrac-
tory tumors, including thyroid cancer (16,47–49). In patients with
intense FAP expression on 68Ga-FAPI PET, 90Y-FAPI-46 radioli-
gand therapy led to disease control in about one third of patients
with initially progressive sarcomas, pancreatic cancer, and other
cancers (50), and the novel dimeric 177Lu-labeled FAPI radioli-
gand (177Lu-DOTAGA.(SA.FAPi)2) led to disease control in
almost half the patients with radioiodine-refractory differentiated
thyroid cancer who had progressed on tyrosine kinase inhibitors
(49). FAPI imaging therefore has the potential to enhance drug
development with targeted clinical applications.
One notable example of a FAP-targeting drug that has shown

clinical promise is talabostat, which has demonstrated tumor con-
trol in 21% of patients with colorectal cancer (51). Moreover, tar-
geting FAP with chimeric antigen receptor T cells has shown
promise in preclinical studies and case reports (52,53), and there is
potential for combination with cancer vaccines or immune check-
point inhibitors (such as PD-1 inhibitors), which would lead to
further blockade of immunosuppressive factors (52). Another prom-
ising approach is using cancer vaccines that successfully target FAP,
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particularly the genome of stromal fibroblasts (54). As such, future
drug development and its potential clinical applications may be
enhanced through 68Ga-FAPI imaging, which aids in selecting
patients whose tumors exhibit high 68Ga-FAPI uptake and who
would potentially benefit from FAP-directed therapy. This theranos-
tic approach also has the potential to improve clinical trial design.
Our study is limited by its retrospective design and the small

number of patients included per tumor entity. Histopathology was
not available for all patients, as tissue sampling is not routinely per-
formed, and biopsy of metastatic lesions may be difficult because
they may be small or remote. Thus, most lesion follow-up was
based on correlative or follow-up imaging with known intrinsic
limitations. Despite these limitations, the study provided valuable
systematic information on the diagnostic efficacy of 68Ga-FAPI
PET from an ongoing registry study evaluating 68Ga-FAPI and
18F-FDG PET, using a composite reference standard with adequate
follow-up time (#%6mo) and across a wide range of tumor enti-
ties, thereby adding to the growing pool of theranostic data.

CONCLUSION

When compared with 18F-FDG PET, 68Ga-FAPI PET demon-
strated higher accuracy in the diagnosis of colorectal cancer and
prostate cancer, as well as comparable diagnostic performance for
cancers of the breast and head and neck. 68Ga-FAPI has the poten-
tial for improved staging or theranostic screening, particularly for
these tumor entities.
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KEY POINTS

QUESTION: How does 68Ga-FAPI compare with 18F-FDG PET in
the diagnosis of various malignancies?

PERTINENT FINDINGS: We compared the diagnostic accuracy
of 68Ga-FAPI and 18F-FDG PET for the detection of various
tumors. Tumor validation by a composite reference standard revealed
higher diagnostic accuracy for 68Ga-FAPI PET in colorectal and
prostate cancers, comparable diagnostic performance for cancers of
the breast and head and neck, and lower diagnostic accuracy for
bladder and kidney cancers, lymphoma, and myeloma.

IMPLICATIONS FOR PATIENT CARE: 68Ga-FAPI PET is particularly
suited for the diagnosis of colorectal cancer, prostate cancer, and
cancers of the breast and head and neck. 68Ga-FAPI PET offers
theranostic screening and has the potential for more precise staging
and management of patients who have these entities than is possible
with 18F-FDG PET.
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For men with prostate cancer who develop biochemical failure after
radiotherapy, European guidelines recommend reimaging with 68Ga-
PSMA-11 PET/CT and multiparametric MRI (mpMRI). However, the
accuracy of 68Ga-PSMA-11 PET/CT for detecting intraprostatic recur-
rences is unclear, both with and without mpMRI. Methods: A single-
center retrospective study of a series of patients investigated for
radiorecurrence between 2016 and 2022 is described. All patients
underwent 68Ga-PSMA-11 PET/CT, mpMRI, and prostate biopsy.
PET/CT images were interpreted independently by 2 expert readers
masked to other imaging and clinical data. The primary outcome was
the diagnostic accuracy of PET/CT versus mpMRI and of PET/CT with
mpMRI together versus mpMRI alone. The secondary outcome was
the proportion of cancers missed by mpMRI but detected by PET/CT.
Diagnostic accuracy analysis was performed at the prostate hemig-
land level using cluster bootstrapping. Results: Thirty-five men
(70 hemiglands) were included. Cancer was confirmed by biopsy in 43
of 70 hemiglands (61%). PET/CT sensitivity and negative predictive
values (NPVs) were 0.89 (95% CI, 0.78–0.98) and 0.79 (95% CI, 0.62–
0.95), respectively, which were not significantly different from results
by MRI (sensitivity of 0.72; 95% CI, 0.61–0.83; P 5 0.1) (NPV of 0.59;
95% CI, 0.41–0.75; P 5 0.07). Specificity and positive predictive
values were not significantly different. When PET/CT and MRI were
used together, the sensitivity was 0.98 (95% CI, 0.92–1.00) and NPV
was 0.93 (95% CI, 0.75–1.00), both significantly higher than MRI alone
(P 5 0.003 and P , 0.001, respectively). Specificity and positive pre-
dictive values remained not significantly different. MRI missed 12 of
43 cancers (28%; 95% CI, 17%–43%), of which 11 of 12 (92%;
95% CI, 62%–100%) were detected by PET/CT. Conclusion: For
detecting intraprostatic radiorecurrence, 68Ga-PSMA-11 PET/CT has
high sensitivity that is not significantly different from mpMRI. When
68Ga-PSMA-11 PET/CT and mpMRI were used together, the results
conferred a significantly greater sensitivity and NPV than with mpMRI
alone. 68Ga-PSMA-11 PET/CT may therefore be a useful tool in the
diagnosis of localized radiorecurrence.

Key Words: PSMA PET/CT; multiparametric MRI; prostate cancer;
radiotherapy; recurrence
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Over 13,000 men with prostate cancer undergo radiotherapy
each year in the U.K. alone (1). However, 25% will develop bio-
chemical failure within 10 y (2). Subsequent outcomes are poor;
within 5 y, 50% develop metastases and 20%–30% die from their
cancer (3). Approximately 10% of biochemical failure patients
will develop prostate-confined recurrence, a state independently
predictive of metastasis and cancer-specific death (4). Salvage
treatments for localized recurrences have shown good medium-
term oncologic outcomes and should be considered (5,6). How-
ever, patient selection is key, requiring accurate detection of any
intraprostatic radiorecurrence (7).
On reaching biochemical failure, European guidelines recom-

mend reimaging with prostate multiparametric MRI (mpMRI) and
prostate-specific membrane antigen (PSMA) PET/CT (8). Although
mpMRI is highly accurate in the untreated prostate, its interpretation
after radiotherapy is challenging because of glandular atrophy,
reduced zonal differentiation, and diffuse T2 hypointensity (9). Our
group recently published the FORECAST U.K. prospective multi-
center trial, which concluded that MRI and MRI-targeted biopsy had
high sensitivity for radiorecurrent cancer detection, but systematic
biopsies were also needed to identify MRI-invisible disease (6,10).

68Ga-PSMA-11 PET/CT is increasingly used for whole-body
imaging after previous treatment, with excellent specificity for
identifying extraprostatic disease (11). However, data regarding
detection of intraprostatic recurrences are fewer and less robust,
with most studies omitting verification of findings against a histo-
logic reference (12). This contrasts with the primary diagnostic
setting; the recently published PRIMARY trial identified that
68Ga-PSMA-11 PET/CT and mpMRI used together significantly
improve sensitivity and negative predictive values (NPVs) versus
mpMRI alone for detecting clinically significant disease (13). We
therefore hypothesized that 68Ga-PSMA-11 PET/CT, both with
and without mpMRI, may be useful for detecting local failures
after radiotherapy and identifying candidates for local salvage. We
sought to address this using a robust biopsy reference standard.

MATERIALS AND METHODS

Study Design
This single-center retrospective study was approved by the local

institutional review board, and the requirement to obtain informed
consent was waived. All patients who had undergone 68Ga-PSMA-11
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PET/CT imaging were reviewed. Patients were included if they under-
went both 68Ga-PSMA-11 PET/CT and mpMRI with prostate biopsy
to investigate for radiorecurrence. No restrictions were placed on the
type of radiotherapy or the use of androgen deprivation therapy. Other
local treatment before imaging was prohibited.

Index Tests
All 68Ga-PSMA-11 PET/CT examinations were performed on

Siemens Healthineers scanners (Biograph 64 scanner, attenuation-
corrected reconstruction, n 5 28; Biograph 128 scanner, time-of-flight
attenuation-corrected reconstruction, n 5 2; Biograph Vision scanner;
time-of-flight point-spread function reconstruction with 4.5-mm gauss-
ian filter, n 5 5). This comprised standard knees-to-vertex acquisitions
(mean, 61min after injection) and delayed postmicturition pelvic
acquisitions (mean, 91min after injection). Diuretics were not used.
The mean activity of the administered radiotracer was 1.9 MBq/kg.
Two expert readers, masked to clinical information and previous imag-
ing, independently interpreted images using Hermia software (Hermes
Medical Solutions). The prostate was divided into hemiglands (left/
right). Suspicion of radiorecurrence within each hemigland was scored
with a 5-point Likert system, with a score of 3–5 deemed suspicious
(Fig. 1). Where there was a score discrepancy between the readers, the
higher score was chosen for analysis. A 5-point Likert score was cho-
sen as it aligned with E-PSMA guidance (14). Furthermore, the PRI-
MARY score had not been developed at the time of analysis and was
designed for use in the untreated prostate (15).

MRI was performed per the Prostate Imaging–Reporting and Data
System guidelines on a 1.5- or 3.0-T scanner with a multiparametric
protocol incorporating T2-weighted images, diffusion-weighted images
with apparent diffusion coefficient mapping and at least 1 high b-value
acquisition, and dynamic contrast-enhanced images. Examinations were
reported by specialist prostate MRI radiologists, who were not masked,
and were interpreted binarily as either suspicious or nonsuspicious. A
binary score was chosen to reflect simplified clinical decision-making
on whether to recommend biopsy based on MRI. The new Prostate
Imaging–Recurrence Reporting criteria were not used for interpretation
as these had not been validated at the time of analysis (16).

Reference Test
All patients underwent biopsy to confirm recurrence with a view to

offering salvage local treatment. All had bilateral sampling of the

peripheral zone as the minimum via targeted or systematic cores. Of
35 patients, 33 (94%) underwent biopsy via the transperineal route.

Outcomes
Analyses were performed at the prostate hemigland level. The primary

outcomes were the diagnostic accuracy metrics of PET/CT versus MRI
and of PET/CT with MRI compared with MRI alone. When PET/CT and
MRI were used together, if either modality detected a suspicious lesion,
the test was deemed positive. Figures 2–4 illustrate comparative examples.

Several secondary outcomes were analyzed. First, the proportion of
hemiglands correctly classified by each modality, the proportion of
cancers missed by each modality, and the number of cancers missed
by MRI but detected by PET/CT were compared. Second, the charac-
teristics of cancers detected by PET/CT versus undetected cancers
were compared. Third, the optimal SUVmax cut point was determined
that would maximize sensitivity and specificity for detecting cancer.
The accuracy of other SUVmax cut points in 1.0 increments between
2.0 and 15.0 was also evaluated.

Because the role of Gleason grading after radiotherapy is not well
established, analyses focused on detecting cancer of any grade and
length (any cancer). Analyses were also performed with clinical signif-
icance definitions used in the primary diagnostic setting: a grade group
of at least 3 or maximum cancer core length of at least 6mm (defini-
tion 1), and a grade group of at least 2 or maximum cancer core length
of at least 4mm (definition 2) (17). Patients were excluded from calcu-
lations if an undeterminable grade or maximum cancer core length
meant it was not possible to apply the definition.

As a sensitivity analysis, outcomes were recalculated using a Likert
threshold of at least 4 for 68Ga-PSMA-11 PET/CT. Analyses were
also performed at the whole-gland level (Appendix 1; Supplemental
Tables 7–10; Supplemental Figs. 3 and 4 [supplemental materials are
available at http://jnm.snmjournals.org]).

Statistical Analysis
Interreader agreement for Likert scores was determined by calculat-

ing Cohen k. For calculating diagnostic accuracy at the hemigland
level, to account for nonindependent data among individual patients,
cluster bootstrapping with 1,000 resamples was performed to generate
a 95% CI. Sensitivity and specificity were compared between diagnos-
tic tests using the McNemar test (18). Positive predictive values
(PPVs) and NPVs were compared using a general estimating equation
logistic regression model (19).

For comparison of proportions of hemiglands correctly classified
and cancers missed, the Fisher exact test was used. The 95% CIs were
calculated using the adjusted Wald method.

To compare characteristics between imaging-detected and -undetected
cancers, the Fisher exact test was used for categoric variables, the Wil-
coxon rank-sum test for continuous variables, and the x2 test for trends
in ordinal variables.

For determining optimal SUVmax cut points, receiver-operating-
characteristic curve analyses were performed and the curves plotted.
Cluster bootstrapping was used to generate a 95% CI. Smoothed
receiver-operating-characteristic curves were plotted from bootstrapped
samples. SUVmax here referred to the highest value of the standard and
delayed acquisitions.

All analyses were performed with R version 4.2.2. Statistical signif-
icance was set as a P value of less than 0.05.

RESULTS

Cohort Description
Thirty-five men (35 scans; 70 hemiglands) were included in this

analysis. Figure 5 gives exclusion reasons. Table 1 describes
cohort characteristics.

FIGURE 1. Explanation and examples for 5-point Likert system used for
PET/CT interpretation.
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Primary Outcomes
Cancer was confirmed by biopsy in 43 of 70 hemiglands (61%),

with 37 of 65 (57%) and 40 of 67 (60%) harboring definition 1
and definition 2 cancer, respectively. Of the 70 (67%) hemiglands,
47 had a suspicious PET/CT (Likert score of 3–5) and 41 of
70 (59%) had a suspicious MRI. When both modalities were used
together, 57 of 70 (79%) hemiglands were deemed suspicious.
On categorizing Likert scores as 1–2 versus 3–5, there was sub-

stantial interrater agreement (k 5 0.65; 95% CI, 0.48–0.83). Table 2
details the diagnostic accuracy metrics. For detection of any cancer,
PET/CT sensitivity was 0.89 (95% CI, 0.78–0.98), which was
not significantly different from MRI (0.72; 95% CI, 0.61–0.83;
P 5 0.1). Specificity was not significantly different between
PET/CT (0.67; 95% CI, 0.48–0.86) and MRI (0.64; 95% CI, 0.44–
0.83; P 5 0.8). Furthermore, neither PPV nor NPV was significantly
different between modalities.

When both modalities were used
together, sensitivity was 0.98 (95% CI,
0.92–1.00) and the NPV was 0.93 (95% CI,
0.75–1.00), both significantly higher than
with MRI alone (P 5 0.003 and P , 0.001,
respectively). Specificity was 0.45 (95% CI,
0.27–0.67), and PPV was 0.74 (95% CI,
0.61–0.87), which were not significantly
different from the results with MRI alone
(P5 0.07 and 0.6, respectively).
For definition 1 and definition 2 cancers,

the diagnostic metrics for each modality
used alone were comparable to detection of
any cancer, with no significant differences
detected (Table 2). When modalities were
used together, sensitivity and NPV were
again significantly higher than with MRI
alone. For definition 1 only, the specificity
of the combined modalities (0.44; 95% CI,
0.27–0.63) was significantly reduced versus
MRI (0.65; 95% CI, 0.46–0.84; P 5 0.04).
PPV estimates were not significantly differ-
ent for either definition.

Supplemental Table 1 details the diagnostic accuracy metrics
when the Likert score threshold was increased to at least 4. Sub-
stantial interrater agreement remained when categorizing Likert
scores here as 1–3 versus 4–5 (k 5 0.72; 95% CI, 0.55–0.88).
With this new threshold, 40 of 70 (57%) and 52 of 70 (74%)
hemiglands were suspicious on PET/CT alone and on PET/CT
with MRI, respectively. Similar to a Likert threshold of at least 3,
diagnostic metrics were not significantly different between
PET/CT alone and MRI. However, when used together, sensitivity
and NPV were significantly higher than with MRI alone. These
patterns were preserved for all cancer definitions.

Secondary Outcomes
MRI missed 12 of 43 cancers (28%; 95% CI, 17%–43%), and

PET/CT missed 5 of 43 (12%; 95% CI, 5%–25%), a nonsignificant
difference (P 5 0.1; Supplemental Table 2). Although 11 of 12

cancers (92%; 95% CI, 62%–100%) were
missed by MRI, they were detected by
PET/CT. For definition 1 and definition 2,
8 of 9 (89%; 95% CI, 54%–100%) and 9
of 10 (90%; 95% CI, 57%–100%) tumors
undetected by MRI were detected by
PET/CT. With a Likert threshold of at least
4, PET/CT detected 75%–80% of MRI-
missed cancers (Supplemental Table 3).
Aside from SUVmax, there were no sig-

nificant differences observed with regard to
tumor characteristics for cancers detected
and undetected by PET/CT (Supplemental
Table 4). These results were consistent
when a Likert threshold of at least 4 was
used (Supplemental Table 5).
Supplemental Figure 1 details the char-

acteristics of the 5 tumors undetected by
PET/CT. All PET/CT examinations were
performed on a Biograph 64 scanner.
Three of these had cancer detected in the
contralateral hemigland both on PET/CT

FIGURE 2. Comparison of 68Ga-PSMA-11 PET/CT (positive) and mpMRI (positive). Patient was
reimaged 6.3 y after diagnosis, had current prostate-specific antigen of 3.1 ng/mL, and was previ-
ously treated with external-beam radiotherapy and neoadjuvant and adjuvant androgen deprivation
therapy. On PET/CT, right apex demonstrated Likert score 5/5 lesion with SUVmax of 11.1. MRI dem-
onstrated corresponding restricted diffusion with intense contrast enhancement. Targeted biopsy
revealed grade group 3 cancer with maximum cancer core length of 15mm. ADC 5 apparent diffu-
sion coefficient; DCE5 dynamic contrast enhancement.

FIGURE 3. Comparison of 68Ga-PSMA-11 PET/CT (positive) and mpMRI (negative). Patient was
reimaged 16.2y after diagnosis, had current prostate-specific antigen of 4.6ng/mL, and was previously
treated with low–dose-rate brachytherapy. On PET/CT, right mid gland and base demonstrated Likert
score 5/5 lesion with SUVmax of 9.1. MRI interpretation was hindered by artifact from right hip replace-
ment and brachytherapy seeds. Targeted biopsy revealed grade group 3 cancer with maximum cancer
core length of 1mm. ADC5 apparent diffusion coefficient; DCE5 dynamic contrast enhancement.
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and on biopsy, with 1 of these likely reflecting midline extension
of a medial tumor contralaterally. All 5 undetected tumors fulfilled
definition 1 criteria (grade group $ 3 or maximum cancer core
length $ 6mm), the most stringent clinical significance definition
used. One patient had received adjuvant androgen deprivation
therapy at the time of the PET/CT imaging; 2 patients had not,
and for 2 patients, these data were not available. No tumor dis-
played neuroendocrine differentiation.
Figure 6 displays the receiver-operating-characteristic analysis

to determine optimal SUVmax cut points; Supplemental Table 6
and Supplemental Figure 2 detail the diagnostic accuracy metrics
for these cut points. With SUVmax, the area under the curve for
any cancer was 0.83 (95% CI, 0.71–0.92); for definition 1, it
was 0.81 (95% CI, 0.69–0.90), and for definition 2, it was 0.82
(95% CI, 0.71–0.92). For all definitions, an SUVmax of 4.4 yielded
the greatest combination of sensitivity and specificity. With this
cut point, across cancer definitions, sensitivity ranged from 0.84 to
0.86, specificity from 0.79 to 0.82, PPV from 0.85 to 0.88, and
NPV from 0.48 to 0.78.

DISCUSSION

Summary
68Ga-PSMA-11 PET/CT has high sensi-

tivity and modest specificity for detecting
intraprostatic radiorecurrent cancer mea-
sured against biopsy. mpMRI also has
good sensitivity with comparatively lower
specificity, consistent with FORECAST
findings (6). The use of both modalities
together, however, conferred a signifi-
cantly greater sensitivity and NPV than
with MRI alone across all cancer defini-
tions. Notably, 89%–92% of cancers
missed by MRI were detected by PET/CT
imaging. Within the limitations of our
small, highly selected cohort, these data
suggest that using 68Ga-PSMA-11 PET/CT
and mpMRI together could be an excellent
tool for ruling out local failure after radio-
therapy. An inherent further advantage of
68Ga-PSMA-11 PET/CT is its established
utility in detecting extraprostatic spread. A
concern raised, in contrast, is that the low

specificity across modalities indicates these tests do produce many
false-positive results. PPV, however, was fair when both modalities
were used together (0.70–0.74).
Pathologic characteristics were not significantly different

between PET/CT-detected and -undetected tumors in this small
cohort. This remains an area needing investigation in larger studies
(10). Nonetheless, all 5 tumors that PET/CT missed satisfied defi-
nition 1 criteria and, at least in the primary diagnostic setting,
would be deemed aggressive tumors.
An optimal SUVmax cut point of 4.4 across each cancer defini-

tion conferred high sensitivity and specificity. This cut point could
represent a useful metric for quantitative image assessment.

Comparison to Literature
Our results are comparable to primary diagnostic data. For

detection of cancer with a grade group of at least 2, the PRIMARY
trial determined 68Ga-PSMA-11 PET/CT to have a sensitivity
of 0.90, a specificity of 0.50, a PPV of 0.69, and an NPV of
0.80 (13). When combined with mpMRI, the sensitivity was 0.97,

with a specificity of 0.40, a PPV of 0.67,
and an NPV of 0.91. Sensitivity and
NPV compared between PET/CT and
MRI alone were not significantly different;
however, the sensitivity and NPV of the
combined modalities were significantly
greater than with MRI alone.
PSMA PET/CT is increasingly used

after radiotherapy and is advocated by the
European guidelines (8). However, rele-
vant data are mostly weak as many studies
omit a histologic reference standard (12).
This is problematic; false positives are
common in the irradiated prostate as we
also demonstrate in our own data, often
due to faint-to-moderate prostatic uptake
and inflammation (20). Furthermore, when
histologic data are provided, these are fre-
quently and inappropriately amalgamated

FIGURE 4. Comparison of 68Ga-PSMA-11 PET/CT (negative) and mpMRI (positive). Patient was
reimaged 4.8 y after diagnosis, had current prostate-specific antigen of 2.4 ng/mL, and was previ-
ously treated with external-beam radiotherapy and neoadjuvant androgen deprivation therapy. MRI
demonstrated restricted diffusion in right mid gland. In this region, PET/CT was scored as Likert 1/5,
with SUVmax of 2.1. Targeted biopsy revealed cancer with maximum cancer core length of 6mm.
Gleason grading was not possible because of irradiation effect. ADC5 apparent diffusion coefficient;
DCE5 dynamic contrast enhancement.

FIGURE 5. Flowchart outlining eligibility process. PSA5 prostate-specific antigen.

382 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 65 ! No. 3 ! March 2024



with histologic data from postprostatectomy patients or extrapro-
static sites (12).
A 2022 review by our group identified just 3 studies presenting

histology-verified prostatic imaging findings after PSMA PET/CT
for radiorecurrence (12). Our findings are concordant, principally
in that PSMA PET/CT with or without mpMRI has high sensitiv-
ity for detecting radiorecurrent disease. In a German retrospective
68Ga-PSMA-11 series of 50 patients undergoing salvage radical
prostatectomy, sensitivity on a hemigland basis was 81% and

specificity was 67% (21). The method of PET/CT interpretation,
however, was not reported. In an Australian retrospective 68Ga-
PSMA-11 series (n 5 267), 33 of 90 patients with isolated local
recurrence on PET/CT underwent biopsy, conferring a sensitivity
of 85% (22). Local recurrence here was defined as a moderately or
intensely avid lesion with an SUVmax of at least 3.0. A third, pro-
spective, American 18F-DCFPyL series (n 5 30) reported positive
intraprostatic lesions in 15 patients, defined as uptake above back-
ground. Three of the 15 patients underwent prostate biopsy, with
recurrence confirmed in all (sensitivity, 100%) (23). Since this
review, a Dutch group has published prospective data from 41
men undergoing biopsy for a suggestive focus on both 68Ga-
PSMA-11 PET/CT and mpMRI (24). Using both modalities in
conjunction, sensitivity was 100% at the whole-gland level with 1
false-positive reading (PPV, 98%). This study defined a positive
intraprostatic lesion as focal increased uptake. Importantly, in all 4
studies, biopsy was performed only in patients with a positive
PET/CT image. In contrast, our study included 4 patients with
negative PET/CT, and the use of a hemigland analysis also
increased the number of units for analysis with negative imaging.
Furthermore, only the last study evaluated the performance of
mpMRI alongside PET/CT, a central element of our analysis (23).

Implications for Practice
Many patients with radiorecurrence are managed with watchful

waiting or androgen deprivation therapy. The latter carries bother-
some side effects and potentially serious adverse events, with
castration-resistant disease developing after 2–3 y, necessitating
expensive second- and third-line treatments (25).
One study of 128 radiorecurrent patients with positive 68Ga-

PSMA-11 PET/CT imaging from 3 prospective trials observed
that 36% had uptake confined to the prostate only (26). For these
patients, some centers offer salvage radical prostatectomy or reir-
radiation. Though effective, these can have considerable toxicity.
This is particularly the case for radical prostatectomy, which can
lead to erectile dysfunction in nearly all patients, urinary inconti-
nence in 80% of patients, and rectal injury in 5%–10% of patients
(5,27). An emerging alternative is salvage focal ablation, for
example, with high-intensity focused ultrasound or cryotherapy,
which targets the recurrent lesion or lesions alone. Early data sug-
gest that this approach provides good early disease control compa-
rable to whole-gland treatments but with reduced toxicity (5,6).
Patient selection for focal ablation is crucial; beyond establishing

the presence of localized recurrence, meticulous mapping of disease
is needed for treatment planning (7). In this context, our findings
suggest that 68Ga-PSMA-11 PET/CT and mpMRI, if both negative,
can convincingly rule out intraprostatic recurrence. Furthermore, the
FORECAST trial demonstrated that MRI and MRI-targeted biopsy
misses 8% of cancers (6); our results show that 68Ga-PSMA-11
PET/CT does detect most tumors missed by MRI. Given that per-
forming both mpMRI and 68Ga-PSMA-11 PET/CT is advocated by
guidelines for restaging men with suspected radiorecurrence, we
therefore recommend that intraprostatic findings from each imaging
modality should be integrated to improve diagnostics (8).

Limitations
Our study is a small, single-center retrospective cohort. How-

ever, our cohort does include patients referred from elsewhere for
68Ga-PSMA-11 PET/CT and salvage focal ablation. Furthermore,
our cohort size is comparable to the aforementioned studies,
reflecting the paucity of radiorecurrence patients undergoing

TABLE 1
Characteristics of Included Patients (n 5 35)

Characteristic Data

At original diagnosis

Age (y) 63.1 (58.9–68.3)

PSA known (ng/mL) 16.9 (9.8–34.2)

PSA unknown 9

Grade group

1 7 (24%)

2 9 (31%)

3 5 (17%)

4 5 (17%)

5 3 (10%)

Unknown 6 (17%)

Tumor stage

T1 3 (12%)

T2 10 (42%)

T3 11 (46%)

Unknown 11 (46%)

At time of PET/CT

Age (y) 72.4 (68.4–75.5)

Time between diagnosis and
PET/CT (y)

7.2 (5.9–10.7)

Primary radiotherapeutic treatment

EBRT 30 (86%)

HDR brachytherapy and EBRT 2 (6%)

LDR brachytherapy 3 (9%)

Hormone use during primary treatment

Adjuvant 8 (30%)

Neoadjuvant 7 (26%)

Neoadjuvant and adjuvant 9 (33%)

Nil 3 (11%)

Unknown 8

Phoenix criteria met 24 (83%)

Unknown whether Phoenix
criteria met*

6

PSA (ng/mL) 3.80 (2.60–5.53)

*PSA nadir unavailable.
PSA 5 prostate-specific antigen; EBRT 5 external beam

radiotherapy; HDR 5 high dose rate; LDR 5 low dose-rate.
Qualitative data are number and percentage; continuous data

are median and interquartile range.
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biopsy and the paucity of patients subsequently undergoing sal-
vage focal ablation (5,12,21–24).
Although we have included patients with negative imaging, in

contrast to previous studies, our use of a biopsied cohort does con-
fer some selection bias. Ultimately, this cohort comprises patients
in whom extraprostatic disease has been ruled out and who are
both fit and willing to undergo salvage intervention, having
already undergone radiotherapy several years previously. On a

related note, biopsy protocols were not uniform, and therefore,
bias may arise from this, although the majority were transperineal
and all included bilateral sampling sufficient for prostate mapping.

Further Research
Biopsy verification should be a core element of future studies,

which should also be designed to overcome the aforementioned
limitations (12). We believe our preliminary data encourage devel-
opment of a well-designed, paired-cohort, multicenter prospective
study that offers template biopsies to patients both with and without
a positive PET/CT or MRI, similar to the FORECAST trial (6).
This would be vital to establish confidence in PET/CT for ruling
out local failures. Although we have included men undergoing
biopsy with nonsuspicious PET/CT and MRI, previous studies
have offered biopsy only to patients with positive imaging (21–24).
Granular histologic data in larger cohorts will also enable better
characterization of tumors that are not visible on imaging.
Other considerations also need investigation. First, work into the

feasibility of PET/CT-targeted biopsies is needed. Second, 68Ga-
PSMA-11 interpretation is not standardized. Validation of the
recently published 5-point PRIMARY score in the radiorecurrence
setting should be considered (15). Furthermore, small validation
studies have shown the potential of the 5-point Prostate Imaging–
Recurrence Reporting score in improving MRI interpretation after
radiotherapy (16,28). Prostate Imaging–Recurrence Reporting vali-
dation was not the focus of our work but certainly warrants future
study. Last, although research into hybrid PET/MRI remains at a
preliminary stage, future work should aim to compare its perfor-
mance against PET/CT and MRI in this setting.

CONCLUSION

68Ga-PSMA-11 PET/CT confers high sensitivity for detecting
intraprostatic recurrences that are not significantly different from

TABLE 2
Diagnostic Metrics for Imaging Modalities

Metric 68Ga-PSMA-11 PET/CT mpMRI P* 68Ga-PSMA-11 PET/CT and mpMRI P†

Any cancer

Sensitivity 0.89 (0.78–0.98) 0.72 (0.61–0.83) 0.1 0.98 (0.92–1.00) 0.003

Specificity 0.67 (0.48–0.86) 0.64 (0.44–0.83) 1 0.45 (0.27–0.67) 0.07

PPV 0.81 (0.67–0.93) 0.76 (0.62–0.90) 0.4 0.74 (0.61–0.87) 0.6

NPV 0.79 (0.62–0.95) 0.59 (0.41–0.75) 0.07 0.93 (0.75–1.00) ,0.001

Definition 1 cancer

Sensitivity 0.87 (0.75–0.97) 0.76 (0.64–0.86) 0.4 0.97 (0.91–1.00) 0.01

Specificity 0.65 (0.47–0.83) 0.65 (0.46–0.84) 1 0.44 (0.27–0.63) 0.04

PPV 0.77 (0.60–0.90) 0.74 (0.59–0.89) 0.7 0.70 (0.54–0.84) 0.3

NPV 0.79 (0.62–0.95) 0.67 (0.48–0.83) 0.3 0.93 (0.75–1.00) 0.006

Definition 2 cancer

Sensitivity 0.88 (0.77–0.97) 0.75 (0.64–0.86) 0.3 0.98 (0.92–1.00) 0.007

Specificity 0.67 (0.48–0.86) 0.64 (0.44–0.83) 1 0.45 (0.27–0.67) 0.07

PPV 0.80 (0.65–0.93) 0.76 (0.61–0.90) 0.5 0.73 (0.58–0.86) 0.5

NPV 0.79 (0.62–0.95) 0.63 (0.45–0.80) 0.2 0.93 (0.75–1.00) 0.002

*Comparison of PET/CT against MRI.
†Comparison of PET/CT and MRI combined against MRI alone.
Data in parentheses are 95% CI.

FIGURE 6. Smoothed receiver-operating-characteristic curves plotted
for each cancer definition based on SUVmax.
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mpMRI when measured against biopsy. However, using 68Ga-
PSMA-11 PET/CT and mpMRI together leads to a significantly
greater sensitivity and NPV than mpMRI alone. This may be a
useful tool for the diagnosis of localized radiorecurrence and thus
the selection of patients for salvage focal ablation.
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KEY POINTS

QUESTION: What is the diagnostic performance of 68Ga-PSMA-11
PET/CT compared with mpMRI for detecting intraprostatic
radiorecurrent prostate cancer?

PERTINENT FINDINGS: 68Ga-PSMA-11 PET/CT alone had high
sensitivity when measured against biopsy. However, combining
findings from 68Ga-PSMA-11 PET/CT and mpMRI led to a
significantly higher sensitivity and NPV than did mpMRI alone.

IMPLICATIONS FOR PATIENT CARE: Using 68Ga-PSMA-11
PET/CT and mpMRI together may be excellent for ruling out
intraprostatic radiorecurrence.
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Radioimmunoconjugates targeting human epidermal growth factor
receptor 2 (HER2) have shown potential to noninvasively visualize
HER2-positive tumors. However, the stochastic approach that has
been traditionally used to radiolabel these antibodies yields poorly
defined and heterogeneous products with suboptimal in vivo perfor-
mance. Here, we describe a first-in-human PET study on patients with
HER2-positive breast cancer evaluating the safety, biodistribution,
and dosimetry of 89Zr-site-specific (ss)-pertuzumab PET, a site-
specifically labeled radioimmunoconjugate designed to circumvent
the limitations of random stochastic lysine labeling. Methods: Six
patients with HER2-positive metastatic breast cancer were enrolled in
a prospective clinical trial. Pertuzumab was site-specifically modified
with desferrioxamine (DFO) via a novel chemoenzymatic strategy and
subsequently labeled with 89Zr. Patients were administered 74MBq of
89Zr-ss-pertuzumab in 20mg of total antibody intravenously and
underwent PET/CT at 1 d, 3–4 d, and 5–8 d after injection. PET imag-
ing, whole-body probe counts, and blood draws were performed to
assess the pharmacokinetics, biodistribution, and dosimetry.Results:
89Zr-ss-pertuzumab PET/CT was used to assess HER2 status and
heterogeneity to guide biopsy and decide the next line of treatment at
progression. The radioimmunoconjugate was able to detect known
sites of malignancy, suggesting that these tumor lesions were HER2-
positive. The optimal imaging time point was 5–8 d after administration,
and no toxicities were observed. Dosimetry estimates from OLINDA
showed that the organs receiving the highest doses (mean6 SD) were
kidney (1.860.5 mGy/MBq), liver (1.76 0.3 mGy/MBq), and heart wall
(1.26 0.1 mGy/MBq). The average effective dose for 89Zr-ss-pertuzu-
mab was 0.546 0.03 mSv/MBq, which was comparable to both
stochastically lysine-labeled 89Zr-DFO-pertuzumab and 89Zr-DFO-tras-
tuzumab. One patient underwent PET/CT with both 89Zr-ss-pertuzumab
and 89Zr-DFO-pertuzumab 1mo apart, with 89Zr-ss-pertuzumab
demonstrating improved lesion detection and higher tracer avidity.

Conclusion: This study demonstrated the safety, dosimetry, and
potential clinical applications of 89Zr-ss-pertuzumab PET/CT. 89Zr-
ss-pertuzumab may detect more lesions than 89Zr-DFO-pertuzumab.
Potential clinical applications include real-time evaluation of HER2
status to guide biopsy and assist in treatment decisions.

KeyWords:breast cancer; HER2; immuno-PET; radioimmunoconjugates
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Over the past 2 decades, human epidermal growth factor
receptor 2 (HER2) has emerged as a critical prognostic biomarker
in patients with metastatic breast cancer (mBC), as well as a vital
target for therapeutics such as trastuzumab and pertuzumab. HER2
status is traditionally determined via immunohistochemistry (IHC)
for protein expression or in situ hybridization for gene amplifica-
tion (1). Determining HER2 status via single-site biopsies is
indeed useful and remains the gold standard for qualifying patients
for HER2-targeted therapies. However, this approach inevitably
fails to capture intertumoral HER2 expression heterogeneity, and
biopsies from multiple lesions are not feasible or routinely per-
formed in clinical practice. In fact, HER2 discordance between
primary and metastatic tumors can be as high as 25% (2), and the
limitations of single-site biopsies for heterogeneity may in part
explain the mixed or discordant responses in some patients with
HER2-positive mBC to HER2-targeted therapies.
To address these challenges, PET imaging with radiolabeled

HER2-targeted antibodies was developed as a noninvasive approach
to evaluate HER2 expression in both primary tumors and metastatic
lesions, thereby providing a snapshot of receptor heterogeneity
throughout the body. In 2010, Dijkers et al. from the University of
Groningen introduced HER2 PET by evaluating 89Zr-trastuzumab
PET in mBC patients (3). This group’s pioneering work continued
in subsequent studies, including investigating 89Zr-trastuzumab to
assess HER2 heterogeneity and predict response to trastuzumab
emtansine in the ZEPHIR trial (4) and to assist in clinical decision-
making when HER2 status could not be determined (5). More
recently, Dehdashti et al. showed that 89Zr-trastuzumab PET could
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discriminate between HER2-positive and HER2-negative lesions in
mBC patients (6). Our group has performed several clinical trials to
evaluate HER2-targeted PET radiotracers in both breast and gastro-
esophageal cancers (7–12), beginning with 89Zr-desferrioxamine
(DFO)-trastuzumab (7–9,12) and then 89Zr-DFO-pertuzumab (10,11).
These studies demonstrated the clinical potential of HER2 PET for
detecting HER2-positive tumor lesions, evaluating HER2 heterogene-
ity, and identifying occult HER2-positive lesions in patients with
HER2-negative breast cancer (7–12).
Several weaknesses of 89Zr-labeled HER2-targeting PET tracers

have been elucidated over the last decade, including absent or low
uptake in HER2-positive metastases (false negatives), as well as high
background uptake in the liver and bone marrow that reduces sensitiv-
ity for detecting HER2-positive lesions. In addition, a high rate of
false positives for HER2-positive tumor was observed in patients who
subsequently underwent biopsy of tracer-avid lesions (7,8,11).
One possible route to improving the performance of 89Zr-labeled

HER2-targeting PET tracers is site-specific (ss) modification. In gen-
eral, radioimmunoconjugates are created by randomly attaching che-
lators, for example DFO, to lysines within the antibody and then
labeling the resultant immunoconjugate with the radiometal of
choice, for example 89Zr. However, because antibodies have upward
of 40 lysines distributed through their macromolecular structure, this
approach—although undeniably facile—inevitably produces poorly
defined and complex heterogeneous mixtures of regioisomers that
can exhibit suboptimal in vitro and in vivo behavior, including atten-
uated immunoreactivity and increased uptake in nontarget tissues
(13,14). Although pertuzumab does contain lysine residues within its
complementarity-determining regions (15), the antibody was chosen
for this investigation because a stochastically labeled variant—89Zr-
DFO-pertuzumab—has already been clinically translated and thus
could provide a point of reference for the clinical performance of the
site-specifically modified radioimmunoconjugate.
Over the last several years, we have developed and validated a

novel chemoenzymatic method for the synthesis of well-defined
and homogeneous radioimmunoconjugates (14,16,17). This strategy
relies on a pair of enzymes—EndoS and GalT(Y289L)—to incorpo-
rate azide-containing sugars into the heavy-chain glycans of the anti-
body’s Fc region and then leverages the strain-promoted azide-alkyne
cycloaddition click reaction to attach dibenzocyclooctyne-bearing
chelators to these artificial sugars (14). Using this methodology, we
have previously synthesized 89Zr-ss-pertuzumab in high yield and
high specific activity and demonstrated its homogeneity, immunore-
activity, and stability. Furthermore, in preclinical models of HER2-
positive breast cancer, 89Zr-ss-pertuzumab exhibited excellent in vivo
behavior, in several cases surpassing that of its traditionally synthe-
sized progenitor, stochastically lysine labeled 89Zr-DFO-pertuzumab
(16). Yet despite these clear advantages, a site-specifically modified
radioimmunoconjugate has never, to the best of our knowledge, been
translated to the clinic. Here, we present the results of a first-in-
human clinical trial of 89Zr-ss-pertuzumab in HER2-positive mBC
patients focused on the safety, pharmacokinetic profile, dosimetry,
and potential clinical applications of this site-specifically modified
radioimmunoconjugate.

MATERIALS AND METHODS

Study Design
This study was a prospective, single-center, single-arm, and open-

label imaging trial. The study protocol was approved by the Memorial
Sloan Kettering Cancer Institutional Review Board and was registered

with the National Library of Medicine (ClinicalTrials.gov identifier
NCT04692831). All patients gave written informed consent.

Patients
Patients with HER2-positive mBC were identified and recruited

from the breast medical oncology clinics. HER2 status was defined
according to American Society of Clinical Oncology/College of Amer-
ican Pathologist guidelines (1), with HER2-positive defined as an
HER2 IHC score of 31 or an IHC score of 21 with HER2 amplifica-
tion on fluorescence in situ hybridization (FISH) as defined by a
HER2–to–CEP17 ratio of at least 2.0. Tumor samples with an IHC
score of 0, 11, or 21 and FISH-negative were defined as HER2-
negative. Inclusion criteria were adult patients (.18 y old) with
biopsy-proven HER2-positive primary malignancy or metastatic dis-
ease; biopsy-proven metastatic disease; at least 5 malignant lesions on
CT, MRI, or 18F-FDG PET/CT within 60 d of the protocol; and an
Eastern Cooperative Oncology Group performance score of 0–2 (18).
Exclusion criteria were creatinine more than 2 times the normal limit,
aspartate transaminase or alkaline phosphatase more than 2 times the
normal limit within 8 wk, life expectancy of less than 3mo, pregnancy
or lactation, and patients who could not undergo PET/CT.

Preparation of 89Zr-ss-Pertuzumab
89Zr-ss-pertuzumab was manufactured by the Memorial Sloan Ket-

tering Radiochemistry and Molecular Imaging Probes Core Facility in
compliance with a U.S. Food and Drug Administration Investigational
New Drug application (investigational new drug 153644). Clinical-
grade pertuzumab (Perjeta; Genentech) was site-specifically modified
with DFO and then radiolabeled with 89Zr, a positron-emitting radio-
metal with a 78.4-h radioactive half-life. The conjugation was per-
formed using a previously described methodology (12) in which a pair
of enzymes, EndoS and GalT(Y289L) (Thermo Fisher Scientific), was
used in conjunction with bioorthogonal click chemistry to append
DFO to the heavy-chain glycans of the Fc region’s CH2 domain (14).
The final drug product, 89Zr-ss-pertuzumab, underwent quality control
testing before batch release for patient administration, to ensure con-
formance with specifications for radiochemical purity, radioimmunor-
eactivity, endotoxin content, sterilizing filter integrity, pH, visual
appearance, radionuclidic identity verification, and sterility testing.

Administration of 89Zr-ss-Pertuzumab
All patients received 74 MBq 6 10% of 89Zr-ss-pertuzumab intra-

venously in 20mg of total antibody mass with an approximate mass
ratio of 18mg of cold, nonradiolabeled antibody and 2mg of
89Zr-labeled antibody. After placement of an intravenous line, nonra-
diolabeled and unmodified pertuzumab was administered over 5min
to help reduce nonspecific uptake as previously described for HER2-
targeted PET tracers (3,7). Then, 89Zr-ss-pertuzumab was adminis-
tered as an intravenous push. The line was primed and subsequently
flushed with 5% human serum albumin solution. Patients were moni-
tored for 2 h after administration and subsequently with a follow-up
phone call by a study physician 1–3 d later. Any adverse effects were
graded using the Common Terminology Criteria for Adverse Events
(version 4).

89Zr-ss-Pertuzumab PET/CT Imaging
All patients returned for serial PET/CT imaging at 1, 3–4, and 5–8 d

after administration. Patients underwent PET/CT from the top of the
skull to the mid thigh on a dedicated research PET/CT scanner (Discov-
ery PET/CT 710; GE Healthcare), with low-dose CT (80mA) for atten-
uation correction and lesion localization. PET imaging was performed
at 6–7 bed positions with a total imaging time of no more than 1 h
(8min/bed position). Images were reconstructed using our standard
method with 3-dimensional ordered-subsets expectation maximization
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with 2 iterations, 16 subsets, and a postreconstruction gaussian filter of
7mm, as well as Q.clear reconstruction (GE Healthcare).

89Zr-ss-pertuzumab PET/CT images were interpreted by a nuclear
radiologist experienced in HER2-targeted PET. The interpreting radi-
ologist knew the patient’s clinical history and prior imaging results.
Physiologic uptake of 89Zr-ss-pertuzumab was expected in the blood
pool, liver, spleen, and kidneys on the basis of our experience with
89Zr-DFO-pertuzumab (10). Foci of radiotracer uptake in nonphysiolo-
gic areas and greater than adjacent background were considered posi-
tive for HER2-positive tumor. Three-dimensional volumes of interest
were drawn on the PET/CT images using a dedicated workstation
(Hermes Medical Solutions) over the cardiac blood pool, aortic arch,
and normal liver, kidney, spleen, and lung. In addition, for patients
with discernible uptake in the gastrointestinal tract or lesions, corre-
sponding volumes of interest were generated for the whole gastrointes-
tinal tract and up to 3 index lesions using a thresholding approach.
SUVs normalized to lean body mass were quantified.

Whole-Body and Serum Clearance Measurements
Whole-body clearance was determined by serial measurements of

count rate using a 12.7-cm-thick NaI(Tl) scintillation detector at a
fixed distance of 3m from the patient. Background-corrected geomet-
ric mean counts were obtained before and after the first voiding and
subsequently at the times of the PET scans. Count rates were normal-
ized to the immediate postinfusion value (taken as 100%) to yield rela-
tive retained activities (as a percentage).

Serial blood samples were obtained before radiotracer administra-
tion and at approximately 30min, 60min, and 2 h after administration
and on subsequent days of each PET scan (n 5 7 samples total).
Counts in aliquots of serum were obtained using a well-type detector
(Wallac Wizard 1480 g-counter; Perkin Elmer) and expressed as per-
centage injected activity per liter.

Monoexponential functions were fitted to the whole-body probe
data, and biexponential functions were fitted to the serum activity con-
centration data, using SAAM software (19). Time-integrated activity
coefficients (TIACs) for the whole body and for serum were deter-
mined from these data. Serum data were also used to determine phar-
macokinetic parameters, including concentration at time zero, the
distribution volume of the central compartment, area under the curve
(AUC), and systemic clearance. The total percentage injected activity
initially present in the serum was estimated by multiplying the per-
centage injected activity per liter in serum at time zero by the patient’s
estimated plasma volume determined from a nomogram (20).

Normal-Tissue Dosimetry
Normal-tissue dose estimates were derived as described previously

(9,21). In brief, the AUCs of image-derived activity concentration per
unit mass (kBq/g) were estimated by trapezoidal integration. Whole-organ

AUCs were estimated by multiplying the activity concentration AUCs
by the projected organ mass. TIACs were derived by dividing whole-
organ AUCs by the administered activity. Corresponding values for
heart contents and red marrow were estimated from the serum TIAC
(22). TIACs for the remainder of the body were derived by subtracting
all individually estimated TIACs from the whole-body TIAC. Thereaf-
ter, absorbed radiation doses to individual organs were estimated using
the OLINDA/EXM software application (23). Normal-tissue dosimetry
estimates for 89Zr-ss-pertuzumab were compared with published values
for 89Zr-DFO-pertuzumab and 89Zr-DFO-trastuzumab.

Statistics
Kinetic parameters and absorbed dose estimates were calculated for

each patient and summarized using descriptive statistics including
median or mean and SD.

RESULTS

Patient Characteristics
Between May 2021 and May 2022, 6 patients (5 female, 1 male;

median age, 51y; range, 41–69) with HER2-positive mBC com-
pleted the study protocol. All patients underwent serial imaging on
days 1, 3–5, and 6–8 after injection of 89Zr-ss-pertuzumab. Table 1
summarizes the patient characteristics.

Detection of Sites of Known Malignancy with
89Zr-ss-Pertuzumab PET
All patients had sites of malignancy determined on 18F-FDG

PET/CT performed within 60 d of study enrollment. Known osse-
ous metastatic disease was present in 5 patients, hepatic disease in
3 patients, nodal disease in 3 patients, lung disease in 2 patients,
and primary breast malignancy in 1 patient. 89Zr-ss-pertuzumab
PET scans were positive in 5 patients and negative in 1 patient.
Of 5 patients with positive scans, complete concordance between
18F-FDG- and 89Zr-ss-pertuzumab–avid lesions at sites of known
malignancy was observed in 2 patients. The 3 other patients dem-
onstrated HER2 intertumoral heterogeneity, with 5% concordance,
20% concordance, and 80% concordance in patients 4, 5, and 6,
respectively. Sites of known malignancy and 89Zr-ss-pertuzumab
PET detection are summarized in Table 1.

Adverse Events
All 6 patients underwent intravenous administration of 89Zr-ss-

pertuzumab. No related side effects were observed or reported.
The mean (6SD) of the administered mass of pertuzumab was
19.16 0.375mg (range, 18.5–19.5mg). The mean administered
activity was 73.1 MBq (range, 70.7–74.4 MBq). There were no

TABLE 1
Patient Characteristics

Patient no. Age (y) Sex

Avidity

Concordance18F-FDG 89Zr-ss-pertuzumab

1 50 F Nodal, hepatic, right lung Nodal, hepatic, right lung 100%

2 48 F Osseous Osseous 100%

3 41 F Right breast, nodal, hepatic, osseous None (interval treatment response) 0%

4 57 M Hepatic, osseous Osseous 7.4%

5 52 F Osseous, lung Solitary osseous (sternum) 20%

6 69 F Osseous, nodal Osseous 80%

388 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 65 ! No. 3 ! March 2024



adverse or clinically detectable pharmacologic effects in any of
the 6 subjects. No significant changes in vital signs were observed.

Pharmacokinetics
Whole-body and serum clearance conformed to mono- and

biexponential kinetics, respectively. Summed biologic clearance
data are shown in Figure 1, and summary statistics for the clear-
ance parameters are provided in Supplemental Table 1 (supple-
mental materials are available at http://jnm.snmjournals.org).

Biodistribution and Normal-Tissue Dose Estimates
Similar to other HER2-targeted PET radiotracers, the optimal

imaging time point for tumor visualization was 5–8 d after

administration, when the best contrast was observed between
tumor foci and background uptake. The early images at 1 d after
administration showed primarily blood pool, with little to no
observable uptake in tumor lesions. Lesion uptake gradually
increased with time and was highest at the last time point.
Uptake in all normal tissues except kidney decreased with
time. Kidney uptake continued to increase over the period of
observation.
Absorbed dose estimates for normal tissues are summarized in

Supplemental Table 2. The organs receiving the highest mean doses
were kidney (1.86 0.5 mGy/MBq), liver (1.76 0.3 mGy/MBq),
heart wall (1.26 0.1 mGy/MBq), and lung (1.26 0.2 mGy/MBq).

Comparison of 89Zr-ss-Pertuzumab Dosimetry with
89Zr-DFO-Pertuzumab and 89Zr-Trastuzumab Dosimetry
The average effective dose was 0.546 0.03 mSv/MBq, which

is the same as that reported for 89Zr-DFO-pertuzumab (0.546
0.07 mSv/MBq; P . 0.05) (10) but higher than that reported for
89Zr-trastuzumab (0.486 0.06 mSv/MBq; P , 0.05) (9). The
comparatively lower absorbed doses reported for 89Zr-trastuzumab
are likely related to the large fraction of male vs. female patients
(8 vs. 2) in the original esophagogastric cancer study. Figure 2
compares the biodistribution and absorbed dose estimates for the 3
HER2-targeting 89Zr-immuno-PET probes.

Tumor Imaging with 89Zr-ss-Pertuzumab PET/CT
Patient 1 had an estrogen receptor (ER)–positive, progesterone

receptor (PR)–positive, HER2-positive (IHC score, 21; FISH
ratio, 2.0) right-breast invasive ductal carcinoma (IDC) diagnosed
in 2016 and underwent mastectomy followed by adjuvant therapy.
In November 2020, she developed metastatic disease to the tho-
racic nodes and lungs. A subcarinal node was biopsied twice and
found to be HER2-negative (first biopsy: IHC score, 0; second
biopsy: IHC score, 21; FISH ratio, 1.2). She started taking ana-
strozole and palbociclib but subsequently developed disease pro-
gression with new hepatic metastases. Given the discordant HER2

results between the breast primary and the
metastatic disease, she was referred for
89Zr-ss-pertuzumab PET/CT to help select
a liver lesion for biopsy to maximize the
chances of HER2-positive disease and sub-
sequent HER2-targeted therapy. She had
thoracic nodes, liver lesions, and a right
lung nodule avid for 18F-FDG at enroll-
ment. There was gradually increasing
89Zr-ss-pertuzumab avidity of all lesions
on days 3 and 6, with no avidity above
the background level on day 1 (Fig. 3).
Decreasing background blood pool and
slightly decreasing liver uptake from days
1 to 6 allowed for optimal visualization of
lesions on day 6. The liver lesions were
the most avid, with a segment 4A/8 lesion
demonstrating an SUVmax of 11.4 (equal to
liver background), 20.7, and 35.0, on days 1,
3, and 6, respectively. The second most avid
liver lesion, in segment 6 (SUVmax, 30.0),
was selected for biopsy given the ease of
accessibility and high uptake. However,
the biopsy found the lesion to be HER2-
negative (IHC score, 11).

FIGURE 1. Summed whole-body and serum biologic clearance curves
for 89Zr-ss-pertuzumab in 6 patients. Error bars indicate SE of mean.
%ID/l5 percentage injected dose per liter; WB5 whole body.

FIGURE 2. Comparison of radiation dosimetry for HER2 immuno-PET radiotracers. ULI 5 upper
large intestinal.
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Patient 2 had an ER-positive, PR-positive, HER2-positive (IHC
score, 1–21; FISH ratio, 3.0) right-breast IDC diagnosed in 2018
and underwent lumpectomy. The patient declined adjuvant therapy
and developed right-breast, axilla, and bone recurrence in 2019,
with HER2-negative disease (IHC score, 11) in both breast and
bone. The patient received paclitaxel, trastuzumab, and pertuzu-
mab followed by maintenance trastuzumab and pertuzumab until
progression of bone metastasis in 2021. She then received trastu-
zumab emtansine for a few months with further bony progression.
Given the HER2 discordance, a repeat bone biopsy was planned,
and the patient was referred for 89Zr-ss-pertuzumab PET/CT to
help select a bone lesion. She had numerous 18F-FDG–avid osse-
ous lesions at enrollment, all with increasing 89Zr-ss-pertuzumab
avidity on days 1, 5, and 7. A right sacral lesion was the most avid
(SUVmax, 6.5, 20.7, and 22.3 on days 1, 5, and 7, respectively) and
was selected for biopsy. The sclerotic and most conspicuous compo-
nent of this right sacral lesion had the least tracer avidity, and 89Zr-
ss-pertuzumab PET/CT directed the CT-guided biopsy toward an
adjacent more avid component without a CT correlate. However,
biopsy showed HER2 negativity (IHC score, 1–21; FISH ratio,
1.3), and as a result, the patient received palbociclib, letrozole, and
leuprorelin instead of trastuzumab deruxtecan (T-DXd).
This patient also underwent both 89Zr-ss-pertuzumab PET/CT

and 89Zr-DFO-pertuzumab PET/CT 1mo apart during a treatment
holiday, with 89Zr-ss-pertuzumab PET/CT performed first. Repre-
sentative images (Fig. 4) show markedly improved lesion detection,
conspicuity, and intensity of tracer uptake by numerous osseous
lesions with 89Zr-ss-pertuzumab compared with 89Zr-DFO-pertuzumab.
For example, the total number of tracer-avid osseous lesions
visualized on 89Zr-ss-pertuzumab PET/CT was 55, versus 38 on
89Zr-DFO-pertuzumab PET/CT. For 89Zr-ss-pertuzumab versus
89Zr-DFO-pertuzumab, the SUVmax of the 3 hottest lesions was
22.3 versus 12.2, respectively, in the right sacrum, 15.5 versus

6.9, respectively, in L3, and 19.7 versus 8.9, respectively, in the
left humerus.
Patient 3 had an ER-positive, PR-positive, HER2-positive (IHC

score, 31) right-breast mixed ductal and lobular invasive carci-
noma diagnosed in 2021, with de novo metastatic disease to the
right axillary nodes, liver, and bones. A left iliac bone biopsy was
ER-positive, PR-positive, and HER2-positve (IHC score equivocal
because of crush artifact, but ERBB2 amplification on next-
generation sequencing). She had just completed her fourth cycle
of paclitaxel, trastuzumab, and pertuzumab before 89Zr-ss-pertuzu-
mab PET/CT. No tracer-avid lesions were visualized, and the lack
of 89Zr-ss-pertuzumab uptake in known metastatic lesions was
thought to be due to treatment response (as opposed to lack of
HER2 expression), as an 18F-FDG PET/CT shortly afterward
showed complete response with no 18F-FDG–avid disease.
Patient 4 had an ER-positive, PR-negative, HER2-positive

(IHC score, 21; FISH ratio, 2.6) left-breast IDC diagnosed in
2019, with metastatic disease to the bones. An L2 vertebral
metastasis was biopsied as HER2-negative (IHC score, 11). The
patient was started on paclitaxel, trastuzumab, and pertuzumab,
and the osseous metastasis progressed. Given the HER2 discor-
dance, a repeat HER2 FISH was performed on the primary
breast tumor and was HER2-negative (FISH ratio, 1.87). He
underwent multiple lines of therapy and had recently progressed
on trastuzumab and pertuzumab before being referred for 89Zr-
ss-pertuzumab PET/CT to assess the current HER2 status of
his disease and decide whether to continue HER2-targeted
therapy or switch to chemotherapy. At enrollment, he had
18F-FDG–avid diffuse osseous metastases and multiple hepatic
metastases. Of the diffuse osseous disease, only a few lesions
demonstrated only mild 89Zr-ss-pertuzumab avidity, and there
were no tracer-avid hepatic lesions. Since only a small percent-
age was HER2 PET–positive (concordance, 7.4%), he was

FIGURE 3. 50-y-old woman with HER2-positive mBC and known right
lung, thoracic nodal, and liver metastases. (A–C) Sequential maximum-
intensity projection PET images at 1 d (A), 3 d (B), and 6 d (C) after admin-
istration of 89Zr-ss-pertuzumab demonstrating gradually increasing uptake
in thoracic nodes (arrowheads) and hepatic lesions (arrows) over time.
Decreasing blood pool and slightly decreasing liver background uptake
was observed on serial imaging, with increasing kidney uptake. (D) Axial
89Zr-ss-pertuzumab PET/CT, CT, and PET images at 6 d demonstrating a
few avid hepatic lesions, of which segment 6 lesion (arrows) was selected
for biopsy.

FIGURE 4. 46-y-old woman with HER2-positive mBC and known osse-
ous metastases. (A) 18F-FDG maximum-intensity projection PET image
demonstrating numerous avid osseous metastases. (B and C) Maximum-
intensity projection PET images of 89Zr-ss-pertuzumab (B) and 89Zr-DFO-
pertuzumab (C) at 5 d after injection showing uptake within osseous
metastases; however, 89Zr-ss-pertuzumab detected more lesions and had
higher lesion conspicuity and intensity of tracer uptake. The 3 hottest
lesions with 89Zr-ss-pertuzumab and 89Zr-DFO-pertuzumab are denoted
with arrows. 89Zr-ss-pertuzumab PET/CT was performed 1mo before
89Zr-DFO-pertuzumab PET/CT.
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switched to chemotherapy with doxorubicin instead of HER2-
targeted therapy.
Patient 5 had an ER-negative, PR-negative, HER2-positive

(IHC score, 31) right-breast IDC diagnosed in 2011 and under-
went neoadjuvant chemotherapy and mastectomy followed by 1y of
adjuvant trastuzumab. In 2017, she was found to have pulmonary
nodules, one of which was biopsied and found to be HER2-positive
(IHC score, 31). She received multiple lines of HER2-targeted ther-
apy including paclitaxel, trastuzumab, and pertuzumab; trastuzumab
emtansine; and capecitabine and neratinib but subsequently devel-
oped brain and bone metastases. She was started on T-DXd and had
a partial response but was lost to follow-up for several months. She
was restarted on T-DXd but developed progression of 18F-FDG–
avid lung and bone metastases. The patient was referred for 89Zr-ss-
pertuzumab PET/CT to assess her current HER2 status and help
decide between further HER2-targeted therapy or chemotherapy.
HER2 PET heterogeneity was observed with 89Zr-ss-pertuzumab
avidity in a solitary sternal lesion on day 7 (SUVmax, 12.7), whereas
the remaining bone and lung lesions were not tracer-avid. Since at
least 1 lesion was tracer-avid, she was switched to another line of
HER2-targeted therapy with trastuzumab, capecitabine, and tucatinib.
Patient 6 had an ER-positive, PR-positive, HER2-positive (IHC

score, 21; FISH ratio, 2.1) left-breast IDC diagnosed in 2016 and
underwent neoadjuvant chemotherapy, lumpectomy, and radiation
followed by adjuvant letrozole. She was subsequently diagnosed
with metastases to the lung, neck and thoracic nodes, and sternum.
A left neck node was biopsied and found to be HER2-positive
(IHC score, 21; FISH ratio, 2.34). She was treated with several
lines of HER2-targeted therapy, with progression of the osseous
metastases and a subcarinal node. The patient was referred for
89Zr-ss-pertuzumab PET/CT to assess her current HER2 status and
help decide between further HER2-targeted therapy or chemother-
apy. HER2 PET heterogeneity was observed, with gradually
increasing 89Zr-ss-pertuzumab avidity in all bone lesions on days 1,
3, and 6 after injection (SUVmax of the most avid sternal lesions,
11.7, 18.5, and 34.4) but no uptake in a mildly 18F-FDG–avid
subcarinal nodal metastasis. Since most lesions demonstrated
89Zr-ss-pertuzumab avidity, she was switched to another line of
HER2-targeted therapy with trastuzumab, capecitabine, and tucatinib.

DISCUSSION

In this trial, we demonstrated the safety and investigated the
biodistribution and dosimetry of 89Zr-ss-pertuzumab. We also
showed that 89Zr-ss-pertuzumab successfully targets and visualizes
metastatic lesions in patients with HER2-positive mBC. To our
knowledge, this is first successful clinical translation of a site-
specifically radiolabeled antibody.
Similar to two other HER2-targeted immuno-PET agents, 89Zr-

DFO-trastuzumab and 89Zr-DFO-pertuzumab, the optimal imaging
time point for 89Zr-ss-pertuzumab was 5–8 d. Tumor uptake
increased over time, and concomitant decreases were seen in
the blood pool and liver background. The mean effective dose
of 89Zr-ss-pertuzumab (0.54 mSv/MBq) was equal to that of
89Zr-DFO-pertuzumab (0.54 mSv/MBq) (10) and comparable to
that of 89Zr-DFO-trastuzumab (0.48 mSv/MBq) (9). The biodistri-
bution and normal-tissue dosimetry of 89Zr-ss-pertuzumab were
also similar; however, 89Zr-ss-pertuzumab had the highest uptake
in the kidneys, whereas the other two had the highest uptake in the
liver. Otherwise, the dosimetry profile was relatively similar

among the 3 tracers. One patient (patient 2) underwent PET/CT
with both 89Zr-ss-pertuzumab and 89Zr-DFO-pertuzumab 1mo
apart during a treatment break, allowing for a preliminary compar-
ison between the site-specifically and stochastically lysine-labeled
radioimmunoconjugates. 89Zr-ss-pertuzumab showed tumor lesion
detection, conspicuity, and uptake superior to those of 89Zr-DFO-
pertuzumab in this patient, in keeping with the superior imaging
properties observed in preclinical models (23). Compared with
trastuzumab, radiolabeling of pertuzumab has advantages since
pertuzumab binds to a different site (extracellular domain II) on
the HER2 receptor from trastuzumab (domain IV) (24), preventing
the radioimmunoconjugate from interfering with drug binding in
breast cancer patients treated with trastuzumab-based agents.
However, radiolabeled pertuzumab may be limited in potential
applications such as predicting response to trastuzumab-based ther-
apy, including the newer HER2-targeted antibody–drug conjugates.
In our study, 89Zr-ss-pertuzumab PET/CT was used to assess

the current HER2 status of metastatic lesions to guide biopsy and
assist in deciding the next line of treatment. Although CT and
18F-FDG PET/CT are excellent in detecting tumor lesions in mBC
(25), these imaging modalities provide information only on the
presence or absence, size, and viability of tumor lesions, with no
information on their current receptor status. Thus, a potential
application of 89Zr-ss-pertuzumab PET/CT is to select a lesion to
biopsy in patients with more than 1 metastatic lesion. Lesion
selection is critically important, as one of the primary goals of tis-
sue sampling is to maximize the chances of identifying HER2-
positive disease so a patient can receive HER2-targeted therapy.
In the first 2 patients, 89Zr-ss-pertuzumab PET/CT helped select

lesions to biopsy, as patient 1 had more than 5 hepatic lesions and
patient 2 had more than 20 osseous lesions. In both patients, lesion
selection was based on 89Zr-ss-pertuzumab avidity and biopsy
feasibility. Surprisingly, both lesions were found to be HER2-
negative on pathology despite clear and intense tracer avidity
(SUVmax range, 22.3–30.0). One possible explanation of this phe-
nomenon is that 89Zr-ss-pertuzumab uptake does not necessarily
align with the historical binary definition of HER2 status per the
guidelines of the American Society of Clinical Oncology and the
College of American Pathologists. Rather, 89Zr-ss-pertuzumab
may be able to detect a wide array of HER2 expression levels and
thus may visualize both HER2-positive tumors and HER2-low
tumors (IHC score, 11, or 21 and FISH negative). This hypothe-
sis is in line with the recent findings of the DESTINY-Breast04
trial, which showed for the first time that HER2-targeted therapy
with T-DXd had efficacy in patients with HER2-low mBC (26),
thereby establishing HER2-low patients as a new and distinct pop-
ulation (26,27). This detection of HER2-low tumors may also in
part explain the false positives for HER2-positive malignancy in
our prior HER2 PET studies (7,8,11).
Another potential application for 89Zr-ss-pertuzumab PET/CT is

real-time assessment of intertumoral HER2 expression heterogene-
ity throughout all lesions to assist in deciding whether to continue
HER2-targeted therapy or change to chemotherapy at disease pro-
gression. In our study, 3 patients—patients 4, 5, and 6—underwent
89Zr-ss-pertuzumab PET for this reason. Patient 4 had positive
89Zr-ss-pertuzumab PET findings, but only a small percentage of
his diffuse disease was tracer-avid and thus he was switched to
chemotherapy. Patients 5 and 6 had positive 89Zr-ss-pertuzumab
PET findings with at least 1 tracer-avid lesion and were thus
switched to another line of HER2-targeted therapy. Interestingly,
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whereas both patients had positive HER2 PET findings, different
degrees of HER2 intertumoral heterogeneity were observed on a
lesion-by-lesion basis: patient 5 had only 1 89Zr-ss-pertuzumab–
avid lesion of 5 total (20% concordance), whereas patient 6 had 4
89Zr-ss-pertuzumab–avid lesions of 5 total (80% concordance).
It remains unclear at this point whether patients with more

homogeneous and uniform HER2 expression will respond better
to HER2-targeted therapy than patients with more heterogeneous
and discordant HER2 expression. Mechanistically, however, this
hypothesis is certainly plausible, especially in light of the growing
evidence supporting the theranostic utility of other PET tracers
such as 68Ga-DOTATATE (28) and 68Ga-PSMA-617 (29). Along
these lines, the ZEPHIR trial demonstrated that 89Zr-DFO-trastu-
zumab PET/CT predicted treatment response to trastuzumab
emtansine in mBC patients with a positive predictive value of
72% and negative predictive value of 88%. In addition, 29% of
patients in this study had negative HER2 PET findings and 46%
of patients had intertumoral heterogeneity, further highlighting
how single-site biopsies may underestimate underlying HER2 het-
erogeneity. In this study, 89Zr-DFO-trastuzumab PET/CT results
were classified as positive if more than 50% of the tumor load was
tracer-avid and as negative if otherwise (4). However, no clear
method has yet been established for HER2 PET interpretation or
defining HER2 PET heterogeneity.

89Zr-ss-pertuzumab is a promising HER2 immuno-PET agent.
Further exploration is necessary, and we plan to continue this work
through an ongoing pancancer trial investigating 89Zr-ss-pertuzumab
PET/CT in patients with different HER2-positive primary cancers.
Other areas of investigation include whether 89Zr-ss-pertuzumab can
detect brain metastases, since the rate of brain metastasis is higher
in patients with HER2-positive mBC than in those with HER2-
negative disease (30). Finally, the landmark approval of T-DXd, a
HER2-targeted antibody–drug conjugate, for patients with HER2-
low mBC may portend yet another clinical application for 89Zr-ss-
pertuzumab PET, potentially as a predictive biomarker for this novel
antibody–drug conjugate.

CONCLUSION

This study demonstrated the safety, dosimetry, and tumor tar-
geting of 89Zr-ss-pertuzumab PET and represents the first transla-
tion of a site-specifically radiolabeled antibody to the clinic.
Potential clinical applications include assessment of current HER2
status and the heterogeneity of metastatic lesions throughout the
body to guide biopsy and treatment decisions.
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KEY POINTS

QUESTION: What are the safety, radiation dosimetry, and poten-
tial imaging characteristics of site-specifically radiolabeled
89Zr-pertuzumab, and how does it compare with prior HER2-
targeted immuno-PET probes?

PERTINENT FINDINGS: In a first-in-humans clinical trial on 6
patients with HER2-positive mBC, 89Zr-ss-pertuzumab PET/CT
was safe and demonstrated biodistribution and dosimetry profiles
similar to those of 89Zr-DFO-pertuzumab and 89Zr-DFO-trastuzu-
mab. 89Zr-ss-pertuzumab PET/CT was able to detect known
malignant lesions, indicating that they are HER2-positive, and
may detect more lesions than 89Zr-DFO-pertuzumab.

IMPLICATIONS FOR PATIENT CARE: HER2 PET with 89Zr-ss-
pertuzumab could enable real-time evaluation of HER2 status to
guide biopsy and treatment decisions.
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Imaging of Nasopharyngeal Carcinoma
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Extensive research has been conducted on radiolabeled fibroblast
activation protein (FAP) inhibitors (FAPIs) and p-Cl-Phe-cyclo(D-Cys-
Tyr-D-4-amino-Phe(carbamoyl)-Lys-Thr-Cys)D-Tyr-NH2 (LM3) pep-
tides for imaging of FAP and somatostatin receptor 2 (SSTR2)–positive
tumors. In this study, we designed and synthesized a FAPI-LM3 het-
erobivalent molecule radiolabeled with 68Ga and evaluated its effec-
tiveness in both tumor xenografts and patients with nasopharyngeal
carcinoma (NPC). Methods: The synthesis of FAPI-LM3 was based
on the structures of FAPI-46 and LM3. After radiolabeling with 68Ga,
its dual-receptor–binding affinity was evaluated in vitro and in vivo.
Preclinical studies, including small-animal PET and biodistribution
evaluation, were conducted on HT-1080-FAP and HT-1080-SSTR2
tumor xenografts. The feasibility of 68Ga-FAPI-LM3 PET/CT in a clini-
cal setting was evaluated in patients with NPC, and the results were
compared with those of 18F-FDG. Results: 68Ga-FAPI-LM3 showed
high affinity for both FAP and SSTR2. The tumor uptake of 68Ga-FAPI-
LM3 was significantly higher than that of 68Ga-FAPI-46 and 68Ga-
DOTA-LM3 in HT-1080-FAP–plus–HT-1080-SSTR2 tumor xenografts.
In a clinical study involving 6 NPC patients, 68Ga-FAPI-LM3 PET/CT
showed significantly higher uptake than did 18F-FDG in primary and
metastatic lesions, leading to enhanced lesion detectability and
tumor delineation. Conclusion: 68Ga-FAPI-LM3 exhibited FAPI and
SSTR2 dual-receptor–targeting properties both in vitro and in vivo,
resulting in improved tumor uptake and retention compared with that
observed with monomeric 68Ga-FAPI and 68Ga-DOTA-LM3. This
study highlights the clinical feasibility of 68Ga-FAPI-LM3 PET/CT for
NPC imaging.

Key Words: fibroblast activation protein; somatostatin receptor 2;
heterobivalent molecule; nasopharyngeal carcinoma; PET

J Nucl Med 2024; 65:394–401
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The tumor microenvironment encompasses multiple types of
nontumor cells, including cancer-associated fibroblasts, immune
cells, and endothelial cells. The tumor microenvironment has
attracted significant attention in research on tumor occurrence and
development (1). Regarding nasopharyngeal carcinoma (NPC), the
Epstein–Barr virus can promote fibrosis and NPC progression by
activating signaling of YAP1/fibroblast activation protein (FAP) a
in fibroblasts (2). Cancer-associated fibroblasts enhance the sur-
vival of irradiated NPC cells through the NF-kB pathway, leading
to increased radioresistance (3). Therefore, diagnostic and thera-
peutic approaches focusing on the tumor microenvironment could
be crucial frontiers in NPC. The use of the FAP-targeting inhibitor
(FAPI), small ligand (oncoFAP), and cyclic peptide (FAP-2286)
has achieved impressive results in tumor diagnosis. However, fur-
ther improvement is needed to enhance their efficacy in radioli-
gand therapy (4–6).
Within the domain of nuclear medicine, several targets, such as

somatostatin receptor 2 (SSTR2), prostate-specific membrane antigen,
and FAP, have emerged as prominent subjects of research (7,8).
Epstein–Barr virus latent membrane protein 1 can upregulate SSTR2
expression via the NF-kB pathway (9). Both FAP and SSTR2 are
important markers in the biology of NPC, as evidenced by the pleth-
ora of such PET radiopharmaceuticals, including 68Ga-FAPI for
imaging cancer-associated fibroblasts and 68Ga-DOTATATE for
imaging SSTR2 (10,11). For example, over 80% of patients showed
positive expression of SSTR2 in both primary and metastatic NPCs
(11). In addition to NPC, SSTR2 is expressed in other malignancies,
including neuroendocrine tumor, thyroid carcinoma, breast cancer,
and meningioma, expanding its potential applications in tumor thera-
nostics (12–14). Apart from agonists, antagonists such as p-Cl-Phe-
cyclo(D-Cys-Tyr-D-4-amino-Phe(carbamoyl)-Lys-Thr-Cys)D-Tyr-NH2
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(LM3) and JR11 are undergoing extensive research for their SSTR2-
targeting properties. Unlike SSTR2 agonists, which exhibit a high
internalization rate, the antagonist LM3 possesses a high binding
affinity to SSTR2 but a low internalization rate (15). Notably, LM3,
characterized by low liver uptake and superior lesion-to-background
contrast, shows promising potential for peptide-receptor radionuclide
therapy (15).
Therefore, developing a heterobivalent molecule targeting both

SSTR2 and FAP holds significant importance. In this study, we
designed a heterobivalent molecule called FAPI-LM3 and evaluated
its preliminary application in preclinical models and patients with
NPC. We hypothesized that this heterobivalent peptide can effec-
tively combine the merits of SSTR2 and FAP, resulting in favorable
pharmacokinetic characteristics and initial clinical effects.

MATERIALS AND METHODS

Chemistry and Radiochemistry
Information regarding the reagents, chemicals, high-performance

liquid chromatography, liquid chromatography–mass spectrometry,
and flow diagram of the synthesis of FAPI-LM3 are provided in the
supplemental materials (available at http://jnm.snmjournals.org (16)).
The radiolabeling of FAPI-46, DOTA-LM3, and FAPI-LM3 precur-
sors with 68Ga was performed following similar procedures. In brief,
25 nmol of the precursor in 1mL of sodium acetate buffer (0.25M, pH
8.2–8.3) was allowed to react with 4mL of 68Ga solution (1.3 GBq in
0.6M HCl) at 100"C for 15min. For clinical imaging, the final prod-
uct was passed through a 0.22-mm Millipore filter for sterilization in
each 68Ga-FAPI-LM3 preparation process. The stability of 68Ga-
FAPI-LM3 was determined by incubating the product in phosphate-
buffered saline and fetal bovine serum at 37"C and analyzing it via
radio–high-performance liquid chromatography after 1 and 2 h of
incubation.

In Vitro Characterization of FAPI-LM3
HT-1080-FAP and HT-1080-SSTR2 cell lines were derived from

HT-1080 cells (obtained from the China National Infrastructure of
Cell Line Resource) and stably transfected with human FAP and
SSTR2, respectively, following our previously established protocol
(17). Information on cell resources, transfection, and culture is pro-
vided in the supplemental materials. For in vitro studies, the cells were
seeded in 24-well plates and cultured in a routine medium until they
reached approximately 80% confluence. During the experiment, the
medium was replaced with a fetal bovine serum–free medium. In the
cellular uptake test, different cells (HT-1080-FAP, HT-1080-SSTR2,
HT-1080-FAP–plus–HT-1080-SSTR2, C666-1, or U87 cells) were
treated with 68Ga-FAPI-LM3 with or without 10 nmol of unlabeled
precursor (FAPI-46, DOTA-LM3, or FAPI-46 plus DOTA-LM3) and
incubated for 60min. For FAP radioligand binding assays, HT-1080-
FAP cells were incubated with unlabeled FAPI-LM3 or FAPI-46
(8.163 1025 to 10213 M, n 5 3) using 68Ga-FAPI-46 as the radioli-
gand. Similarly, for the SSTR2 receptor binding assay, HT-1080-
SSTR2 cells were incubated with unlabeled FAPI-LM3 or DOTA-LM3
(8.163 1025 to 10213 M, n 5 3) using 68Ga-DOTA-LM3. After a
60-min incubation period, the free tracer was removed using
phosphate-buffered saline before measurement. The cells were lysed
with 0.5mL of 1M NaOH, and radioactivity was subsequently gauged
using a g-counter (Wizard 2480; PerkinElmer Inc.).

Small-Animal PET Imaging and Biodistribution Studies
The Animal Care and Use Committee of Xiamen University approved

all animal studies. Six-week-old BALB/c nude mice were obtained from
Beijing Vital River Laboratory Animal Technology Co. In total, 5 3 106

tumor cells (2.5 3 106 HT-1080-FAP and 2.5 3 106 HT-1080-SSTR2)

in 100mL of phosphate-buffered saline were subcutaneously injected
into the right shoulder of each mouse. Tumor-bearing mice (3/group)
were intravenously injected with approximately 7.4 MBq of 68Ga-FAPI-
LM3, 68Ga-FAPI-46, or 68Ga-DOTA-LM3. Subsequent static PET scans
were obtained at intervals of 0.5, 1, 2, and 4h after injection using an
Inveon small-animal PET scanner (Siemens). In the blocking experiment,
approximately 60nmol of the unlabeled precursor (FAPI-46, DOTA-
LM3, or FAPI-46 plus DOTA-LM3) were simultaneously injected with
68Ga-FAPI-LM3. The PET images were reconstructed iteratively using
3-dimensional OpMAP 256 (PET reconstruction protocol [.pPetRcn];
Siemens Healthineers AG) and converted to percentage injected dose per
gram of tissue (%ID/g) by delineating the regions of interest. For the
biodistribution studies, approximately 1.48 MBq of 68Ga-FAPI-LM3,
68Ga-FAPI-46, 68Ga-DOTA-LM3, or 68Ga-FAPI-LM3 with unlabeled
precursor were injected into tumor-bearing mice (3/group), and different
groups of mice were euthanized at the scheduled time points after
injection.

PET/CT Imaging in Healthy Volunteers and Patients with NPC
The clinical study was approved by the institutional review board

of the First Affiliated Hospital of Xiamen University and registered at
ClinicalTrials.gov (NCT05873777). Written informed consent was
obtained from all healthy volunteers and patients. Selection of the vol-
untary cohort was based on a set of inclusion and exclusion criteria.
The inclusion criteria were adults (.18 y) with no known history of
chronic disease or cancer. The exclusion criteria were pregnancy or
breastfeeding. Each participant received a 3.0–3.7 MBq/kg dose of
68Ga-FAPI-LM3 on the basis of our prior study related to another het-
erobivalent agent (18). Adverse events were monitored for 4 h after
the injection of 68Ga-FAPI-LM3. The PET/CT scans and reconstruc-
tion protocols are presented in the supplemental materials. Doses were
calculated using OLINDA/EXM software (version 1.1) (19). Six
patients underwent paired 68Ga-FAPI-LM3 and 18F-FDG PET/CT
imaging for comparison, whereas 1 patient underwent paired 68Ga-
FAPI-LM3 and 68Ga-FAPI-46 PET/CT imaging for comparison. For
quantitative analysis, SUVmax and SUVmean were used to measure
uptake by normal organs and tumor tissues. Delayed 68Ga-FAPI-LM3
PET/CT scans were obtained at 3 h after injection in 6 patients to ana-
lyze the in vivo distribution pattern. For our PET/CT study, the inclu-
sion of a healthy cohort was pivotal in understanding the tracer’s
normal biodistribution, which helps in distinguishing pathologic from
physiologic uptake. Furthermore, we attempted to test both tracers in a
single patient to generate head-to-head comparison data, aiding in the
direct comparison of their diagnostic efficacies.

FAP and SSTR2 Immunohistochemistry in NPC
Tissue microarrays of human NPC (HNasN110su01) were pur-

chased from Shanghai Outdo Biotech Co. The Ethics Committee of
the Shanghai Outdo Biotech Co. approved the study. Continuous sec-
tions of tumor tissue microarrays were used to ensure consistency in
verifying different biomarkers in immunohistochemistry experiments.
For immunohistochemistry analysis of paraffin-embedded areas, the
BenchMark ULTRA (Ventana Medical Systems) automated slide
stainer was used to stain cells with the anti-FAP antibody (ab218164;
Abcam) or anti-SSTR2 antibody (ZA-0587; ZAGB-BIO) according to
the manufacturer’s recommendation. The sections were visualized,
and images were captured using a Leica microscope. FAP and SSTR2
expression was semiquantitatively evaluated using the H-score method
(20). Negative expression was defined as an H-score of less than 10.

Statistical Analysis
All statistical analyses were conducted using SPSS 22.0 software

(IBM). Mean values were compared using the Student t-test, whereas
SUVs derived from 18F-FDG and 68Ga-FAPI-LM3 PET/CT were
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compared using the Wilcoxon matched-pairs signed-rank test. Differ-
ences were considered statistically significant at a P value of less than
0.05 in a 2-tailed test.

RESULTS

Synthesis and Radiolabeling
Polyethylene glycol 3 groups incorpo-

rating a heterobivalent of FAPI-46 and
LM3 and the chelator DOTA were synthe-
sized (Fig. 1A; Supplemental Fig. 1).
Radiolabeling of 68Ga-FAPI-LM3 was
achieved at an activity concentration of
approximately 74 MBq/mL (molar activity,
29 GBq/mmol), with over 95% radiochemi-
cal purity after purification (Fig. 1B). High-
performance liquid chromatography analysis
showed that 68Ga-FAPI-LM3 exhibited high
stability for up to 2 h, with no significant
demetallation observed in the presence of
phosphate-buffered saline and fetal bovine
serum (.99%) (Fig. 1B).

Selective Binging of Heterobivalent
Peptide FAPI-LM3 to Human FAP
and SSTR2
In the cell uptake study, the heterobiva-

lent peptide 68Ga-FAPI-LM3 exhibited
effective binding to all cell types (Fig. 2).
In double-target–positive cells (HT-1080-
FAP plus HT-1080-SSTR2), FAP-positive
cells (HT-1080-FAP and U87MG), and
SSTR2-positive cells (HT-1080-SSTR2
and C666-1), the binding of 68Ga-FAPI-
LM3 to FAP or SSTR2 was significantly
blocked by the corresponding unlabeled
agent (all P, 0.05, shown in Supplemental
Table 1), indicating the specificity of

targeting both human FAP and SSTR2.
Additional cellular uptake studies were
conducted using a standard sample (precur-
sor labeled with natural gallium). Blocking
experiments with either natural gallium–

labeled or unlabeled precursors showed
similar trends (Supplemental Fig. 2).
The binding affinities of FAPI-46 and

FAPI-LM3 for FAP were evaluated in
HT-1080-FAP cells, whereas the SSTR2-
binding affinities of DOTA-LM3 and
FAPI-LM3 were evaluated in HT-1080-
SSTR2 cells. Comparative analysis of
half-maximal inhibitory concentrations
indicates that FAPI-LM3 has lower FAP
(11.72 vs. 4.39 nM) and SSTR2 (13.21 vs.
1.30 nM; Fig. 2B) binding affinities than
does its corresponding counterpart.

Better Tumor Uptake and Retention
with Heterobivalent Molecule FAPI-LM3
Than with Corresponding Monomer
in Mice
Small-animal PET imaging was per-

formed on a HT-1080-FAP–plus–HT-1080-SSTR2 tumor xenograft
model, which is dual-receptor–positive. 68Ga-FAPI-LM3 rapidly
accumulated in FAP and SSTR2 dual-positive tumors at 0.5 h after
injection (14.036 0.47 %ID/g) and remained steady until 4 h
after injection (2 h, 14.376 0.68 %ID/g; 4 h, 13.776 0.68 %ID/g)

FIGURE 1. (A) Chemical structure of FAPI-LM3. (B) Radiochemical purity and stability of 68Ga-
FAPI-LM3 via radio–high-performance liquid chromatography analysis. FBS 5 fetal bovine serum;
PBS5 phosphate-buffered saline; PEG3 5 polyethylene glycol 3.

FIGURE 2. (A) Cell uptake assay of 68Ga-FAPI-LM3 and blocking experiments on HT1080-FAP,
1080-SSTR2, HT1080-FAP–plus–1080-SSTR2, C666-1, and U87MG cells. (B) Inhibition of 68Ga-FAPI-
46 binding to FAP on HT1080-FAP cells by unlabeled FAPI-LM3 and unlabeled FAPI-46 (8.1631025

to 10213 M, n 5 3, left); inhibition of 68Ga-DOTA-LM3 binding to SSTR2 on HT-1080-SSTR2 cells by
unlabeled FAPI-LM3 and unlabeled DOTA-LM3 (8.163 1025 to 10213 M, n5 3, right).
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(Fig. 3). The tumor accumulation of 68Ga-
FAPI-46 remained stable for up to 2 h
after injection (5.436 0.91 %ID/g) and
then decreased at 4 h after injection
(4.336 0.80 %ID/g), whereas tumor
uptake of 68Ga-DOTA-LM3 decreased
from 1 to 4 h (5.936 0.50 vs. 4.466 0.57
%ID/g). Quantitative PET data revealed
that tumor uptake of 68Ga-FAPI-LM3
was significantly higher than that of
68Ga-FAPI-46 and 68Ga-DOTA-LM3 at
all examined time points. Uptake of
68Ga-FAPI-LM3 in the main organs was
relatively low and decreased over time.
Therefore, 68Ga-FAPI-LM3 PET imaging
yielded favorable tumor-to-background ratios
over time.
The receptor specificity of 68Ga-FAPI-

LM3 was evaluated through several block-
ing studies, wherein 68Ga-FAPI-LM3 was
administered simultaneously with unla-
beled FAPI-46, DOTA-LM3, or FAPI-46
plus DOTA-LM3 (Fig. 4). At 1 h after
injection, tumor uptake (14.4360.67 %ID/g)
was mostly suppressed when FAPI-46
and DOTA-LM3 were coadministered
with 68Ga-FAPI-LM3 (1.07% 6 0.06%,
93% blockade). Tumor uptake could be
partially blocked by unlabeled FAPI-46
(5.306 1.27 %ID/g, 63% blockade) and
DOTA-LM3 (5.436 0.61 %ID/g, 62%
blockade).
The ex vivo biodistribution of 68Ga-

FAPI-LM3 was evaluated in HT-1080-
FAP–plus–HT-1080-SSTR2 xenografts at
different time points, with results similar
to those of the PET studies. 68Ga-FAPI-
LM3 accumulated mainly in the tumor
tissue and remained stable from 1 to 4 h
after injection (14.786 0.76 %ID/g at
1 h; 17.686 2.46 %ID/g at 4 h). Biodistri-
bution studies of 68Ga-FAPI-46 and
68Ga-DOTA-LM3 were also performed
for comparison (Supplemental Fig. 3).
At 1 h after injection, tumor uptake of
68Ga-FAPI-LM3 was significantly higher
than that of 68Ga-FAPI-46 (14.786 0.76
vs. 8.486 1.75 %ID/g; P , 0.001)
and 68Ga-DOTA-LM3 (14.786 0.76 vs.
7.8861.10 %ID/g; P, 0.001). In addition,
high 68Ga-FAPI-LM3 uptake was observed
in blood. The blocking data in the biodistri-
bution experiment exhibited the same ten-
dency as those of the PET studies (Fig. 4).

Safety and Radiation Dosimetry of
68Ga-FAPI-LM3 in Healthy Volunteers
No adverse events were observed with

68Ga-FAPI-LM3 in any healthy volunteers
or patients during the injection or at the
4-h follow-up. Supplemental Figure 4

FIGURE 3. Representative static PET imaging and quantification results in HT1080-FAP–plus–
HT1080-SSTR2 tumor-bearing mice with 68Ga-FAPI-LM3, 68Ga-FAPI-46, and 68Ga-DOTA-LM3.

FIGURE 4. (A) Representative PET imaging of 68Ga-FAPI-LM3 and blocking with FAPI-46, DOTA-
LM3, or FAPI-46 plus DOTA-LM3 in HT1080-FAP–plus–1080-SSTR2 tumor model. (B) Quantification
results of PET imaging and biodistribution studies of 68Ga-FAPI-LM3 at 1h with or without simulta-
neous injection of unlabeled inhibitors after administration.
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displays representative PET maximum-intensity projection images
of a healthy volunteer and biodistribution data on 3 volunteers’
normal organs.
According to the results from OLINDA/EXM, the effective

dose of 68Ga-FAPI-LM3 was determined to be 1.49 3 1022

mSv/MBq (Table 1), which was comparable to that of 68Ga-
FAPI-46 (1.80 3 1022 mSv/MBq) (21) but lower than that of
68Ga-DOTA-LM3 (2.50 3 1022 mSv/MBq) (15).

68Ga-FAPI-LM3 PET/CT Imaging in Patients with NPC
In this study, 6 patients were enrolled for initial staging (4

patients) or relapsed detection (2 patients), and their detailed clini-
cal information is provided in Supplemental Table 2. 68Ga-FAPI-
LM3 and 18F-FDG PET/CT imaging was conducted with a median
interval of 3 d (range, 1–7 d). 68Ga-FAPI-LM3 exhibited durable
retention in all lesions up to 3 h after injection. When tumor uptake
was compared between the 2 time points, SUVmax at the delayed
time point (3 h) was significantly higher than that at the routine time
point (1 h) for regional lymph node (11.4 vs. 10.1; P 5 0.031), liver
(16.5 vs. 14.3; P 5 0.046), bone (11.2 vs. 10.4; P 5 0.003), and
distant lymph node (16.9 vs. 14.5; P5 0.028) metastases. However,

there was no statistical difference in SUVmax between 3 and 1 h for
primary tumors (Supplemental Table 3).
In the paired 68Ga-FAPI-LM3 and 18F-FDG PET/CT scans, 5

primary tumors, 34 metastatic lymph nodes, and 37 bone or vis-
ceral metastatic lesions were evaluated. The SUVmax derived from
68Ga-FAPI-LM3 PET/CT was significantly higher than that
derived from 18F-FDG in the primary tumors (13.8 vs. 9.3,
P 5 0.043), regional lymph node metastases (11.4 vs. 6.6,
P , 0.001), and distant metastases (14.6 vs. 5.6, P , 0.001)
(Table 2). Specifically, the SUVmax obtained from 68Ga-FAPI-
LM3 PET/CT was approximately 2–4 times greater than that from
18F-FDG PET/CT in liver (16.5 vs. 3.7, P 5 0.028) and bone
(11.2 vs. 4.6, P 5 0.001) metastases. As a result, 18F-FDG missed
several metastatic lesions, including regional lymph node (n 5 3),
liver (n 5 4), bone (n 5 1), peritoneal (n 5 2), and retroperitoneal
lymph node (n 5 1) metastases. Interestingly, these 18F-FDG–
negative lesions could be visualized by 68Ga-FAPI-LM3 PET/CT.
Representative images from 18F-FDG and 68Ga-FAPI-LM3
PET/CT are shown in Figure 5A and Supplemental Figure 5.
Additionally, 1 patient underwent paired 68Ga-FAPI-LM3 and
68Ga-FAPI-46 PET/CT for comparison. 68Ga-FAPI-LM3 PET/CT
showed more lesions than 68Ga-FAPI-46 for lymph node, liver,
and bone metastases, with higher uptake (Fig. 5B; Supplemental
Fig. 6).

FAP and SSTR2 Expression in Tissue Microarrays of NPC
We excluded 1 human NPC sample because of inadequate tumor

cells. The tissue microarrays were positive for FAP or SSTR2
expression (H-score, $10) in most NPC samples. Remarkably,
more than 77.98% of these NPC samples exhibited positivity for
both markers. However, in 19.26% of the cases, discordant expres-
sion of FAP and SSTR2 was observed. This included 13.76% of
cases that were FAP-negative but SSTR2-positive and 5.50% of
cases that were FAP-positive but SSTR2-negative (Fig. 6).

DISCUSSION

FAP is expressed in a wide range of tumor types, making it a
promising target for cancer imaging and radionuclide therapy in
recent years (4,5). Apart from neuroendocrine tumors, most other
cancers, such as NPC, thyroid cancer, and breast cancer, express
SSTR2 (9,14,22,23). Both proteins are located on the cell surface,
reinforcing their potential as theranostic targets. This study
focused on synthesis, preclinical evaluation, and pilot PET imag-
ing of 68Ga-FAPI-LM3, a heterobivalent tracer designed to target
both FAP and SSTR2. Our results demonstrated that this tracer
exhibits a favorable safety profile and diagnostic utility in preclini-
cal and clinical trials.
To be a good dual-targeting tracer, each binding motif of the

heterobivalent molecule must retain its biologic activity. In the
receptor-binding assay, the FAPI-LM3 yielded high half-maximal
inhibitory concentrations for both proteins, indicating its ability to
target both FAP and SSTR2 receptors. In the cell uptake and
blocking assays, 68Ga-FAPI-LM3 showed strong binding to FAP
and SSTR2. Additionally, the varied tumor internalization rates of
the different compounds may influence their tumor uptake patterns
(24), which necessitates further validation and warrants explora-
tion in subsequent studies. In this study, unlabeled FAPI and
DOTA-LM3 successfully blocked the binding of 68Ga-FAPI-LM3
to FAP and SSTR2, respectively. This result further supports the
dual functionality of our tracer in specifically targeting both
proteins.

TABLE 1
68Ga-FAPI-LM3 Dosimetry Summary of Effective Doses

Using OLINDA/EXM

Target organ
Mean

(mSv/MBq)
SD

(mSv/MBq)

Adrenal glands 5.98E–05 2.35E–05

Brain 1.63E–06 4.45E–07

Breasts 3.47E–05 4.15E–06

Gallbladder wall — —

LLI wall 4.34E–04 1.01E–04

Small intestine 2.71E–05 1.21E–05

Stomach wall 4.04E–04 4.13E–05

ULI wall 1.53E–05 7.73E–06

Heart wall — —

Kidneys 1.08E–04 3.45E–05

Liver 1.28E–03 3.52E–04

Lungs 7.68E–04 1.91E–04

Muscle 1.57E–05 9.87E–06

Ovaries 3.66E–04 1.87E–05

Pancreas 1.23E–04 5.03E–05

Red marrow 7.62E–04 8.49E–05

Osteogenic cells 4.22E–05 4.00E–06

Skin 6.29E–06 8.34E–07

Spleen 1.23E–04 3.57E–05

Thymus — —

Thyroid 3.68E–06 1.85E–06

Urinary bladder wall 2.14E–03 9.87E–05

Uterus 2.19E–04 7.60E–05

Effective dose equivalent 1.20E–03 1.03E–03

Effective dose 1.49E–02 2.55E–03

LLI 5 lower large intestine; ULI 5 upper large intestine.
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In vivo experiments were conducted
using small-animal PET to evaluate the
performance of 68Ga-FAPI-LM3 in HT-
1080-FAP–plus–HT-1080-SSTR2 double-
positive tumor xenografts. Tumor uptake
of 68Ga-FAPI-LM3 was significantly
higher than that of 68Ga-FAPI and 68Ga-
DOTA-LM3. This enhanced uptake could
be attributed to an increased binding
resulting from the dual-receptor targeting.
The preclinical findings suggest that the

dual-receptor specificity of 68Ga-FAPI-
LM3 allows for detecting tumors with
either FAP or SSTR2 expression patterns,
offering a potentially valuable tool in the
diagnosis of NPC. In our preliminary clini-
cal PET study with 68Ga-FAPI-LM3, it
exhibited intense physiologic uptake in the
blood, thyroid, pancreas, liver, kidney, and
spleen. The existence of a soluble FAP
form in plasma may explain the slow
blood clearance in our preclinical and clin-
ical data (25,26). Moreover, we speculate
that the slow blood clearance may also be
explained by the change in structure (from
a monovalent to a divalent ligand) and
the increase in molecular weight, which
might affect the polarity of FAP/SSTR2-
binding molecules (leading to increased
lipophilicity). As for the high uptake in
the thyroid and pancreas, similar findings
were reported with 68Ga-labeled FAPI
dimer (27,28). The reason for the increased

TABLE 2
Comparison of SUVmax on 68Ga-FAPI-LM3 and 18F-FDG PET/CT Images in Primary and Metastatic Tumors

Tumor n
Median
size (cm)

68Ga-FAPI-LM3 PET/CT 18F-FDG PET/CT

P for median
SUVmax*

Positive
tumors (n)

Median
SUVmax

Positive
tumors (n)

Median
SUVmax

Primary 5 NA 5 13.8 (10.0–21.1) 5 9.3 (6.6–18.4) 0.043

Regional LN mets 34 1.4 (0.8–3.1) 34 11.4 (4.5–19.0) 31 6.6 (2.1–16.0) ,0.001

Liver mets 6 1.7 (1.3–4.0) 6 16.5 (8.6–26.3) 2 3.7 (3.1–10.8) 0.028

Bone mets 15 1.2 (0.8–2.2) 15 11.2 (7.4–18.0) 14 4.6 (2.0–8.2) 0.001

Pleural mets 5 2.3 (1.1–4.0) 5 17.3 (14.6–21.1) 5 7.2 (3.7–12.0) 0.043

Peritoneal mets 4 0.9 (0.7–3.2) 4 13.1 (7.0–18.7) 2 3.4 (1.5–8.6) 0.068

Distant LN mets 7 2.3 (0.9–4.1) 7 16.9 (10.8–22.5) 6 8.2 (2.0–9.0) 0.018

Total† 37 1.4 (0.7–4.1) 37 14.6 (7.0–26.3) 29 5.6 (1.5–12.0) ,0.001

*68Ga-FAPI-LM3 vs. 18F-FDG.
†Included liver (n 5 6), bone (n 5 15), pleura (n 5 5), peritoneum (n 5 4), and distant (n 5 7) lymph node metastases.
NA 5 not applicable (lesion size cannot be calculated because of diffuse type of peritoneal metastasis [irregular shape]); LN 5 lymph

node; mets 5 metastases.
Data in parentheses are ranges.

FIGURE 5. (A) PET/CT imaging findings in 32-y-old treatment-naïve patient with NPC. Both 18F-
FDG and 68Ga-FAPI-LM3 PET/CT showed abnormal activity in primary tumor (solid white arrows),
regional lymph node (dotted white arrows), and bone (dotted blue arrows). Additional liver metastases
with intense activity (dotted green arrows) were observed on 68Ga-FAPI-LM3 PET/CT. However,
these lesions were not visualized on 18F-FDG PET/CT. (B) PET/CT imaging findings in 44-y-old patient
with metastatic NPC. 68Ga-FAPI-LM3 PET/CT revealed more lesions than did 68Ga-FAPI-46 for lymph
node, liver (dotted green arrows), and bone (dotted blue arrows) metastases, with higher uptake.
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physiologic uptake in these normal organs is still unclear. How-
ever, it should be noted that after covalent conjugation, the hetero-
bivalent molecule is a new compound, which would show
different in vivo pharmacokinetics from the monomers. Thus, it
is not surprising that within normal organs and tissues, FAPI-
LM3 showed distribution patterns different from either FAPI or
LM3 alone.
Additionally, the uptake of 68Ga-FAPI-LM3 in most tumor

lesions demonstrated an trend to increase from 1 to 3 h after injec-
tion. Therefore, delayed 68Ga-FAPI-LM3 PET/CT imaging could
offer optimal lesion contrast. When 68Ga-FAPI-LM3 was com-
pared with 18F-FDG, the standard-of-care PET tracer in oncology,
we observed significantly higher uptake with 68Ga-FAPI-LM3 than
with 18F-FDG in primary tumors, regional lymph node metastases,
and distant metastases. As a result, 68Ga-FAPI-LM3 showed superi-
ority over 18F-FDG in diagnosing NPC, especially in detecting
lymph node, liver, bone, and peritoneal metastases. Interestingly,
68Ga-FAPI-LM3 also showed superiority over 68Ga-FAPI-46 in
detecting liver and bone metastases in 1 patient with metastatic NPC.
FAP was expressed mainly on cancer-associated fibroblasts within

the tumor stroma, whereas SSTR2 was expressed predominantly on
tumor cells. It is also unlikely that there is dual binding because of
the distance between the 2 targets: tumor cell and tumor microenvi-
ronment. There is no indication that the bivalent tracer binds simulta-
neously to both targets. The primary advantage of this heterobivalent
molecule over its counterparts is the multivalency effect, resulting in
improved tumor uptake and an increased number of effective recep-
tors. For instance, recent research on bispecific antibodies such as
PD-1/CTLA4 and PD-L1/CTLA-4 has demonstrated their potential
in enhancing the effectiveness of immunotherapy (29,30). Our previ-
ous work demonstrated improved tumor uptake and retention in

clinical PET studies using the heterobivalent
FAPI-Arg-Gly-Asp (31). A similar strategy
with heterobivalent FAPI–prostate-specific
membrane antigen showed significant tumor
uptake enhancement (32). In the present
study, we focused on 2 promising oncologic
receptors, FAP and SSTR2, which are
highly expressed in most NPCs (9–11,33).
The PET and biodistribution data obtained
for 68Ga-FAPI-LM3 indicated that tumor
uptake and retention were significantly
improved when both targets were positively
expressed in preclinical models. Compared
with the monomer, which rapidly washes
out from tumors, the bivalent monocular
exhibits a lower dissociation rate.
The heterobivalent FAPI-LM3 com-

prises 2 motifs that target 2 distinct types
of receptors and are covalently linked.
Even if the primary motif of the heterobi-
valent agent detaches from the target, the
secondary binding motif can still attach to
the corresponding target within the tumor
(34). From the perspective of clinical
investigations, the main objective of the
divalent molecule FAPI-LM3 was to pro-
vide a better detection rate for primary
lesions and metastases of NPC instead of
knowledge of FAP and SSTR2 receptor

level. From this point of view, the study was successful because
FAPI-LM3 PET is better than FAPI-46 PET in lesion detection.
Therefore, well-designed prospective trials are needed to further
investigate the diagnostic accuracy of 68Ga-FAPI-LM3 in primary
and metastatic NPC. Additionally, the improved tumor uptake and
prolonged tumor retention of FAPI-LM3 make it a suitable candi-
date for theranostic applications after labeling with b- or
a-emitting radioisotopes for endoradiotherapy.
The dynamic nature of the tumor microenvironment and interle-

sion heterogeneity can, however, result in low or no expression for
a specific receptor. As shown in this study using tissue microarray
samples, discordant expression of FAP and SSTR2 was observed
in 19.26% of NPC samples, with 13.76% of the samples being
FAP-negative but SSTR2-positive and 5.50% being FAP-positive
but SSTR2-negative. Under these circumstances, the heterobiva-
lent FAPI-LM3 is superior to its monomeric counterpart for imag-
ing of NPC. However, this superiority requires further validation
through clinical data in a direct comparison of 68Ga-FAPI-LM3
with 68Ga-FAPI/68Ga-DOTA-LM3 PET/CT.
This study had some limitations. First, the preclinical tumor

model involved transfected cell lines with extremely high
FAP/SSTR2 expression. Second, the clinical study included a lim-
ited number of patients, which restricted the statistical power
needed to calculate the diagnostic accuracy of 68Ga-FAPI-LM3
precisely. Additionally, our study lacked direct comparisons
between 68Ga-FAPI-LM3, 68Ga-FAPI, and 68Ga-DOTA-LM3. Fur-
ther investigations involving larger patient cohorts are required.

CONCLUSION

This study demonstrated the feasibility and efficacy of 68Ga-FAPI-
LM3, a divalent molecule for PET imaging of FAP and SSTR2,

FIGURE 6. (A) Representative imaging of paired immunohistochemical staining of 110 human NPC
specimens using anti-FAP and anti-SSTR2 antibodies. (B) Proportion of different H-score levels for
FAP and SSTR2 expression.
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emphasizing its clinical utility for tumor detection and staging in
patients with NPC. The findings contribute to understanding of dual-
receptor targeting and suggest future directions for more extensive
clinical studies and comparisons with other tracers.
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KEY POINTS

QUESTION: Does a heterobivalent molecule that recognizes both
FAP and SSTR2 demonstrate improved efficacy in tumor-targeting
and in vivo pharmacokinetics compared with those of its
corresponding monomers?

PERTINENT FINDINGS: 68Ga-FAPI-LM3 showed FAP- and
LM3-binding affinity both in vitro and in vivo. This study further
revealed significantly higher tumor uptake of 68Ga-FAPI-LM3 than
of 18F-FDG in patients with NPC.

IMPLICATIONS FOR PATIENT CARE: The dual-receptor–
targeting property of 68Ga-FAPI-LM3 results in improved tumor
uptake and retention compared with those of its monomeric
counterparts, enabling PET imaging of tumors expressing either
one or both receptor types.
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Eighty percent of colorectal cancers (CRCs) overexpress epidermal
growth factor receptor (EGFR). Kirsten rat sarcoma viral oncogene
(KRAS) mutations are present in 40% of CRCs and drive de novo
resistance to anti-EGFR drugs. BRAF oncogene is mutated in 7%–

10% of CRCs, with even worse prognosis. We have evaluated the
effectiveness of [225Ac]Ac-macropa-nimotuzumab in KRAS mutant
and in KRAS wild-type and BRAFV600E mutant EGFR-positive CRC
cells in vitro and in vivo. Anti-CD20 [225Ac]Ac-macropa-rituximab
was developed and used as a nonspecific radioimmunoconjugate.
Methods: Anti-EGFR antibody nimotuzumab was radiolabeled with
225Ac via an 18-membered macrocyclic chelator p-SCN-macropa.
The immunoconjugate was characterized using flow cytometry, radi-
oligand binding assay, and high-performance liquid chromatography,
and internalization was studied using live-cell imaging. In vitro cyto-
toxicity was evaluated in 2-dimensional monolayer EGFR-positive
KRAS mutant DLD-1, SW620, and SNU-C2B; in KRAS wild-type and
BRAFV600E mutant HT-29 CRC cell lines; and in 3-dimensional spher-
oids. Dosimetry was studied in healthy mice. The in vivo efficacy of
[225Ac]Ac-macropa-nimotuzumab was evaluated in mice bearing
DLD-1, SW620, and HT-29 xenografts after treatment with 3 doses
of 13 kBq/dose administered 10 d apart. Results: In all cell lines,
in vitro studies showed enhanced cytotoxicity of [225Ac]Ac-macropa-
nimotuzumab compared with nimotuzumab and controls. The inhibi-
tory concentration of 50% in the DLD-1 cell line was 1.8nM for
[225Ac]Ac-macropa-nimotuzumab versus 84.1nM for nimotuzumab.
Similarly, the inhibitory concentration of 50% was up to 79-fold lower
for [225Ac]Ac-macropa-nimotuzumab than for nimotuzumab in KRAS
mutant SNU-C2B and SW620 and in KRAS wild-type and BRAFV600E

mutant HT-29 CRC cell lines. A similar trend was observed for
3-dimensional spheroids. Internalization peaked 24–48h after incuba-
tion and depended on EGFR expression. In the [225Ac]Ac-macropa-
nimotuzumab group, 3 of 7 mice bearing DLD-1 tumors had complete
remission. Median survival was 40 and 34 d for mice treated with
phosphate-buffered saline and [225Ac]Ac-macropa-rituximab (control),
respectively, whereas it was not reached for the [225Ac]Ac-macropa-
nimotuzumab group (.90 d). Similarly, median survival of mice bearing
HT-29 xenografts was 16 and 12.5 d for those treated with [225Ac]Ac-
macropa-rituximab and phosphate-buffered saline, respectively, and
was not reached for those treatedwith [225Ac]Ac-macropa-nimotuzumab

(.90 d). One of 7 mice bearing HT-29 xenografts and treated using
[225Ac]Ac-macropa-nimotuzumab had complete remission. Compared
with untreated mice, [225Ac]Ac-macropa-nimotuzumab more than
doubled (16 vs. 41 d) the median survival of mice bearing SW620
xenografts. Conclusion: [225Ac]Ac-macropa-nimotuzumab is effec-
tive against KRAS mutant and BRAFV600E mutant CRCmodels.

Key Words: radiopharmaceuticals; alpha particle; BRAFV600E muta-
tion; colorectal cancer; EGFR; KRASmutation
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Overexpression of epidermal growth factor receptor (EGFR) I
is associated with most aggressive cancers of epithelial origin, par-
ticularly in 80%–85% of colorectal cancers (CRCs) (1). Mutations
in EGFR, such as Kirsten rat sarcoma viral oncogene (KRAS),
lead to constitutive overactivation of the receptor and hence resis-
tance to anti-EGFR treatments. KRAS is an intracellular effector
molecule that routes ligand-bound EGFR to the nucleus, where it
stimulates proliferation (2–4). B-rapidly accelerated fibrosarcoma
murine sarcoma viral oncogene homolog B (BRAF) is a serine–
threonine protein kinase that causes enhanced proliferation in
EGFR-positive CRC cells (5,6). BRAFV600E is the most common
BRAF mutation in EGFR-positive CRC cells (5,6).
Metastatic CRC (mCRC) is the second leading cause of death

from cancer, with a 5-y survival rate of less than 10% (stage IV)
(7), likely because more than 45% of CRC patients have metastatic
disease at initial diagnosis. Surgery, which is a primary treatment
option, is contraindicated in patients with advanced disease, and
even when it is possible, the local recurrence rate is high (38%–

88%) (8). In EGFR-positive mCRC patients with KRAS wild-type
mutation, the addition of anti-EGFR antibodies (e.g., cetuximab) to
chemotherapy results in small—albeit significant—improvements
in survival, but there is no benefit in patients with KRAS and
BRAF mutations (9). Mutations in KRAS occur in up to 40% of
CRCs, whereas BRAF mutations are present in 7%–10% of CRCs
(5). The concurrent presence of KRAS and BRAFV600E mutations
has not been observed in the same patient (10). However,
BRAFV600E and other BRAF mutations occur in patients with
KRAS wild-type cancers and have been associated with even worse
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prognosis in CRCs (11). EGFR-positive mCRCs (especially those
with KRAS and BRAF mutations) represent an unmet clinical
need.
Anti-EGFR antibodies—for example, cetuximab, panitumumab,

and nimotuzumab—are used to treat EGFR-positive cancers,
including CRC. With the exception of nimotuzumab, anti-EGFR
antibodies have been associated with significant cutaneous toxicity
in 45%–100% of patients (12). In contrast, nimotuzumab is better
tolerated and has low skin toxicities, because its affinity-optimized
binding characteristics ensure low transient binding to low EGFR–
expressing healthy tissues, such as the skin and intestinal mucosa.
High linear energy transfer makes a-emitting radionuclides the

ideal isotopes for targeted radiopharmaceutical therapy of meta-
static disease. a-emitters such as 213Bi- and 225Ac-labeled agents
have shown promising results in preclinical and clinical studies in
ovarian cancer, neuroendocrine tumors, breast cancer, and prostate
cancer (13–16). The characteristics of 225Ac—a half-life of 10.0 d,
energy range of 6–8MeV (cumulative emission of 28MeV/decay)
with the emission of 4 as (range, 50–80mm), and 3 b2 emissions
with linear energy transfer of up to 0.16MeV/mm—make it an
ideal isotope for radioimmunotherapy.
We describe the use of [225Ac]Ac-macropa-nimotuzumab for

radioimmunotherapy of KRAS mutant and of KRAS wild-type
and BRAFV600E mutant CRC models. We evaluate the in vitro
(2-dimensional [2D] cell culture and 3-dimensional [3D] spheroid
models) and in vivo characteristics and the in vivo effectiveness of
[225Ac]Ac-macropa-nimotuzumab in these models with different
numbers of EGFR copies per cell.

MATERIALS AND METHODS

Conjugation, Quality Control of Immunoconjugates, and
Internalization

The conjugation and in vitro characterization of nimotuzumab and of
nonspecific control IgG anti-CD20 rituximab to 6-((16-((6-carboxypyridin-
2-yl)methyl)-1,4,10,13-tetraoxa-7,16-diazacyclooctadecan-7-yl)methyl)-4-
isothiocyanatopicolinic acid (p-SCN-macropa) are provided in supplemental
materials (supplemental materials are available at http://jnm.snmjournals.
org) (17). All cell lines were obtained from the American Type Culture Col-
lection. DLD-1, SNU-C2B, and SW620 are KRAS mutant cells with
KRASG13D, KRASG12D, and KRASG12V mutations, respectively, whereas
HT-29 is a KRAS wild-type but BRAFV600E mutant CRC cell line (18,19).

Radiolabeling and Quality Control
p-SCN-macropa–conjugated nimotuzumab or rituximab was radio-

labeled using 225Ac-nitrate dissolved in 0.1 M hydrogen chloride
(Optima grade; Fisher Scientific) at a targeted specific activity of
10 kBq/mg, as reported (20). Quality control and purification were
done after labeling, following lab standard operating procedures (20).
Radioligand binding assay was studied in DLD-1 cells as described
previously (20).

Cytotoxicity in 2D Monolayer and 3D Spheroids
The in vitro cytotoxicity of [225Ac]Ac-macropa-nimotuzumab was

studied in 2D monolayer cultures and 3D spheroids using the Incucyte
S3 live-cell imaging system (Essen BioScience) in DLD-1, SNU-C2B,
HT-29, and SW620 CRC cell lines. The details are provided in the
supplemental materials (21).

Biodistribution, Dosimetry, and In Vivo Toxicity
To estimate radiation dose to organs, healthy BALB/c mice were

administered 13 kBq of 225Ac-nimotuzumab via a tail vein and eutha-
nized 1, 24, 48, 120, or 264h after injection, followed by biodistribution

studies. Carcasses were collected and analyzed using a g-counter, and
activity was expressed as percentage injected activity (%IA) and %IA
per gram organ weight (%IA/g). The mouse biodistribution (%IA/g) data
were extrapolated to human data (%IA) using the following formula:
%IA (human) 5 %IA/g (mouse) 3 total body weight of mouse (in kilo-
grams) 3 mass of human organ (in grams) per total body weight of
human (in kilograms). For each organ, this was plotted against sampling
time and used to obtain an estimate of the residence time (in megabec-
querel hours per megabecquerel) of the agent in the organ, represented
by the area under the time–activity function integrated to infinity (com-
plete decay) of the 225Ac. The residence time was fitted into the
OLINDA kinetics model (OLINDA/EXM version 2.2; Hermes Medical
Solutions) to generate absorbed doses in units of centigray per millicurie
of 225Ac administered.

Biodistribution of 225Ac-nimotuzumab was also studied in athymic nude
BALB/c mice bearing EGFR-positive DLD-1 xenografts. Animals (n5 4/
group) were administered 13 kBq of [225Ac]Ac-macropa-nimotuzumab
and euthanized 24, 72, 120, or 288 h after injection. Organs were har-
vested for biodistribution studies and expressed as %IA/g. Toxicity
was also studied in healthy BALB/c mice and is reported in the supple-
mental materials.

Radioimmunotherapy
Biodistribution of [225Ac]Ac-macropa-nimotuzumab showed clearance

from almost all organs after 10 d, with retention in tumors. For in vivo
a-particle therapy, mice were divided into 3 groups (n $ 5/group):
[225Ac]Ac-macropa-nimotuzumab, [225Ac]Ac-macropa-rituximab, and
phosphate-buffered saline (PBS). Mice received 3 doses of 13 kBq (39
kBq in total) administered on days 0, 10, and 20 via a tail vein. Tumor
growth was monitored by measuring the greatest length and width of each
tumor using a digital caliper. Tumor volume was calculated using the fol-
lowing formula: volume 5 (length 3 width2)/2. At the start of the study,
tumor volumes for DLD-1, HT-29, and SW620 were not statistically dif-
ferent among the groups treated with [225Ac]Ac-macropa-nimotuzumab,
[225Ac]Ac-macropa-rituximab, and PBS (P. 0.05). Initial tumor volumes
6 SEM for the [225Ac]Ac-macropa-nimotuzumab, [225Ac]Ac-macropa-
rituximab, and PBS groups were 153.2673.3, 67.963.8, and
149.3619.3 mm3 for DLD-1 xenografts; 129.2640.3, 188686, and
119.8665.9 mm3 for HT-29 xenografts; and 39.2621.3, 73.4663.9,
and 33.8658.67 mm3 for SW620 xenografts, respectively. The study
was terminated when tumor volume reached at least 1,500 mm3, and then
survival was determined using a Kaplan–Meier curve. The individual
body weights of mice were recorded during the study period.

Statistical Analysis
All data were expressed as the mean 6 SEM of at least 3 indepen-

dent experiments. Comparisons between groups were performed via
either Student t test with Welch correction (2-group comparison) or
1-way ANOVA with Bonferroni multiple comparison post hoc test
(multiple-group comparison). Graphs were prepared and P values were
calculated using GraphPad Prism (version 9; GraphPad Software).

Ethics Statement
All animal studies were approved by the University of Saskatche-

wan Animal Care and Use Committee protocol 20220021.

RESULTS

Quality Control
The conjugation of p-SCN-macropa to nimotuzumab or control

antibody rituximab was obtained as a clear solution with no particu-
late matter or milky appearance. The high-performance liquid chro-
matography purity of macropa-nimotuzumab and macropa-rituximab
was at least 98%. Immunoconjugates were further characterized for
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binding to EGFR, aggregation, and size (Supplemental Figs. 1 and 2;
Supplemental Table 1). Bioanalyzer showed that macropa-
nimotuzumab was more than 86% pure, with a molecular weight of
162.8kDa (vs. 161.2 kDa for nimotuzumab). This indicates that there
were an estimated 3 macropa per antibody molecule. Saturation bind-
ing of nimotuzumab to EGFR on DLD-1, SNU-C2B, HT-29, and
SW620 cells was studied using flow cytometry (Supplemental
Fig. 3). The dissociation constant and the maximum specific binding
were 5.660.06nM and 610,576 for DLD-1, 20.160.73nM and
321,040 for SNU-C2B, 6.461.6 nM and 1,484,086 for HT-29, and
5.462.4 nM and 43,518 for SW620 cell lines, respectively.

Radiolabeling, Characterization, and Internalization
Macropa-nimotuzumab and control immunoconjugate macropa-

rituximab were quantitatively radiolabeled using 225Ac (.90%
radiochemical yield) and in high radiochemical purity (.99% in
each case) at a specific activity of 10 kBq/mg. The purity was con-
firmed by instant thin-layer chromatography and high-performance
liquid chromatography (Supplemental Figs. 2C and 2D).
Internalization efficiency of nimotuzumab compared with con-

trol IgG was estimated by total red counts observed at the end of
48 h after treatment. In all cell lines except for DLD-1, internaliza-
tion peaked at 24 h and depended on EGFR expression on the
surface of the cell (Fig. 1). At 48 h after incubation, the internali-
zation of nimotuzumab in DLD-1 (376.826 106.5, high EGFR
expression) was 30.9 times greater than in SW620 (12.186 3.28,
low EGFR expression). Similarly, at 24 h, nimotuzumab was
20 times more internalized in HT-29 (719.216 213.5, high EGFR
expression) than in SW620 (35.986 3.095, low EGFR expression).
The binding of [225Ac]Ac-macropa-nimotuzumab to the EGFR-

positive DLD-1 cell line was studied using radioligand binding

assay. The estimated dissociation constant and maximum specific
binding were 14.86 41.7 nM and 10,050, respectively (Supple-
mental Fig. 4).

In Vitro Cytotoxicity (2D and 3D Spheroids)
Live-cell imaging was used to study the in vitro cytotoxicity

(2D cells) of nimotuzumab and [225Ac]Ac-macropa-nimotuzumab
in DLD-1, SW620, SNU-C2B, and HT-29 mCRC cells (Table 1;
Supplemental Figs. 5 and 6). Despite the low specific activity,
[225Ac]Ac-macropa-nimotuzumab was more potent than unlabeled
nimotuzumab. In DLD-1 cells, the inhibitory concentration of 50%
(IC50) of [225Ac]Ac-macropa-nimotuzumab (1.86 1.0 nM) was
46.7-fold lower than that of cold (unlabeled) nimotuzumab
(84.160.3 nM; P , 0.001). Similar trends were observed for
SNU-C2B and SW620 cell lines (Table 1). Phase contrast images
showed a higher concentration of cell death with [225Ac]Ac-macropa-
nimotuzumab than with unlabeled nimotuzumab. Unlabeled nimotuzu-
mab had no effect on HT-29, but [225Ac]Ac-macropa-nimotuzumab
was cytotoxic (IC50, 10.1nM) to the cell.
Live-cell imaging was used to study the in vitro cytotoxicity of

nimotuzumab and [225Ac]Ac-macropa-nimotuzumab in DLD-1,
SW620, SNU-C2B, and HT-29 mCRC 3D spheroids (Table 2; Sup-
plemental Figs. 7 and 8). In DLD-1 spheroids, the IC50 of [

225Ac]Ac-
macropa-nimotuzumab (10.660.6nM) was 32.4 times lower than
that of nimotuzumab (342.460.1nM). Similar differences were
observed in SNU-C2B and SW620 spheroids (Table 2). Phase contrast
images displayed a decrease in spheroid sizes after treatment with
[225Ac]Ac-macropa-nimotuzumab (Supplemental Fig. 7), indicating
the enhanced cytotoxic effect of [225Ac]Ac-macropa-nimotuzumab
compared with nimotuzumab. In HT-29 spheroids, unlabeled nimotu-
zumab had no effects. Enhanced cytotoxicity was observed with
[225Ac]Ac-macropa-nimotuzumab (IC50, 41.561.4nM).

Biodistribution, Dosimetry, and In Vivo Toxicity
Biodistribution of [225Ac]Ac-macropa-nimotuzumab was stud-

ied in healthy BALB/c mice and in athymic nude BALB/c mice
bearing EGFR-positive DLD-1 xenografts. In healthy BALB/c mice,
the uptake of [225Ac]Ac-macropa-nimotuzumab was high in the kid-
ney, liver, and blood at early time points, but only the liver
(11.560.6 %IA/g) and the blood (8.161.1 %IA/g) had high uptake
11 d after injection (Fig. 2; Supplemental Table 2). Projected human
radiation dose estimates were calculated with OLINDA/EXM ver-
sion 2.2 using the human scaling factor and biodistribution data
obtained from healthy BALB/c mice (Table 3). As expected, the liver
received the highest organ dose of [225Ac]Ac-macropa-nimotuzumab,
followed by the spleen. In mice bearing DLD-1 xenografts, uptake of
[225Ac]Ac-macropa-nimotuzumab was higher in the tumor at all time
points than in other organs, with a maximum at 120h (DLD-1 tumor,
32.06 13.8 %IA/g; liver, 4.062.9 %IA/g; kidney, 3.262.2 %IA/g;
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FIGURE 1. Internalization of nimotuzumab in DLD-1, SNU-C2B, HT-29,
and SW620 cell lines at different time points after incubation using live-cell
imaging. All data shown are mean of 3 wells6 SEM.

TABLE 1
IC50 Values of Immunoconjugates in KRAS Wild-Type and BRAFV600E HT-29 and KRAS Mutant DLD-1, SW620, and

SNU-C2B CRC Monolayer Cells with Different Levels of EGFR Expression

Parameter DLD-1 SNU-C2B SW620 HT-29

IC50 (nM)

Nimotuzumab 8460.3 101.76 0.3 362.86 2.3 —

[225Ac]Ac-macropa-nimotuzumab 1.861.0 3.36 1.3 4.66 0.6 10.161.3

IC50 (kBq/mL) 2.860.0 5.16 0.3 7.26 0.2 15.460.6
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blood, 5.164.3 %IA/g; Supplemental Table 3). There were no
changes in most hematopoietic parameters after administration of 11.1
kBq of [225Ac]Ac-macropa-nimotuzumab in healthy mice (Sup-
plemental Table 4).

Efficacy of [225Ac]Ac-Macropa-Nimotuzumab
We evaluated the efficacy of [225Ac]Ac-macropa-nimotuzumab

and control [225Ac]Ac-macropa-rituximab in mCRC KRAS mutant
DLD-1 (high EGFR expression) and in KRAS wild-type and
BRAFV600E mutant HT-29 (high EGFR expression) and SW620
(low EGFR expression) mouse xenograft models (Figs. 3–5).
Tumor growth inhibition was evaluated using a digital caliper. In
mice bearing DLD-1 xenografts treated with 3 doses of [225Ac]Ac-
macropa-nimotuzumab, 3 of 7 mice had complete tumor regression
on days 13, 100, and 130, whereas tumor volume reached 1,500 mm3

for a partially responding mouse on day 76. The remaining 3 mice in
this group had tumor volumes of less than 100 mm3 at the end of the
study. Two of 7 mice treated with 3 doses of control [225Ac]Ac-
macropa-rituximab reached 1,500 mm3 on day 30, and the rest
reached 1,500 mm3 by day 64. In the PBS group, all 8 mice reached
the study endpoint (1,500 mm3) by day 42. In HT-29 mice treated
with [225Ac]Ac-macropa-nimotuzumab, 1 of 7 mice had complete
tumor regression and 4 mice showed a partial response to therapy,
evidenced by reduction in tumor growth (75, 57, 200, and
550.4 mm3 on day 90). However, 1 mouse from this group reached
the tumor endpoint on day 35. In the 225Ac-rituximab group, 3 of
4 mice reached the endpoint on day 16. In KRAS mutant SW620
mice (low EGFR copies per cell) treated with [225Ac]Ac-macropa-
nimotuzumab, 2 of 8 mice showed a partial response to therapy,
whereas the others reached 1,500 mm3 by days 16, 21, 35, 38, and
41. All mice in the [225Ac]Ac-macropa-rituximab and PBS groups
reached the endpoint of this study within 33 and 47 d, respectively.

The Kaplan–Meier survival curves of DLD-1, HT-29, and
SW620 xenografts are presented in Figures 3, 4, and 5, respectively.
Compared with the control [225Ac]Ac-macropa-rituximab and PBS
groups, 225Ac-nimotuzumab significantly extended survival in all
models (P , 0.01). For KRAS mutant DLD-1 xenografts, median
survival was 34 and 27 d for the [225Ac]Ac-macropa-rituximab and
PBS groups, respectively, but was not reached for the 225Ac-nimotu-
zumab group after 130 d. For KRAS wild-type and BRAFV600E

mutant HT-29 xenografts, median survival was 16 and 12.5 d for
the [225Ac]Ac-macropa-rituximab and PBS groups, respectively,
but was not reached for the [225Ac]Ac-macropa-nimotuzumab
group (.90 d). For SW620 xenografts, median survival was 16,
24.5, and 41 d for the [225Ac]Ac-macropa-rituximab, PBS, and
[225Ac]Ac-macropa-nimotuzumab groups, respectively. There was
no gross toxicity in 225Ac-treated groups compared with control, as
evidenced by the body weights of the mice (Supplemental Fig. 10).

DISCUSSION

Continuous activation of EGFR by oncogenic KRAS and
BRAF abrogates antitumor activity of anti-EGFR targeted thera-
peutics (2). Because of their decay properties, 225Ac-targeted
radioimmunoconjugates are considered molecular nanogenerators
and can be ideal in the setting of KRAS and BRAF mutant CRC.
To our knowledge, no prior study has evaluated an a-particle–
labeled anti-EGFR agent in KRAS or BRAF wild-type and mutant
CRC models. Others have evaluated the anti-EGFR antibodies
[212Pb]Pb-TCMC-panitumumab and [212Pb]Pb-TCMC-cetuximab,

TABLE 2
IC50 Values of Immunoconjugates in KRAS Wild-Type and BRAFV600E HT-29 and Mutant CRC DLD-1, SW620, and

SNU-C2B Spheroids with Different Levels of EGFR Expression

Parameter DLD-1 SNU-C2B SW620 HT-29

IC50 (nM)

Nimotuzumab 342.460.1 363.260.0 414.36 0.1 —

[225Ac]Ac-macropa-nimotuzumab 10.660.6 14.762.5 19.56 1.7 41.561.4

IC50 (kBq/mL) 15.960.6 22.062.5 37.06 1.7 62.361.4
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healthy organs in athymic nude BALB/c mice (n $ 3/group) bearing DLD-1
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TABLE 3
Human Radiation Dose Estimates for Women Estimated

Using OLINDA/EXM Version 2.2

Organ Dose (mSv/MBq)

Brain 2.77E100

Small intestine 2.14E202

Stomach wall 8.1E203

Right colon 1.02E202

Heart wall 4.08E101

Kidneys 1.29E102

Liver 2.44E102

Lungs 7.42E101

Pancreas 7.66E100

Spleen 1.59E102

Urinary bladder wall 2.5E204

Total body 8.05E100
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or [213Bi]Bi-CHX-A99-DTPA-cetuximab preclinically in other dis-
ease models (22,23). Hence, this study was undertaken to explore
the effectiveness of an 225Ac-labeled anti-EGFR radioimmunocon-
jugate in KRAS and BRAF mutant CRC. CRC has 4 major types of

KRAS mutations, namely, KRASG12D

(34.2%), KRASG12V (21%), KRASG13D

(20%), and KRASG12C (8.4%) (24). Com-
pared with other mutations that show no
sensitivity to anti-EGFR agents, KRASG13D

shows some sensitivity to cetuximab, albeit
less than the wild type (9).
We found that internalization depended

on receptor density rather than KRAS status
and was lowest in SW620, with the lowest
EGFR expression, but similar between
HT-29 and DLD-1, both with high EGFR
copies per cell. Similarly, the binding (dis-
sociation constant) of anti-EGFR antibodies
observed in this and previous studies
depended not on KRAS but on EGFR cop-
ies per cell (25). In vitro cytotoxicity was
studied using Incucyte S3 live-cell imaging
and a Cytotox red agent (Essen BioScience),
which allows the quantification of dead cells
(Table 1) in real time. Unlabeled nimotuzu-
mab had no effect on the survival of
BRAFV600E mutant HT-29 cells despite
high EGFR expression, confirming the
same observations by others (26,27). How-
ever, [225Ac]Ac-macropa-nimotuzumab
was effective against 2D monolayer and
3D spheroids of HT-29 cells, albeit at a

higher dose than for DLD-1 with similar EGFR copies per cell
(Tables 1 and 2). DLD-1 with KRASG13D mutation is a bit respon-
sive to unlabeled anti-EGFR antibodies and antibody–drug conju-
gates (27). We previously showed that nimotuzumab antibody–drug

conjugate (nimotuzumab-PEG6-DM1, with a
drug-to-antibody ratio of 3:4) (27) was
cytotoxic to DLD-1, with IC50 of 32.6 nM
(compared with 1.8 nM for [225Ac]Ac-
macropa-nimotuzumab in this study), but
was not cytotoxic to HT-29. Hence, the
in vitro potency of [225Ac]Ac-macropa-
nimotuzumab was severalfold more than
the naked antibody or antibody–drug conju-
gate in the HT-29 model. In vitro cytotoxic-
ity was also observed in SW620 with
KRAS mutation and low EGFR copies per
cell. Hence, [225Ac]Ac-macropa-nimotuzumab
is advantageous over antibody–drug con-
jugates or other anti-EGFR inhibitors.
3D spheroids are a more relevant in vitro

model than monolayer cells when studying
in vitro cytotoxicity, particularly because
they more accurately mimic micrometastatic
lesions. Spheroid diameters for DLD-1,
HT-29, SNU-C2B, and SW620 were in the
range of 200–650mM. In all spheroids
tested, [225Ac]Ac-macropa-nimotuzumab
was 22- to 33-fold more potent than the unla-
beled nimotuzumab. These results suggest
that [225Ac]Ac-macropa-nimotuzumab is
potent against both KRAS and BRAFV600E

mutant spheroids and would be effective in
micrometastatic lesions in vivo.

FIGURE 3. Efficacy of 225Ac-labeled radioimmunoconjugates in mice bearing EGFR-positive KRAS
mutant (KRASG13D) DLD-1 colorectal xenografts. Mice were treated using saline (A), three 13-kBq
doses (39 kBq total, administered 10 d apart) of control anti-CD20 antibody [225Ac]Ac-macropa-rituximab
(B), and three 13-kBq doses (39 kBq total, administered 10 d apart) of anti-EGFR antibody [225Ac]Ac-
macropa-nimotuzumab (C). (D) Kaplan–Meier survival curves of different groups. Study endpoint was
when xenografts reached$1,500 mm3.

FIGURE 4. Efficacy of 225Ac-labeled radioimmunoconjugates in mice bearing EGFR-positive
BRAFV600E mutant HT-29 colorectal xenografts. Mice were treated using saline (A), three 13-kBq
doses (39 kBq total, administered 10 d apart) of control anti-CD20 antibody [225Ac]Ac-macropa-
rituximab (B), and three 13-kBq doses (39 kBq total, administered 10 d apart) of anti-EGFR antibody
[225Ac]Ac-macropa-nimotuzumab (C). (D) Kaplan–Meier survival curves of different groups. Study
endpoint was when xenografts reached$1,500 mm3.
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We previously showed that the effective organ dose of 89Zr-
nimotuzumab was more than 2-fold lower than that of 89Zr-cetuxi-
mab (25). Organ doses in this study showed similar trends com-
pared with work using other anti-EGFR antibody conjugates, such
as [213Bi]Bi-CHX-A99-DTPA-cetuximab (28), as well as our previ-
ous study using [89Zr]Zr-DFO-nimotuzumab (25). [225Ac]Ac-
macropa-nimotuzumab was cleared from almost all organs after
10 d and was retained in tumors, hence the justification for dose
fractionation every 10 d. We recently showed using anti-EGFR
antibody [89Zr]Zr-DFO-matuzumab that tumor uptake of CRC
xenografts depended on EGFR expression rather than KRAS and
BRAF mutational status, with a similar uptake in DLD-I and
HT-29 xenografts, both with high EGFR density, that was more
than 3-fold higher than in SW620 xenografts, with low EGFR
density (29). In addition, the high internalization rate of nimotuzu-
mab likely contributed to the prolonged retention of 225Ac in the
tumor and hence the effectiveness. These characteristics make
[225Ac]Ac-macropa-nimotuzumab a potentially effective molecu-
lar nanogenerator with continuous delivery of high linear energy
transfer radiation doses to the tumor. A few BRAF inhibitors,
including vemurafenib, dabrafenib, and encorafenib, are approved
for treating BRAF mutant melanomas and show significant bene-
fits in this population (30–32). However, these inhibitors show no
benefits in CRC patients with BRAFV600E mutation, confirming
preclinical data that showed the activation of this pathway is dif-
ferent for both cancer types (33). KRAS mutant DLD-1 xenografts
and BRAF mutant HT-29 xenografts showed a similar response to
[225Ac]Ac-macropa-nimotuzumab. However, [225Ac]Ac-macropa-
nimotuzumab had less of an effect on KRAS mutant SW620 xeno-
grafts, likely because of its low EGFR expression. In all cell lines,
[225Ac]Ac-macropa-rituximab showed no significant response.
Therefore, the benefits (.6-fold improvement in survival, includ-
ing complete remission) of [225Ac]Ac-macropa-nimotuzumab in

mice bearing HT-29, as demonstrated in
this study, could have a significant clini-
cal implication in CRC patients with
BRAFV600E mutation when translated. In
addition, we demonstrated enhancement
in survival in KRAS mutant xenografts,
including some complete remissions of
DLD-1 tumors, and more than 2-fold
enhancement in median survival of mice
bearing KRAS mutant SW620 xeno-
grafts, despite low EGFR expression.

CONCLUSION

This work showed the benefits of
a-particle [225Ac]Ac-macropa-nimotuzumab
as an anti-EGFR molecular nanogenerator
against KRAS and BRAFV600E mutant
xenografts. [225Ac]Ac-macropa-nimotuzumab
was more effective in KRASG13D DLD-1
and BRAFV600E HT-29, with high EGFR
expression, than in KRASG12V SW620,
with low EGFR expression. This effective-
ness results from its high internalization
rate in these cells and high tumor retention.
Preliminary hematopoietic studies showed
that [225Ac]Ac-macropa-nimotuzumab was
safe, and animals tolerated 3 doses of the

agent. These promising data warrant further investigation and poten-
tial clinical translation.
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KEY POINTS

QUESTION: Can an anti-EGFR antibody radiolabeled with an
a-emitting radioisotope (225Ac) be effective against EGFR-positive
CRC xenografts that are irresponsive to naked antibodies, such as
cetuximab?

PERTINENT FINDINGS: Anti-EGFR radioimmunotherapeutic
[225Ac]Ac-macropa-nimotuzumab was effective in prolonging the
survival of mice bearing EGFR-positive CRC xenografts that
harbor KRAS and BRAFV600E mutations.

IMPLICATIONS FOR PATIENT CARE: [225Ac]Ac-macropa-
nimotuzumab could result in significant survival improvements in
patients with EGFR-positive CRC with or without KRAS or BRAFV600E

mutations, which represent up to 80% of patients, when or if
translated in clinical trial.
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Posttreatment imaging of g-emissions after peptide receptor radionu-
clide therapy (PRRT) can be used to perform quantitative dosimetry as
well as assessment response using qualitative measures. We aimed
to assess the impact of qualitative posttreatment imaging on the man-
agement of patients undergoing PRRT.Methods: In this retrospective
study, we evaluated 100 patients with advanced well-differentiated
neuroendocrine tumors undergoing PRRT, who had posttreatment
SPECT/CT imaging at 24h. First, we evaluated the qualitative assess-
ment of response at each cycle. Then using a chart review, we deter-
mined the impact on management from the posttreatment imaging.
The changes in management were categorized as major or minor, and
the cycles at which these changes occurred were noted. Additionally,
tumor grade was also evaluated. Results: Of the 100 sequential
patients reviewed, most (80% after cycle 2, 79% after cycle 3, and
73% after cycle 4) showed qualitatively stable disease during PRRT.
Management changes were observed in 27% (n 5 27) of patients;
78% of those (n 5 21) were major, and 30% (n 5 9) were minor.
Most treatment changes occurred after cycle 2 (33% major, 67%
minor) and cycle 3 (62% major, 33% minor). Higher tumor grade cor-
related with increased rate of changes in management (P 5 0.006).
Conclusion: In this retrospective study, qualitative analysis of post-
treatment SPECT/CT imaging informed changes in management in
27% of patients. Patients with higher-grade tumors had a higher rate
of change in management, and most of the management changes
occurred after cycles 2 and 3. Incorporating posttreatment imaging
into standard PRRT workflows could potentially enhance patient
management.

KeyWords: neuroendocrine; radionuclide therapy; SPECT/CT; 177Lu-
DOTATATE; posttreatment imaging
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Neuroendocrine neoplasms encompass a diverse range of
tumors, primarily originating in the lungs and gastroenteropancrea-
tic sites. The classification of gastroenteropancreatic neuroendo-
crine neoplasms by the World Health Organization into different
histopathologic subgroups provides prognostic insights based

primarily on differentiation status, mitotic rate, or Ki-67 prolifera-
tion index; well-differentiated tumors are subclassified into G1
(Ki-67, ,3%), G2 (Ki-67, 3%–20%), and G3 (Ki-67, .20%)
neuroendocrine tumors (NETs), which exhibit increasing aggres-
siveness as the proliferation rate increases; poorly differentiated
neuroendocrine carcinomas represent the most aggressive subset
and include large and small cell subtypes (1). Despite the rela-
tively low incidence of each individual subtype, the global burden
of neuroendocrine neoplasms is on the rise (2,3).
Peptide receptor radionuclide therapy (PRRT) using 177Lu-DOTA-

TATE has become a standard treatment for well-differentiated NETs
(4–8) and is given clinically as 4 cycles of 7.4 GBq every 8 wk.
However, with increased clinical experience, adapting standard treat-
ment protocols to specific patients has become more common. For
example, in patients who experience bone marrow toxicity, adminis-
tered activity can be decreased or the interval between PRRT treat-
ments can be increased (9).
Although somatostatin receptor (SSTR) PET is used to select

patients and follow patients after treatment (10), there are cur-
rently no guidelines for how to use posttreatment imaging of the
administered 177Lu-DOTATATE (referred to as posttreatment
imaging here) during PRRT, and most treatment centers in the
United States do not routinely perform immediate posttreatment
imaging. Similarly, the latest published guidelines from the North
American Neuroendocrine Tumor Society and the Society of
Nuclear Medicine and Molecular Imaging regarding administra-
tion of 177Lu-DOTATATE PRRT do not specifically address the
utility of performing posttreatment imaging (4).
Posttreatment imaging can be used in 2 major ways: the first is

to perform quantitative dosimetry of tumors and normal organs,
and the second is to qualitatively evaluate the patient’s response to
treatment. Quantitative dosimetry has been shown to correlate
with radiographic response in gastroenteropancreatic NETs but not
overall survival (11,12). Although there is a relationship between
lesion absorbed dose and response, it is unclear how to apply this
quantitative data to change management on a patient level. In
terms of the role of qualitative interpretation of posttreatment
imaging, there is no evidence of its current role or value. A study
evaluating the practice of radiopharmaceutical therapies across
European countries revealed that each one of them performed
posttreatment imaging for 177Lu-DOTATATE PRRT (13). The
study highlighted that the impact of posttreatment imaging on clin-
ical decision-making remains uncertain.
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The role of qualitative posttreatment imaging–based response
and its impact on management is not clearly understood, and
therefore, we aimed to investigate the impact of posttreatment
imaging on changes in management in patients undergoing 177Lu-
DOTATATE PRRT at our institution.

MATERIALS AND METHODS

Study Population
We conducted a retrospective study of the first 107 patients who

underwent 177Lu-DOTATATE PRRT for well-differentiated NETs at
our institution between 2018 and 2020. The patient cohort included
individuals who had received a minimum of 2 cycles of PRRT as per
standard treatment guidelines (4). Anatomic imaging was performed
as a part of our institutional protocol after cycle 2, and characterization
of pseudoprogression was based on these images. The institutional
review board approved this retrospective study, and the requirement to
obtain informed consent was waived.

Posttherapy Scan Acquisition
Whole-body planar and SPECT/CT imaging were performed 1 d after

each cycle in the context of routine clinical care using a dual-head
g-camera Infinia Hawkeye (GE Healthcare) system with the following
acquisition parameters: 208% 6 10% keV photopeak, 170% 6 10%
keV scatter window, 128 3 128 matrix, 30 s per projection, 60 projec-
tions in total using 2 detectors, medium-energy general-purpose collima-
tors, and a low-dose CT for attenuation correction. A Xeleris workstation
(GE Healthcare) was used for reconstruction with the following recon-
struction parameters: ordered-subset expectation maximization, 10 itera-
tions, 6 subsets, and a Butterworth filter, with scatter correction and
attenuation correction. The imaging duration was approximately 60 min,
consisting of 1 whole-body planar acquisition and two 20-min
SPECT/CT bed positions covering the kidneys and most of the tumor.

Posttherapy Scan Analysis
Consecutive posttreatment scans were compared with the baseline scan

performed after cycle 1. Response was qualitatively assessed using both
SPECT/CT and planar images and was divided into 4 subtypes: marked
reduction in tumor volume, reduction in tumor volume but with significant
residual disease, stable disease, and development of new lesions. After
each cycle, the clinical management for each patient was evaluated to
determine whether the posttreatment imaging influenced the treatment
plan. Patients whose posttreatment imaging resulted in a change in their
management were further analyzed to identify the extent of the impact,
which was broken down into either major or minor changes. Major
changes included early discontinuation of PRRT (before completion of 4
cycles); for example, stoppage of PRRT because of progressive disease or
because of marked response, delay or deferral of PRRT with a recommen-
dation for targeted treatment of a new or growing lesion based on postther-
apy imaging, or stoppage of PRRT because of developing hematologic
toxicities with substantial imaging response. Minor changes included
changes that resulted in tailoring of PRRT cycles to specific occurrences;
for example, continuation of PRRT despite development of borderline
hematologic toxicities, pseudoprogression, or hydronephrosis leading to
stent placement. Additionally, we divided these changes into subgroups
(objective vs. subjective changes), with objective changes indicating man-
agement changes that would be considered within the standard of practice.

TABLE 1
Patient Demographic and Tumor Features or Patient

Clinical and Demographic Features

Parameter n

Sex

Female 58 (58)

Male 42 (42)

Functional syndrome 71 (71)

Carcinoid syndrome 64 (90)

Other syndrome 7 (10)

Prior therapies

Previous chemotherapy 36 (36)

Targeted therapy (everolimus, sunitinib)
or immunotherapy

37 (37)

Liver-directed therapy 38 (38)

External-beam radiation therapy 21 (21)

Somatostatin analog therapies 89 (89)

Surgery 64 (64)

Previous PRRT 5 (2)

Primary site

Small bowel 55 (55)

Pancreas 26 (26)

Bronchial tube 6 (6)

Unknown 5 (5)

Others 8 (8)

Ki-67 index at diagnosis

Known 8.6 (9.1)

Unknown 9 (9)

Grade of tumor differentiation

1 36 (36)

2 59 (59)

3 5 (5)

Data are number and percentage. Mean age was 69.2 y
(611.1 y).

TABLE 2
Qualitative Response Assessment on Posttreatment Imaging After Each PRRT Cycle

SPECT/CT imaging Total patients Marked response Response Stable disease Progression

After cycle 2 100 (100) 2 (2) 16 (16) 80 (80) 2 (2)

After cycle 3 85 (85) 4 (5) 12 (14) 67 (79) 2 (2)

After cycle 4 64 (64) 4 (6) 10 (16) 47 (73) 3 (5)

Data are number and percentage.
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Statistical Analysis
Descriptive statistics in the form of mean, median, SD, and ranges

were used to describe quantitative variables from the clinical data. Cat-
egoric variables were reported as counts and percentages. A Pearson x2

test was conducted to assess the relationship between the grade of
tumor and the rate of changes in management at a predetermined signif-
icance level of less than 0.05. If more than one type of change in man-
agement was noted in a single patient, major changes usurped minor
changes and objective changes usurped subjective changes for analysis.

RESULTS

Patient Characteristics
In total, 107 sequential patients with well-differentiated NETs

underwent PRRT from May 2016 to April 2021. Seven patients
did not receive posttreatment imaging and were not included

in the analysis. Patient and demographic data are provided in
Table 1.
Qualitative Response Assessment. All 100 patients had post-

treatment imaging performed after cycles 1 and 2, 85% of patients
had imaging after cycle 3, and 64% of patients had imaging after
cycle 4. The most common imaging response was stable disease,
which was seen in 73%–80% of the posttreatment images depend-
ing on the cycle. Ten patients had a marked response seen on post-
treatment imaging (Table 2).
Change in Management Based on Posttreatment Imaging. Post-

treatment imaging resulted in a change in management in 27% (27/
100) of patients, with 78% (21/27) experiencing a major change and
33% (9/27) having a minor change. When broken down on the basis
of subjective or objective changes in management, 59% (16/27)
experienced an objective change and 44% (12/27) experienced a

TABLE 3
Types of Change in Management Based on Posttreatment Imaging and Cycles After Which Change Was Noted

Type of management change n Cycle 2 Cycle 3 Cycle 4

Any type 30 13 16 1

Major changes in management 21 7 13 1

Objective decisions

PRRT stopped because of progressive disease 3 1 2 0

PRRT delayed/deferred and recommendation of additional treatment for
targeted treatment of new/growing lesion

6 3 2 1

PRRT stopped because of developing hematologic toxicities with
imaging response

7 1 6 0

Subjective decisions*

PRRT stopped because of marked response 5 2 3 0

Minor changes in management† 9 6 3 0

Objective decisions

Hydronephrosis noted leading to stent placement 1 0 1 0

Subjective decisions*

PRRT continued despite borderline development of hematologic toxicities 2 0 2 0

Characterization of pseudoprogression 6 6 0 0

*In 3 patients, more than one type of subjective or objective decisions was noted.
†Three patients had one major and one minor change in management.

FIGURE 1. Impact of posttreatment imaging on management, broken
down by cycle when change in management occurred. FIGURE 2. Change in management based on grade of tumor.
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subjective change in management. Within the 27 patients, 30 major
or minor management changes were observed, with 3 patients
experiencing multiple changes in management (Table 3).
Among the 21 patients exhibiting major changes, 3 had further

PRRT cycles stopped because disease progression was found on
posttreatment imaging, 5 had discontinuation of further cycles
because of a marked response to PRRT, 6 had subsequent PRRT
cycles delayed to allow for targeted treatment of a new or growing
lesion, and 7 had further PRRT cycles deferred because of hemato-
logic toxicity in the setting of imaging response to PRRT (Table 3;
Supplemental Tables 1 and 2; supplemental materials are available at
http://jnm.snmjournals.org). Among the patients with major changes,
the change was made after cycle 2 for 7 patients (33%), after cycle 3
for 13 patients (62%), and after cycle 4 for 1 patient (5%) (Fig. 1).

Of the 9 patients who had minor
changes, 2 had PRRT continued for 4
cycles despite borderline hematologic toxi-
cities, 1 had a stent placed for hydronephro-
sis, and 6 had pseudoprogression detected
on conventional imaging and characterized
on posttreatment imaging (Table 3). Among
the patients with minor changes, the change
was made after cycle 2 in 6 patients (67%)
and after cycle 3 in 3 patients (33%); no
minor change in management was noted
after cycle 4 (Fig. 1).
In 3 patients, both major and minor

changes were noted: in 2 patients, pseudo-
progression was characterized after cycle
2 and treatment was stopped early because
of a marked response after cycle 3; in
1 patient, treatment was stopped in the set-
ting of developing hematologic toxicity
with partial response, and a renal stent was
placed because of marked hydronephrosis.
Tumor Grade and Change in Manage-

ment. Patients with a higher tumor grade had a higher rate of
change in management. A significant relationship was noted
between the tumor grade and the change in management. Of the
patients with grade 1 and 2 tumors, 23 of 95 had a change in man-
agement, whereas in patients with grade 3 tumors, 4 of 5 patients
had a change in management (P 5 0.006; Fig. 2).
Case Examples. Six cases are provided to highlight how post-

treatment imaging results in changes in management.
The first case demonstrates a patient with a marked response. This

patient was an 80-y-old man with a grade 2 pancreatic NET for whom
treatment was stopped after 2 cycles because of marked response. His
disease progressed 41mo after the initiation of PRRT (Fig. 3).
The second case demonstrates a patient with progressive dis-

ease. This patient was a 43-y-old man with a grade 3 pancreatic
NET for whom treatment was stopped after 3 cycles because of
evidence of disease progression on posttreatment imaging. The
patient was converted to treatment with chemotherapy (Fig. 4).
The third case demonstrates a patient with a major change in

management due to a new lesion on posttreatment imaging. This
was a 68-y-old woman with a grade 2 pancreatic NET in which a
new lesion was detected on the L4 vertebra on imaging after cycle 4.
The patient was given stereotactic body radiation therapy for the new
vertebral lesion immediately after PRRT (Fig. 5).
The fourth case demonstrates a patient for whom treatment was

halted after cycle 2 to treat a SSTR-negative lesion. This was a
76-y-old man with a grade 2 bronchial carcinoid who had a grow-
ing SSTR-negative hepatic lesion after cycle 2. The patient under-
went transarterial chemoembolization for this lesion before
resuming cycle 3 of PRRT (Fig. 6).
The fifth case demonstrates a patient with minor change in man-

agement with characterization of pseudoprogression after cycle 2.
This was a 68-y-old woman with a grade 1 small-bowel NET trea-
ted with 4 cycles of 177Lu-DOTATATE, in which a growing
hepatic lesion on MRI was characterized as pseudoprogression on
posttreatment imaging at cycle 2 (Fig. 7).
The sixth case demonstrates a patient for whom PRRT was

stopped because of developing hematologic toxicities in the setting
of imaging response. This was a 60-y-old man with a grade 3 pan-
creatic NET who had a good response to PRRT except for bulky

FIGURE 3. 80-y-old man with grade 2 small-bowel NET treated with 2 cycles of 177Lu-DOTATATE,
demonstrating major change in management with stopping of PPRT in setting of marked response.
(A) Pretreatment 68Ga-DOTATATE PET demonstrates SSTR-positive disease (arrow). (B) Postcycle 1
planar imaging demonstrates uptake in osseous and hepatic disease (arrow). (C) Postcycle 2 planar
imaging demonstrates reduction in uptake in previously visualized disease (arrow). Treatment was
stopped because of marked response, and disease progressed after 41mo since start of treatment.
(D) 68Ga-DOTATATE PET demonstrates no evidence of progression after 12mo of PRRT. (E) 64Cu-
DOTATATE PET demonstrates SSTR-positive disease on progression; however, tumor volume
decreased compared with baseline.

FIGURE 4. 43-y-old man with grade 3 pancreatic NET (Ki-67, 40%) trea-
ted with 3 cycles of 177Lu-DOTATATE, demonstrating major change in
management with stopping of PRRT because of progressive disease on
posttreatment imaging. (A) Pretreatment 68Ga-DOTATATE PET demon-
strates liver-dominant disease. (B) Postcycle 1 planar imaging demon-
strates uptake in nodal and hepatic disease (arrow). (C) Postcycle 3 planar
imaging demonstrates mixed response to treatment, with increase in
SSTR-avid tumor volume in midline (arrow) but slight reduction in right
lobe liver disease (dotted arrowhead). Although there was partial response
in some lesions, cycle 4 was not administered because of evidence of pro-
gression, and patient was converted to treatment with chemotherapy.
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pancreatic disease after cycle 3. There was an impending risk
of hematotoxicity with grade 2 toxicity per the Common
Terminology Criteria for Adverse Events, and PRRT was discon-
tinued given the partial response on posttreatment imaging. SSTR-
positive pancreatic disease was subsequently managed surgically
after his liver disease was stable over a period of 3mo after PRRT
cycles (Supplemental Fig. 1)

DISCUSSION

We demonstrated that 27% of patients with NETs being
treated with PRRT underwent a change in management based on

posttreatment SPECT/CT imaging. Patients
with higher-grade tumors had a higher rate
of change in management. Most of the
changes in management occurred after
cycles 2 and 3.
To our knowledge, this is the first

description of the qualitative impact of
posttreatment SPECT/CT imaging on
the management of patients undergoing
PRRT. Although most prior work has
focused on the role of quantitative dosime-
try for the management of patients, there
is a growing interest in the qualitative
impact of posttreatment scans as well. A
previous study found that thoracoabdom-
inal SPECT/CT imaging is the preferred
method for post-PRRT imaging and that
all accompanying CT images should be
reviewed for additional findings, such as
ascites (14). Although our study builds on
the existing body of literature, our results

demonstrate that posttreatment SPECT/CT imaging can have sig-
nificant value as a qualitative marker of response, which can
directly impact patient management.
Current guidelines do not include recommendations for perform-

ing posttreatment imaging, primarily because there is currently little
direct impact of quantitative dosimetry on patient management. Our
results demonstrate that qualitative posttreatment imaging is critical
to patient management. Baseline imaging after cycle 1 should be
obtained for comparison of future posttreatment images. Given that
most changes in management occurred after cycles 2 and 3, images
should be considered after these 2 cycles. The role of postcycle 4
images is unclear, but the images may be valuable for comparison to
future imaging studies in patients. On the basis of our analysis, it is
evident that for grade 3 tumors, posttreatment imaging should be per-
formed after each cycle because these patients exhibit a high rate of
change in management.
Although our practice is to stop PRRT early in patients with

marked response, it is unclear if this is the appropriate way to
manage patients. The average time to disease progression after
PRRT in the subgroup in which PRRT was halted early was
27mo. These results suggest that it is safe to stop treatment early
and save the remaining cycles of treatment for subsequent use;
however, further research is warranted to understand the appropri-
ate management.
In the future, we hope that quantitative dosimetry will lead to

patient-specific adjustments in treatment. There is currently exten-
sive interest in understanding and using quantitative dosimetry in
radioligand therapies (11,12,15–17). Obtaining posttreatment
imaging for qualitative assessment allows for the accumulation of
data that can be later used to understand the role of quantitative
dosimetry. Although the absorbed dose in grays can be used for
response assessment, our result suggests that qualitative evaluation
has an important impact on patient management, and therefore,
other quantitative measures such as SPECT-based SUVs may be
useful as response markers without needing to be converted to
grays. Although we did not evaluate SUV in our paper, our results
suggest that this quantitative approach, rather than a dosimetric
quantitative approach, may be a valuable tool for evaluation
response to PRRT in the future. Currently, significant ongoing
work implementing SPECT-based quantitative uptake will enable

FIGURE 5. 68-y-old woman with grade 2 pancreatic NET treated with 4 cycles of 177Lu-DOTATATE,
demonstrating major change in management with treatment of new lesion detected on posttreatment
imaging. Pretreatment 68Ga-DOTATATE PET/CT (A, fused SPECT/CT [top] and CT from PET/CT
[bottom]) and postcycle 1 images (B, whole-body planar image [left], fused SPECT/CT [top], CT from
SPECT/CT [bottom]) demonstrate no evidence of lesion in L4 vertebra (dashed circles). (C, whole-body
planar image [left], fused SPECT/CT [top], and CT from SPECT/CT [bottom]) Postcycle 4 planar and
SPECT/CT imaging demonstrates uptake in L4 vertebrae with no corresponding CT abnormality (white
and black arrows). Patient developed back pain at cycle 4, and MRI demonstrates new lesion (D, arrow).
Patient was treated with stereotactic body radiation therapy to L4 lesion immediately after cycle 4.

FIGURE 6. 78-y-old man with grade 2 bronchial carcinoid treated with
3 cycles of 177Lu-DOTATATE, demonstrating major change with delay of
cycle 3 to manage growing SSTR-negative hepatic lesion after cycle 2.
Pretreatment CT (A, dotted arrow) and 68Ga-DOTATATE PET (D) done
within month of cycle 1 of PRRT demonstrate no evidence of hepatic
lesion. CT imaging done after cycle 2 of treatment (B) demonstrates lesion
in segment VI of liver (arrow). Postcycle 2 imaging (C, dotted circle)
demonstrates no uptake in this hepatic lesion, although posttreatment
68Ga-DOTATATE PET from cycle 1 to cycle 3 demonstrates reduction in
SSTR-positive chest wall disease (E–G, arrow). Cycle 4 was abandoned
because patient had worsening of clinical symptoms.
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this approach in the future (18,19). An important consideration
while assessing response with SUV is to consider the tumor sink
effect and its impact on SUV measurements as patients start
responding to PRRT (20).
There is controversy about when to acquire conventional imag-

ing (CT and MRI) or functional imaging (SSTR PET) during and
after PRRT. Currently, anatomic imaging remains the backbone
for disease assessment, but anatomic imaging often lags functional
imaging response. We identified a subgroup of patients who dem-
onstrated progression on structural imaging but were characterized
as pseudoprogression on posttreatment imaging, which suggests
that posttreatment imaging may be a better approach for response
assessment than anatomic imaging. Additionally, posttreatment
SPECT may be able to replace SSTR PET for response evaluation.
Having said this, how conventional imaging and posttreatment
imaging complement each other remains an open question. Mov-
ing forward, we hope that guidelines will embrace posttreatment
imaging because of its impact on patient management, as we con-
tinue to learn how to leverage the qualitative dosimetry data
acquired on the images. SPECT/CT scanners are widely available
in nuclear medicine departments, and most centers offering PRRT
would have access to SPECT/CT scanners.
There are many limitations with this study, in particular, the

small cohort of patients in which a change in management based
on posttreatment imaging was noted. Second, this study is retro-
spective in nature, and prospective evaluation would help validate
the results. Third, in the subgroup in which PRRT was stopped
early because of impending hematotoxity (Common Terminology
Criteria for Adverse Events grade 2 and above) in the setting of
stable or partial response on posttreatment imaging, the contribu-
tion of posttreatment scans alone remains unclear because of mul-
tiple factors causing early discontinuation of PRRT. Lastly,
performing mid-cycle CT or MRI is not yet standardized, and
characterization of pseudoprogression may not be relevant at other
institutions where these scans are not routinely performed. The
cost implications and frequent visits associated with posttreatment
imaging are worth considering in this context. However, a point to
note is that 4 SPECT/CT scans are approximately the same cost as

1 SSTR PET scan. Additionally, we chose
the 24-h time point because it is conve-
nient for patients who might be traveling
for PRRT, not to mention the benefit of
not undergoing additional radionuclide
injection.

CONCLUSION

In this retrospective study, qualitative
analysis of posttreatment SPECT/CT led
to changes in management in 27% of
patients. Patients with higher-grade tumors
had a higher rate of change in manage-
ment, and most of the changes in manage-
ment occurred after cycles 2 and 3. It may
be valuable to incorporate posttreatment
imaging in the standard PRRT workflow
to aid in patient management.
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KEY POINTS

QUESTION: What is the clinical role of posttreatment imaging
during PRRT?

PERTINENT FINDINGS: Qualitative posttreatment imaging
triggered a change in management in 27% of patients undergoing
PRRT, with most changes occurring after cycle 2 (37%) and cycle
3 (59%). Higher tumor grade was associated with a higher rate of
change in management.

IMPLICATIONS FOR PATIENT CARE: Incorporating posttreatment
SPECT/CT imaging into standard PRRT workflows could potentially
facilitate personalized patient management.
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There is a clinical need for 18F-labeled somatostatin analogs for the
imaging of neuroendocrine tumors (NET), given the limitations of using
[68Ga]Ga-DOTA-peptides, particularly with regard to widespread
accessibility. We have shown that [18F]fluoroethyl-triazole-[Tyr3]-
octreotate ([18F]FET-bAG-TOCA) has favorable dosimetry and biodis-
tribution. As a step toward clinical implementation, we conducted a
prospective, noninferiority study of [18F]FET-bAG-TOCA PET/CT
compared with [68Ga]Ga-DOTA- peptide PET/CT in patients with
NET. Methods: Forty-five patients with histologically confirmed NET,
grades 1 and 2, underwent PET/CT imaging with both [18F]FET-bAG-
TOCA and [68Ga]Ga-peptide performed within a 6-mo window
(median, 77 d; range, 6–180 d). Whole-body PET/CT was conducted
50min after injection of 165 MBq of [18F]FET-bAG-TOCA. Tracer
uptake was evaluated by comparing SUVmax and tumor-to-
background ratios at both lesion and regional levels by 2 unblinded,
experienced readers. A randomized, blinded reading of both scans
was also then undertaken by 3 experienced readers, and consensus
was assessed at a regional level. The ability of both tracers to visualize
liver metastases was also assessed. Results: A total of 285 lesions
were detected on both imaging modalities. An additional 13 tumor
deposits were seen in 8 patients on [18F]FET-bAG-TOCA PET/CT, and
[68Ga]Ga-DOTA-peptide PET/CT detected an additional 7 lesions in
5 patients. Excellent correlation in SUVmaxwas observed between both
tracers (r 5 0.91; P , 0.001). No difference was observed between
median SUVmax across regions, except in the liver, where the median
tumor-to-background ratio of [18F]FET-bAG-TOCA was significantly
lower than that of [68Ga]Ga-DOTA-peptide (2.561.9 vs. 3.562.3;
P , 0.001). Conclusion: [18F]FET-bAG-TOCA was not inferior to

[68Ga]Ga-DOTA-peptide in visualizing NET and may be considered in
routine clinical practice given the longer half-life and availability of the
cyclotron-produced fluorine radioisotope.

Key Words: [18F]FET-bAG-TOCA; [68Ga]Ga-DOTA-peptide; PET;
neuroendocrine tumors; somatostatin receptor
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Neuroendocrine neoplasms (NEN) are a heterogeneous group
of malignancies arising from cells of the diffuse neuroendocrine
system. Accurate diagnosis of primary lesion and staging the extent
of disease dictates both management and prognosis, whereby
patients with limited disease can undergo radical locoregional ther-
apy, including surgery or ablation with curative intent, whereas sys-
temic therapy is reserved for those with metastatic disease given
with palliative intent (1). Accurate imaging is crucial. As 20%–
50% of patients with NEN will have metastatic disease at presenta-
tion (2), there is a need for an imaging methodology that is both
sensitive and widely accessible.
A unique characteristic of NEN is the expression of somato-

statin receptors (SSTRs) on the tumor surface (3). The presence of
SSTRs has long been exploited for imaging NEN initially with
planar or SPECT imaging using [111In]In-diethylenetriaminepenta-
acetic acid-octreotide and, more recently, with PET/CT using
radiolabeled somatostatin analogs (SSAs). PET imaging has
greater sensitivity, enhanced resolution, and better accuracy in
detecting NEN compared with SPECT imaging (4,5). The most
commonly used PET tracers used for the visualization of NEN are
SSAs labeled with [68Ga]Ga-DOTA-peptides, including [68Ga]Ga-
DOTA-0-Tyr3-octreotate ([68Ga]Ga-DOTATATE) and [68Ga]Ga-
DOTA-0-Phe1-Tyr3-octreotide ([68Ga]Ga-DOTATOC). Defining
the presence of SSTRs on the tumor surface is also important for
therapeutic decision making, whereby patients with SSTR-positive
NEN on [68Ga]Ga-DOTA PET may be candidates for [177Lu]Lu-
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DOTA0-Tyr3-octreotate ([177Lu]Lu-DOTATATE), a targeted
radiotherapeutic that significantly improves progression-free sur-
vival in patients with metastatic disease (6).
Although [68Ga]Ga-DOTA analogs have good resolution, the

availability and scalability of production is limited due to the
necessity of an on-site generator pertaining to the short half-life of
[68Ga]Ga. Furthermore, the [68Ga]Ga-radiometal may accumulate
within the uncinate process of the pancreas, leading to a false-
positive diagnosis (7). Clinically, a [18F]F-radioligand would
overcome the limited capacity of [68Ga]Ga-DOTA production
while exploiting existing worldwide cyclotron manufacturing. We
developed a novel [18F]F-octreotate radioligand, [18F]fluoroethyl-
triazole-[Tyr3]-octreotate ([18F]FET-bAG-TOCA) (8), to obviate
these limitations of [68Ga]Ga-DOTA ligands. Previously, we
showed that tumor uptake of [18F]FET-bAG-TOCA was superior to
that of [68Ga]Ga-DOTATATE in vivo with good spatial resolution
(9). Clinically, [18F]FET-bAG-TOCA has favorable dosimetry and
biodistribution (8). We therefore performed a prospective study, the
primary objective of which was to assess uptake of [18F]FET-bAG-
TOCA both at lesion and regional levels. Evaluation of interreader
agreement between [18F]FET-bAG-TOCA and [68Ga]Ga-DOTA-
peptide PET was assessed as a secondary endpoint.

MATERIALS AND METHODS

Study Design and Participants
A prospective, multicenter, open-label, single-arm comparative

imaging study consisting of an initial safety run phase (part A) fol-
lowed by a noninferiority phase (part B) was conducted. The
safety and biodistribution study (part A) has been reported (8).
Patients from part A (n 5 9) were included in the noninferiority
analysis. Key eligibility criteria include histologically confirmed
diagnosis of locally advanced or metastatic grade 1 or 2 neuroen-
docrine tumors (NET), measurable disease with at least 1 lesion
with longest diameter $ 10mm on conventional imaging, and
positive SSTR imaging within 6mo of study enrollment with
[68Ga]Ga-DOTA-peptide PET. Patients were not required to stop
SSAs before either PET scan. Patients were recruited from 2U.K.
European Neuroendocrine Tumor Society Centers of Excellence,
Imperial College Health Care NHS Trust and Christie NHS Foun-
dation Trust, Manchester. All diagnostic tissue samples underwent
central pathology review to assess eligibility. The study was
approved by the Leeds East, Yorkshire and Humber National
Research Committee (13/YH/0281). The administration of radio-
activity was approved by the Administration of Radioactive Sub-
stances Advisory Committee (United Kingdom) (RPC 630/2892/
30595). The Medicines and Health Care Products Regulatory
Agency (United Kingdom) gave permission to administer the
investigational medicinal product (European Clinical Trials no.
2013-003152-20). All patients provided written informed consent.
The study was conducted in accordance with the Declaration of
Helsinki and registered with EudraCT (2013-003152-20).

Procedures
PET Imaging Protocol. At Imperial College Health Care NHS

Trust, clinical PET/CT imaging was performed using [68Ga]Ga-
DOTATATE, as previously described (10) (mean dose injected,
134.1 MBq; mean uptake period, 37.7min [range, 27–82min]). At
Christie NHS Foundation Trust, imaging was performed using
[68Ga]Ga-DOTANOC PET (mean dose injected: 136.2 MBq and
mean uptake period of 65.2min (range, 30–82min) and a single
case [68Ga]Ga-DOTATOC (dose, 143 MBq; uptake time, 75min).

No clinically significant differences in DOTA tracers have been
reported (11,12), and these patients were all included for the pri-
mary analysis. Imaging with [18F]FET-bAG-TOCA was con-
ducted after [68Ga]Ga-DOTA-peptide PET in most cases.
[18F]FET-bAG-TOCA was synthesized by Invicro-London (8);

the mean dose injected was 157.7 MBq, with a mean uptake
period of 37.4min (range, 30–51min). Images were acquired on a
Siemens Biograph 6 TruePoint PET/CT scanner (with TrueV;
extended field of view) at 50min after injection (8). An attenua-
tion CT scan was obtained from vertex to midthigh, immediately
followed by a PET emission study at 4min per bed position (CT
settings: tube potential, 130 kV; exposure, 15 effective mAs; pitch,
1.5; slice thickness, 5mm; rotation time, 0.6 s). Images were recon-
structed using the ordered-subsets expectation maximization algo-
rithm (4 iterations and 8 subsets) with corrections for dead time,
scatter, attenuation, and radioactive decay. All images were viewed
on a dedicated PET workstation (Hermes Medical Solutions).
Image Interpretation. Images were reviewed by 2 observers: a

radiation oncologist with greater than 15 y of experience in imaging
and tumor outlining and an experienced radiologist (with dual
accreditation in radiology and nuclear medicine) with greater than
20y of experience. To ensure a methodical and consistent approach,
comparison of [18F]FET-bAG-TOCA with [68Ga]Ga-DOTA-peptide
PET/CT on a patient-by-patient and lesion-by-lesion analysis was
performed. Due to the large number of metastases, lesions were ana-
lyzed within the context of anatomic regions. Seven regions were
defined as being the most common sites for both primary tumors and
metastases: head and neck, lung, liver, pancreas, abdomen/pelvis,
bone and lymph nodes. Any organ with greater than 5 lesions
were truncated at 5 target lesions as in previous studies (13,14).
SUV measurements (SUVmax, SUVmean, and tumor-to-background
ratio [TBR]) were obtained for lesion-by-lesion analysis by manually
outlining whole tumor volumes on side-by-side analysis of both studies
to ensure, in cases with innumerable lesions, that the same lesions
were selected for comparative quantitative analysis. For comparative
SUV analysis, only those lesions that were visible on both [18F]FET-
bAG-TOCA and [68Ga]Ga-DOTA-peptide PET/CT were included
reference (normal background) tissue were outlined using a spheric ref-
erence volume of interest (3 cm3 for background liver; 2 cm3 for
spleen, bone, and mediastinal blood pool); 1 cm3 for spheric volumes
in the pancreas and sum of 3 slices manually drawn around each adre-
nal gland). TBR was calculated using tumor lesion SUVmax/back-
ground tissue SUVmean using background liver for liver metastases,
background bone marrow for bone metastases, and background medi-
astinal blood pool for soft-tissue, nodal, and pulmonary metastases.
As the presence of liver metastases is an independent prognostic

factor (15), subgroup analysis of SUV and TBR measurements of
the liver lesions based on tumor size was performed.
Independent Reader Evaluations. PET/CT scans were reviewed

by 3 independent imaging experts to obtain an objective interrea-
der lesion detection rate between [18F]FET-bAG-TOCA PET/CT
and [68Ga]Ga-DOTA-peptide PET/CT scans. To avoid recall bias,
[18F]FET-bAG-TOCA PET/CT and [68Ga]Ga-DOTA-peptide
PET/CT scans for each subject were reviewed at least 4 wk apart
in random order. Readers were blinded to clinical details, type of
scan and results of other imaging modalities. Readers documented
the presence or absence of lesions in each of the 7 previously
defined areas. Comparison was made between individual readers
across both imaging modalities for interobserver agreement. After
locking findings, readers then performed a final side-by-side visual
analysis of the 2 sets of scans to document any discordant lesions
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detected on 1 scan and not the other, to arrive at consensus
between the 3 readers.
Clinical cross-sectional imaging (contrast-enhanced CT or

MRI) performed within 3mo of [18F]FET-bAG-TOCA was
reviewed by a single experienced observer with more than 20 y of
experience.

Statistical Analysis
A total of 56 patients were required based on a hypothesized

90% sensitivity, a noninferiority margin of 10%, power of 80%,
and a level of significance of 5%. Descriptive statistics such as the
median and interquartile range were calculated for numeric out-
comes. Wilcoxon test was used for comparison of results. Pearson
linear correlation test was used to evaluate correlation between
SUVmax values. Groups were compared using the x2 test. The
Cohen k and the Fleiss k were used to determine the level of
agreement among 2 and more than 2 readers of [18F]FET-bAG-
TOCA and [68Ga]Ga-DOTA-peptide PET/CT, respectively. A
P value lower than 0.05 was taken to be significant. All statistical
analyses were performed using SPSS version 27.0 (IBM Inc.) and
Stata 16 (StataCorp LLC).

RESULTS

Baseline Characteristics
A total of 56 patients were enrolled to the study. Eleven patients

were excluded from the primary analysis: 2 patients underwent
octreotide scan, 6 patients did not have a [68Ga]Ga-DOTA-peptide
PET/CT within 6mo of [18F]FET-bAG-TOCA PET/CT and in a
further 3 patients, central pathology review after [68Ga]Ga-DOTA-
peptide and [18F]FET-bAG-TOCA imaging reported high-grade
neuroendocrine carcinoma. A total of 45 patients were included in
the final analysis. Four patients had a [68Ga]Ga-DOTANOC
PET/CT and 1 patient had [68Ga]Ga-DOTATOC PET/CT. All
remaining patients underwent [68Ga]Ga-DOTATATE PET/CT.
The median age of the enrolled population was 57 y (range, 29–
81 y) and most had a diagnosis of small-bowel (44%) NET. All
patients had either locally advanced (9%) or metastatic disease
(91%), the commonest site of metastases being the liver (58%).
Demographics and clinical characteristics of the study population
are presented in Table 1. The median interval between [18F]FET-
bAG-TOCA and [68Ga]Ga-DOTA PET/CT was 77 d (range,
6–180 d).

Comparison of [18F]FET-bAG-TOCA and
[68Ga]Ga-DOTA-Peptide PET
Lesion Analysis. On per-lesion analysis, 285 lesions were seen

both on [18F]FET-bAG-TOCA PET/CT and [68Ga]Ga-DOTA-
peptide PET/CT. Most lesions were within the liver (38.6% for
both imaging modalities) followed by nodal involvement (16.8%)
and bone metastases (17.1%). After unblinding of readers, side-
by-side visual analysis illustrated 20 discordant lesions in 11
patients; in 6 patients additional lesions were detected on
[18F]FET-bAG-TOCA in comparison to [68Ga]Ga-DOTA-peptide,
conversely additional lesions were detected on [68Ga]Ga-DOTA-
peptide in 3 patients compared with [18F]FET-bAG-TOCA and in
2 patients there was a mixture with some lesions detected by 1
tracer and not the other and vice versa (Table 2). [18F]FET-bAG-
TOCA detected an additional 13 lesions (6 liver metastases, 4
bone metastases, 2 nodes, and 1 small-bowel lesion) in 8 patients
and [68Ga]DOTA-peptide PET/CT detected an additional 7 lesions
(4 liver, 1 bone, 1 pancreas, and 1 node) in 5 patients (Fig. 1B).

For comparative SUV analysis, 285 lesions were included. Excel-
lent correlation in lesion SUVmax between imaging modalities was
observed (r 5 0.91; P , 0.001) (Fig. 2). We then assessed the
impact of the use of SSAs on tracer uptake. Twenty-three patients
(51%) were receiving monthly injections with SSAs. No difference
was observed in median SUVmax (6 SD) of [18F]FET-bAG-TOCA
of those receiving SSAs (19.26 21.1) compared with those who
were not (15.86 15.9) (P5 0.06).
Regional Analysis. No significant difference was noted in the

median SUVmax across all tumor regions between the 2 imaging

TABLE 1
Baseline Characteristics of Patient Cohort (n 5 45)

Variable Value*

Age (y)

Median 57

Range 29–81

Sex

Male 23 (51)

Female 22 (49)

Stage

Locally advanced 4 (9)

Metastatic 41 (91)

Site of primary tumor

Pancreas 15 (33)

Small bowel 20 (44)

Lung 3 (7)

Other 7 (16)

Grade

1 15 (33)

2 21 (47)

Unknown 9 (20)

Site of metastatic disease

Liver 27 (60)

Bone 12 (27)

Nodes 10 (22)

Lung 3 (7)

Other 17 (38)

Median Ki-67 (%) 3 (7)†

Chromogranin A (ng/mL) 72 (92)†

Previous treatment

Surgery 24 (53)

Somatostatin analogs 20 (44)

Chemotherapy 9 (20)

PRRT 7 (16)

RFA 6 (13)

Other 3 (7)

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

†Value in parentheses is interquartile range.
PRRT 5 peptide receptor radiotherapy; RFA 5 radiofrequency

ablation.
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modalities (Table 3). The highest median [18F]FET-bAG-TOCA
SUVmax was observed in pancreatic lesions (median SUVmax,
24.56 24.9) and the lowest was observed in bone (median
SUVmax, 9.76 8.8).
Both tracers demonstrated comparable distribution in back-

ground organs (spleen, pancreas, adrenals, bone) except for
increased background hepatic activity on [18F]FET-bAG-TOCA
PET/CT (Supplemental Fig. 1) (supplemental materials are avail-
able at http://jnm.snmjournals.org). Low physiologic uptake of
[18F]FET-bAG-TOCA was observed, as previously described in
the pituitary, salivary glands, spleen and thyroid gland (8). There

TABLE 2
Discordant Lesions Between [18F]FET-bAG-TOCA (FETO) and [68Ga]Ga-DOTA-peptide (DOTA) PET/CT

Patient Time between scans (mo) Congruent site(s) Lesion Discordant lesion site Lesion size (mm) Scan

1 4.6 Liver 1 Liver 7 FETO

2 0.2 Liver, nodal 2 Node 5 FETO

3 Node 5 FETO

3 4.8 Liver, peritoneal 4 Liver 7 FETO

4 0.6 Bone 5 Bone 3 FETO

5 4.3 Liver, nodal 6 Liver 10 DOTA

6 2.5 Gastric, liver 7 Liver 8 DOTA

8 Liver 8 DOTA

7 0.2 Liver, nodal 9 Liver 12 DOTA

10 Pancreas 13 DOTA

8 1.6 Bone, nodal 11 Bone 10 FETO

12 Bone 4 FETO

13 Bone 4 FETO

14 Small bowel 5 FETO

15 Node 15 DOTA

9 1.1 Liver 16 Liver 9 FETO

17 Liver 9 FETO

10 3.7 Liver, nodal 18 Liver 5 FETO

11 4.4 Liver, bone 19 Bone 3 DOTA

20 Liver 8 FETO

FIGURE 1. (A) Congruent imaging: [68Ga]Ga-DOTATATE imaging and
[18F]FET-bAG-TOCA imaging (maximum-intensity projection [MIP], axial
PET, fused and CT images) in metastatic small-bowel NEN with wide-
spread liver and bone metastases. (B) Incongruent imaging: [68Ga]Ga-
DOTATATE imaging and [18F]FET-bAG-TOCA imaging (MIP, axial PET,
fused and CT images) performed 4 wk apart in metastatic ileal NEN with
liver metastases (green arrows), which are more visible on [18F]FET-bAG-
TOCA. Additional lesion is detected on [18F]FET-bAG-TOCA (blue arrow).

FIGURE 2. Bland–Altman plot of difference in SUVmax between
[18F]FET-bAG-TOCA and [68Ga]Ga-DOTA-peptide.
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was a statistical difference observed in median TBR for liver
lesions with [18F]FET-bAG-TOCA compared with [68Ga]Ga-
DOTA-peptide PET/CT (2.526 1.88 vs. 3.50 6 . 2.35; P ,
0.001). No other differences in regional TBR were observed
(Table 3).

Interreader Agreement
Interreader agreement across tumor sites was considered. It was

possible to estimate with 95% confidence a k-agreement of 86%
with an SE of 10% assuming 90% positive ratings among raters
for a total of 45 subjects. Agreement was significantly higher in
the liver with [68Ga]Ga-DOTA-peptide (k 5 0.3) than with
[18F]FET-bAG-TOCA (k 5 0.05) (P , 0.001). In particular,
when considering the liver, discrepancies in reads were noted in 4
patients on [18F]FET-bAG-TOCA imaging, 3 of whom did not
have liver metastases but were thought to be present by 1 of the 3
readers. In contrast, only 1 patient was felt to have liver metastases
on [68Ga]Ga-DOTA-peptide PET, where none were present by 1
of the 3 readers. No significant differences in agreement were
observed across other sites (Table 4).

Liver Metastases
As the presence of liver metastases is an independent prognostic

factor, we performed subgroup analysis of uptake in the liver lesions
based on lesion size (,1 cm, 1.0–2 cm, .2.1 cm). Of the 110 liver
metastases, 28 lesions were smaller than 1 cm, 52 were 1–2 cm, and
30 were larger than 2.1 cm. When considering SUVmax, no signifi-
cant difference in uptake was observed with [18F]FET-bAG-TOCA
in lesions smaller than 1 cm (15.167.9) and those 1–2cm
(22.7619.9) compared with [68Ga]Ga-DOTATATE (,1 cm,
12.266.9 [P 5 0.2]; 1–2 cm, 22.4614.5 [P 5 0.4]). A signifi-
cantly lower median TBR was observed for lesions 1–2 cm with
[18F]FET-bAG-TOCA (3.362.1) compared with [68Ga]Ga-DOTA-
peptide (4.562.4) (P 5 0.050. No difference was observed in
median TBR for lesions smaller than 1 cm ([18F]FET-bAG-TOCA,
1.960.8; [68Ga]Ga-DOTA-peptide, 2.361.3) (P 5 0.4). Overall,
the [18F]FET-bAG-TOCA median TBR was significantly lower in
the liver than the [68Ga]Ga-DOTA-peptide median TBR (2.561.9
vs. 3.562.3; P, 0.001).

DISCUSSION

The superiority of [68Ga]Ga-DOTA-peptide PET/CT over
[111In]In-octreotide SPECT/CT and contrast CT imaging for the

visualization of NET is well established (4,5). However, the use of
[68Ga]Ga necessitates the presence of an onsite (limited life span)
generator, limiting the scalability and availability of [68Ga]Ga-
DOTA-peptide radioligands, such that many patients are not able
to access [68Ga]Ga-DOTA-peptide for diagnosis, treatment plan-
ning or assessment of disease progression. To alleviate these
issues, we developed a GMP compliant [18F]F-octreotate radio-
pharmaceutical, [18F]FET-bAG-TOCA. We have previously
reported [18F]FET-bAG-TOCA to be safe, with good dosimetry
and biodistribution, that highlights tumor lesions with high con-
trast (8). In this prospective study, we have shown that [18F]FET-
bAG-TOCA is excellent in detecting lesions and is not inferior to
[68Ga]Ga-DOTA-peptide- PET/CT for the detection of NET. We
have also shown the ability of [18F]FET-bAG-TOCA in detecting
small liver lesions, an important consideration given the prognos-
tic impact of liver metastases (15).
We observed no significant difference in tumoral SUVmax both

on lesion and regional bases between scan types confirming the
noninferiority of [18F]FET-bAG-TOCA for imaging NET.
Observed SUVmax values of [

18F]FET-bAG-TOCA are consistent
with the high affinity of [18F]FET-bAG-TOCA for SSTR2 binding
(IC50,1.66 0.2 nM) (16). The use of SSAs had no impact on
[18F]FET-bAG-TOCA SUVmax, an important consideration, given
the widespread use of these agents. Moreover, there was excellent
correlation between the 2 tracers as confirmed by interobserver
agreement across most regions.
The liver is the commonest site of metastases and is an indepen-

dent prognostic factor in patients with NET (15). Background liver
uptake was significantly lower with [18F]FET-bAG-TOCA com-
pared with [68Ga]Ga-DOTA-peptide. This difference in uptake
can be attributed to differences in elimination. [18F]FET-bAG-
TOCA is eliminated by both the biliary and renal system, whereas
[68Ga]Ga-DOTA-peptide is eliminated predominantly through the
kidneys. Hepatic clearance and slow clearance through the com-
mon bile duct may contribute to the higher background uptake
observed on [18F]FET-bAG-TOCA imaging. As a result of this
difference in background uptake, a significant difference in TBR
in the liver between the 2 tracers was observed. The higher liver
background activity may have contributed to the difference
observed on interreader agreement within the liver, whereby
observers were less confident in 3 cases about the absence of
metastases in “normal liver”, a concept that needs exploring in
future work. However, of the 20 discordant lesions, 10 were in the

TABLE 3
Median Tumor Uptake (SUVmax) and Tumor-to-Background Ratio (TBR) of [18F]FET-bAG-TOCA and

[68Ga]Ga-DOTA-peptide per Anatomic Region

[18F]FET-bAG-TOCA [68Ga]Ga-DOTA-peptide Median TBR with:

Region
No. of
lesions

Median
SUVmax Range

Median
SUVmax Range P

[18F]FET-
bAG-TOCA

[68Ga]Ga-
DOTA-peptide P

Head and neck 3 12.4 10.4–27.7 6.9 6.4–23.4 0.5 29.8 12.2 0.3

Liver 110 19.59 7.2–132.4 20.6 6.7–95.1 0.5 2.5 3.5 ,0.001

Bone 49 9.7 2.2–37.0 7.2 1.9–38.8 0.5 12.5 10.1 0.5

Lung 11 10.4 5.3–42.1 9.4 2.2–38.0 0.9 14.6 15.4 0.4

Pancreas 28 24.5 4.2–85.8 21.9 6.4–88.4 0.8 35.2 36.6 0.6

Abdomen/pelvis 36 18.8 2.7–152.3 21.2 4.1–110.3 0.6 23.5 23.6 0.1

Lymph nodes 48 18.0 3.4–102.4 17.0 3.1–122.9 0.7 21.1 29.7 0.5
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liver, 6 were only detected on [18F]FET-bAG-TOCA and 4 with
[68Ga]Ga-DOTA-peptide imaging. The management in these cases
did not change as the patients already had multiple liver metastases.
Since 18F has a shorter positron range and higher positron yield

than 68Ga, one might postulate that [18F]FET-bAG-TOCA imag-
ing could detect smaller lesions compared with [68Ga]Ga-DOTA-
peptide imaging. On the 20 discordant lesions, 13 were detected
only on [18F]FET-bAG-TOCA, and all were less than or equal to
10mm in size, whereas 7 were detected only on[68Ga]Ga-DOTA-
peptide imaging, of which all were greater than or equal to 8mm
in size except for 1 (Table 2). The latest digital PET detector tech-
nology may improve detection of small lesions.
The use of [18F]FET-bAG-TOCA PET/CT may be considered in

the clinical setting where difficulties accessing [68Ga]Ga-DOTA-
peptide have led to longer waiting times for patients, particularly
where delivery of [68Ga]Ga-DOTA-peptide is limited to those cen-
ters within close proximity to the gallium generator. Delivery of low
yields of [68Ga]Ga-DOTA-peptide is also a common problem and
can lead to last minute cancellation of scanning slots with an ever-
increasing burden on nuclear medicine departments. Recent work
has explored the utility of [18F]F-AIF-1,4,7-triazacyclononane-1,4,7-
tri-acetate-octreotide ([18F]F-AIF-NOTA-octreotide compared with
[68Ga]Ga-DOTATATE/NOC in patients with NET (17). In this
study the noninferiority of 18F-labeled AIF-NOTA-octreotide was
illustrated; the authors reported high physiologic uptake in the pan-
creas, necessitating the need for additional cross-sectional imaging
to delineate any pancreatic lesion, a feature not observed with
[18F]FET-bAG-TOCA (8). Moreover, SUVmax was lower than
[68Ga]Ga-DOTATATE and TBR within the bone was particularly
lower, which may have implications in assessing disease response
to therapy within the bone. [64Cu]Cu-DOTATATE has also recently
been studied, with comparable results to [68Ga]Ga-DOTATOC,
albeit with a higher radiation burden, which may not be acceptable
to users, particularly as patients typically undergo multiple PET/CT
studies during their disease journey (18).
However, there are some key limitations. As [18F]FET-bAG-

TOCA imaging was performed after [68Ga]Ga-DOTA-peptide imag-
ing in most patients, potential sequence effects cannot be excluded,
but most were performed within 6mo and no change in treatment
occurred between both scans. Moreover, due to the variation in time
interval between the 2 scans, changes in tumor composition or size
and the possible change in SSTR density cannot be excluded (14).
Although most patients underwent [68Ga]Ga-DOTATATE imaging,
a number were imaged with other [68Ga]Ga-DOTA-peptide radioli-
gands, the impact of which remains unclear. Finally, PET findings
were not validated by a reference imaging standard such that sensi-
tivity or specificity cannot be established.

CONCLUSION

In this prospective head-to-head comparison of [18F]FET-bAG-
TOCA PET/CT and [68Ga]Ga-DOTA-peptide PET/CT we have
shown excellent tumoural uptake and noninferiority at both lesion
and regional levels. [18F]FET-bAG-TOCA could potentially be
used clinically as an alternate to [68Ga]Ga-DOTA-peptide. Further
developments could lead to its use as a theranostic agent in locally
advanced and metastatic NET.
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KEY POINTS

QUESTION: How does the novel fluorine-labeled PET tracer
[18F]FET-bAG-TOCA compare with [68Ga]Ga-DOTA-peptide
PET/CT for the detection of NET?

PERTINENT FINDINGS: In a prospective, noninferiority study
in 45 patients with histologically confirmed NET, we observed
excellent correlations between both tracers with no difference
across median SUVmax.

IMPLICATIONS FOR PATIENT CARE: [18F]FET-bAG-TOCA may
be considered in routine clinical practice for imaging NET.
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Prostate-Specific Membrane Antigen–Targeted Radioguided
Pelvic Lymph Node Dissection in Newly Diagnosed Prostate
Cancer Patients with a Suspicion of Locoregional Lymph
Node Metastases: The DETECT Trial
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Prostate-specific membrane antigen (PSMA)–targeted radioguided
surgery (RGS) aims to optimize the peroperative detection and
removal of PSMA-avid lymph node (LN) metastases (LNMs) and has
been described in patients with recurrent prostate cancer (PCa). In
newly diagnosed PCa patients undergoing pelvic LN dissections,
PSMA RGS could guide the urologist toward PSMA-expressing LNMs
as identified on preoperative 18F-PSMA PET/CT imaging. The objec-
tive was to evaluate the safety and feasibility of 111In-PSMA RGS in
primary PCa patients with one or more suggestive LNs on preopera-
tive 18F-PSMA PET/CT. Methods: This prospective, phase I/II study
included 20 newly diagnosed PCa patients with at least 1 suggestive
LN on preoperative 18F-PSMA PET/CT. PSMA RGS was per-
formed 24 h after 111In-PSMA-I&T administration, and postopera-
tive 18F-PSMA PET/CT was performed to verify successful removal of
the suggestive lesions. The primary endpoint was determination of
the safety and feasibility of 111In-PSMA RGS. Safety was assessed by
monitoring adverse events. Feasibility was described as the possibility
to peroperatively detect suggestive LNs as identified on preoperative
imaging. Secondary outcomes included the accuracy of 111In-PSMA
RGS compared with histopathology, tumor- and lesion-to-background
ratios, and biochemical recurrence.Results:No tracer-related adverse
events were reported. In 20 patients, 43 of 49 (88%) 18F-PSMA PET–
suggestive lesions were successfully removed. 111In-PSMA RGS
facilitated peroperative identification and resection of 29 of 49 (59%)
RGS-target lesions, of which 28 (97%) contained LNMs. Another 14
of 49 (29%) resected LNs were not detected with 111In-PSMA RGS,
of which 2 contained metastases. Conclusion: 111In-PSMA RGS is a
safe and feasible procedure that allows peroperative detection of
18F-PSMA PET/CT–suggestive lesions in newly diagnosed PCa
patients. The use of a radioactive PSMA tracer and a detection
device (g-probe) during surgery helps in identifying LNs that were
suggestive of PCa metastases on the 18F-PSMA PET/CT before sur-
gery and thus may improve the peroperative identification and
removal of these LNs.

Key Words: lymph node dissection; prostate cancer; PSMA; radio-
guided surgery
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In newly diagnosed prostate cancer (PCa) patients, determina-
tion of the presence and localization of lymph node (LN) metasta-
ses (LNMs) is crucial for clinical decision-making and treatment
planning, as nodal involvement correlates with recurrence and
these patients could benefit from adjuvant therapies (1,2). To date,
extended pelvic LN dissection (ePLND) is still considered the best
available tool for nodal staging. Although the therapeutic impact
of ePLND remains controversial, some evidence suggests that
removal of all LNMs could maximize locoregional disease control
and potentially impact oncologic outcomes in selected patients (3).
The radicality of ePLND depends on the template’s extent and
resection adequacy, and research indicated that up to one third of
the nodes, including 13% with LNMs, can be missed (4,5).
Conventional imaging modalities have been of limited value in

nodal staging, because of low sensitivity (,40%) (6). The introduc-
tion of PET tracers targeting the cell-surface glycoprotein prostate-
specific membrane antigen (PSMA) has significantly altered imaging
strategies in PCa (7). The overexpression of PSMA on most PCa
cells makes it a valuable target for PSMA PET/CT, which is cur-
rently increasingly used to preoperatively detect and map potential
LNMs. Although PSMA PET/CT improved the detection of potential
LNMs compared with conventional imaging, its sensitivity remains
insufficient (13%–85%) to completely replace ePLND (8–10). Never-
theless, recent studies have shown that the presence of suggestive
LNs on preoperative PSMA PET/CT is associated with an increased
risk of biochemical persistence and biochemical recurrence after
robot-assisted radical prostatectomy combined with ePLND (2,11).
This could to some extent be associated with inadequate detection
and subsequent resection of all LNMs during surgery.
PSMA-targeted radioguided surgery (RGS) is a novel technique

with the aim of optimizing peroperative detection and removal of
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PCa lesions. This technique uses PSMA ligands labeled with a
g-emitting radionuclide (e.g., 111In or 99mTc) to facilitate peropera-
tive detection of PSMA-expressing PCa tissue, that is, LNM. Several
studies have shown the safety and feasibility of PSMA RGS using
different PSMA ligands in patients with recurrent PCa (12–17).
Hence, the question was raised of whether 111In-PSMA RGS could
also optimize ePLND in the primary setting. If so, 111In-PSMA RGS
could increase the probability of complete removal and subsequent
accurate staging and thus potentially improve prognosis in a selected
group of pN1 patients with limited nodal involvement (3,18).
In this prospective study, we evaluated the safety and feasibility

of 111In-PSMA-I&T RGS in 20 newly diagnosed PCa patients
with at least 1 suggestive LN on preoperative 18F-PSMA PET/CT
imaging, with the aim of peroperatively detecting the 18F-PSMA
PET–suggestive lesions.

MATERIALS AND METHODS

Study Design and Patient Population
This investigator-initiated prospective study was approved by the

Institutional Review Board (CMO-Arnhem-Nijmegen) and registered
at ClinicalTrials.gov (NCT04300673). Between September 2020 and
April 2022, 20 patients with histopathologically proven PCa were
included. Written informed consent was obtained from all. We selected
patients without prior active PCa treatment who were scheduled for
ePLND with robot-assisted radical prostatectomy or ePLND before
radiotherapy on the prostate and who had at least 1 PSMA-suggestive
LN within the ePLND template on 18F-PSMA PET/CT. Exclusion cri-
teria were unequivocal evidence of metastatic disease outside the pelvic
region and prior pelvic nodal surgery. Adjuvant therapy (i.e., radiother-
apy or androgen deprivation therapy) was applied in accordance with
local guidelines.

Preoperative Procedure
Preoperative 18F-PSMA PET/CT was part of preoperative staging

according to local protocols. Scans were reviewed by experienced nuclear
medicine physicians. For suggestive lesions, anatomic location and level
of suspicion were systematically reported. Level of suspicion was defined
on a 5-point Likert scale expressing the probability of metastasis presence
in a LN, based on tracer uptake, LN size, and location as described in the
PSMA reporting and data system classification by Rowe et al. (19). LNs
with a level of suspicion of at least 3 were defined as RGS-target lesions.
One day before scheduled ePLND, a single dose of 157 MBq (range,
151.8–164.2 MBq) of 111In-PSMA-I&T was intravenously injected.

Surgical Procedure
All procedures were performed via a transperitoneal approach using

the Da Vinci Xi robotic surgical system (Intuitive Surgical), and images
were available in the operating theater (Figs. 1A and 1B). Radioguidance

was achieved using a laparoscopic g-probe (SOE-311-AL; Eurorad SA)
connected to the Europrobe 3.2 control unit (Eurorad SA). The g-probe
was covered with a sterile sleeve and inserted in the abdominal perito-
neal cavity through a 12-mm assistant’s port via the Alexis laparoscopic
system (Applied Medical Corp.), placed above the right iliac crest. Real-
time feedback of g-probe measurements in response to 111In activity was
provided both acoustically and numerically by the control unit. Back-
ground measurements at the lateral abdominal wall muscle served as a
reference. Additionally, radiosignals were measured for structures near
RGS-target lesions (ureters, iliac arteries, bladder, prostate, and intes-
tines) to assess nonspecific tracer uptake.

Standard bilateral ePLND was performed, including obturator fossa,
external iliac, internal iliac, common iliac, and, at the surgeon’s discre-
tion, presacral and mesorectal regions. g-probe measurements were
taken in regions of interest in vivo to identify the RGS-target lesions
(Fig. 1C). A lesion was considered positive if counts per second were
at least twice the counts per second of the background reference.
Directly after resection, ex vivo benchtop measurements were taken
(Fig. 1D). Ex vivo, a lesion with at least 10 cps was considered sug-
gestive and subsequently marked with a suture. If ex vivo measure-
ments showed no activity (,10 cps), in vivo measurements were
repeated. All resected specimens were assessed using the g-probe ex
vivo and likewise marked if at least 10 cps were measured. Specimens
were collected separately according to the anatomic resection site.

Postoperative Histopathologic Analysis and Imaging
All specimens were fixed in formaldehyde (10%) and processed for

paraffin embedding. The tissue blocks were cut at a 3-mm thickness,
and slides were stained with hematoxylin and eosin (Figs. 1E and 1F).
The total number and size of LNs (macroscopically) and LNMs
(microscopically) per specimen per anatomic region were reported.
PSMA staining was applied on the marked LNs and on LNs that
showed metastases on hematoxylin and eosin staining. PSMA expres-
sion was classified according to the percentage of PSMA-positive
tumor cells (0%, ,10%, 10%–50%, 51%–80%, .80%) and staining
intensity (none, 0; mild, 1; moderate, 2; strong, 3).

Postoperative 18F-PSMA PET/CT was used to confirm or reject
successful removal of RGS-target lesions (Figs. 1G and 1H) and was
performed approximately 6 wk after surgery (robot-assisted radical
prostatectomy plus ePLND) or 2 wk after surgery (ePLND only),
before adjuvant treatment (i.e., radiotherapy or androgen deprivation
therapy).

Safety and Follow-up
During administration of 111In-PSMA-I&T, safety was assessed by

clinical observation of the patients for 1 h after injection. Vital para-
meters (temperature, blood pressure, heart rate) were measured before
and 5, 30, and 60min after injection. Long-term safety was assessed
by monitoring adverse events for 12mo, including analysis of

A B C D E F G

FIGURE 1. (A and B) 18F-PSMA PET/CT 11 wk before surgery demonstrates presence of suggestive LNs in left and right obturator fossa in transversal
plane (blue arrows, A) and on maximum-intensity projection (green arrows, B). (C) Laparoscopic g-probe is inserted via Alexis laparoscopic system to
make in vivo measurements to detect suggestive LNs. (D) Resected specimens are measured ex vivo at benchtop examination. (E) Histopathologic
examination shows LNM on hematoxylin and eosin staining and strong PSMA expression. (F and G) 18F-PSMA PET/CT (F) and maximum-intensity pro-
jection (G) 11 wk after surgery show successful removal of both suggestive LNs.
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laboratory results from blood samples taken at baseline, 10 d, and
3mo after tracer administration. Adverse events were reported accord-
ing to the Common Terminology Criteria for Adverse Events version
5.0. Surgical complications were assessed according to the Clavien–
Dindo classification. Follow-up consisted of clinical examination and
PSA measurements at 6 wk and 3, 6, 9, and 12mo after surgery.

Study Endpoints
The primary endpoint of this study was determination of the safety

and feasibility of the RGS procedure with 111In-PSMA-I&T. Feasibility
was defined as the ability to peroperatively detect the RGS-target lesions
preoperatively identified on 18F-PSMA PET/CT. Secondary outcomes
included the accuracy of 111In-PSMA RGS compared with histopathol-
ogy, lesion-to-background ratios (LBRs) of identified RGS-target lesions,
and tumor-to-background ratios (TBRs) of histopathologically proven
LNMs. Ratios were calculated for identified RGS-target lesions and retro-
spectively histopathologically confirmed LNMs. Adjuvant treatment strat-
egies and biochemical recurrence within 1y were descriptively reported
as they were not part of the primary aim of this study.

Statistical Analyses
All clinical data were collected in the Castor Electronic Data Cap-

ture system (https://castoredc.com). Quantitative data describing the
feasibility of the procedure are presented as medians with interquartile
ranges (IQRs) or means with total ranges and numbers with

frequencies within groups, as appropriate. The sensitivity, specificity,
positive predictive value, and negative predictive value on a per-lesion
analysis of 111In-PSMA RGS compared with histopathology were
derived from 23 2 contingency tables. LBRs and TBRs were com-
pared using unpaired t tests. Statistical analyses were performed using
the SPSS statistical software package (version 27.0; IBM Corp.) and
Prism (version 9.0; GraphPad Software). A P value of less than 0.05
was considered statistically significant.

RESULTS

Primary Outcomes
Patient and Surgical Characteristics. The characteristics of the

included patients (n 5 20) are summarized in Table 1. In total, 49
suggestive LNs were identified on preoperative 18F-PSMA PET/CT
and defined as RGS-target lesions. Surgical characteristics are
described in Table 2. In total, 523 LNs were resected. Final histopa-
thology concluded pN1 in 16 patients (80%).
Safety of 111In-PSMA-I&T RGS. No adverse events were recorded

after the administration of 111In-PSMA-I&T (Table 2). Temperature,

TABLE 1
Demographics and Clinical Characteristics of Study

Population at Diagnosis (n 5 20)

Characteristic Data

Age at time of surgery (y) 69 (57–79)

Body mass index 25.6 (20.9–32.9)

iPSA (ng/L) 22.2 (2.9–117)

EAU risk classification

Intermediate 7 (35%)

High 13 (65%)
18F-PSMA PET–suggestive (LoS $ 3) LNs per patient

1 3 (15%)

2 9 (45%)

3 6 (30%)

.3 2 (10%)

LoS of 18F-PSMA PET–suggestive LNs

3 17 (35%)

4 13 (27%)

5 19 (39%)

Location of 18F-PSMA PET–suggestive LNs

Obturator fossa 15 (31%)

External iliac 17 (35%)

Internal iliac 9 (18%)

Common iliac 5 (10%)

Pararectal and presacral 3 (6%)

iPSA 5 initial prostate-specific antigen level; EAU 5 European
Association of Urology; LoS 5 level of suspicion.

Qualitative data are number and percentage; continuous data
are mean and range.

TABLE 2
Peroperative Surgical and Oncologic Characteristics

Characteristic Data

Time between 18F-PSMA PET/CT
and surgery (wk)

8 (3–24)

Injected dose of 111In-PSMA-I&T
(MBq)

157.0 (151.8–164.2)

Time between tracer administration
and surgery (h)

22.5 (19.4–26.5)

Complications related to
111In-PSMA-I&T administration
(CTCAE version 5.0)

0 (0%)

RARP 1 ePLND 11 (55%)

ePLND only 9 (45%)

Blood loss (mL) 118 (0–350)

Duration (min)

RARP 1 ePLND 237 (206–286)

ePLND only 110 (67–162)

Complications related to surgery
(Clavien–Dindo classification)

No complications 19 (95%)

Grade 1* 1 (5%)

Histopathologic N-stage

pN0 4 (20%)

pN1 14 (70%)

pM1a 2 (10%)

Resected LNs per patient 26 (16–45)

Resected LNMs per patient 2 (0–6)

Total resected LNs 523

Total resected LNMs 45 (8%)

*Urinary leakage at anastomosis.
CTCAE 5 Common Terminology Criteria for Adverse Events;

RARP 5 robot-assisted radical prostatectomy.
Qualitative data are number and percentage; continuous data

are mean and range.
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blood pressure, and heart rate remained stable in the hour after tracer
injection (Supplemental Table 1; supplemental materials are avail-
able at http://jnm.snmjournals.org). One surgical complication
(Clavien–Dindo grade 1) was observed and was managed conser-
vatively (urinary leakage at the anastomosis of the bladder). No
study-related adverse events were observed within 1 y of follow-up
(Supplemental Table 2).
Feasibility of 111In-PSMA-I&T RGS: Peroperative Detection of

18F-PSMA PET–Suggestive Lesions. Twenty-nine of the 49 RGS-
target lesions (59%) were identified with the g-probe (in vivo or
ex vivo), and successful removal was confirmed (Table 3). Of
those, 28 LNs (97%) contained LNMs, with a mean size of
7.9mm (range, 0.8–20.0mm). One LN peroperatively measured
an absolute count of 15 cps ex vivo yet was confirmed benign after
complete sectioning. This 24-mm LN correlated with an RGS-
target lesion with a level of suspicion of 3. Fourteen (of 49; 29%)
RGS-target lesions could not be detected peroperatively, whereas
postoperative imaging concluded successful surgical removal. Of
those 14 LNs, 2 (14%) contained LNMs, both of which were no
larger than 3mm and were mild to moderate in PSMA expression.
Those LNMs were matched on the basis of corresponding ana-
tomic regions. The remaining 6 (of 49; 12%) RGS-target lesions
could not be detected by PSMA RGS and were still visible and
suggestive on postoperative 18F-PSMA PET/CT. Those lesions
were located in surgically challenging regions (deep internal iliac
regions and presacral regions).
Figure 2 depicts the in vivo and ex vivo LBRs of the RGS-

target lesions. The in vivo and ex vivo median LBRs of detected

RGS-target lesions (i.e., irrespective of histopathology) were 2.05
(IQR, 1.2–3.0) and 36 (IQR, 3.8–71), respectively (P 5 0.0004).
An overview of background measurements is provided in Supple-
mental Table 3.

Secondary Outcomes
111In-PSMA RGS: Concordance Between Peroperative g-Probe

Findings and Histopathology. 111In-PSMA RGS identified 2 lesions
with increased counts per second that did not correlate with RGS-
target lesions. Both contained LNMs on final histopathology
(.3mm and strong PSMA expression). Furthermore, histopathol-
ogy identified 13 LNMs that were not identified on preoperative
imaging or during 111In-PSMA RGS. These LNs were located at
anatomic levels different from those of potentially missed RGS-
target lesions. The mean size of those LNMs was 2.2mm (range,
0.5–5.5mm), and they showed strong, moderate, and no PSMA
expression in 8 (62%), 4 (31%), and 1 (8%) cases, respectively.
The sensitivity, specificity, positive predictive value, and nega-

tive predictive value of 111In-PSMA RGS (in vivo and ex vivo
combined) compared with histopathology on a per-lesion analysis
were 66.7%, 99.8%, 96.8%, and 97.0%, respectively. The in vivo
median TBR of LNMs was 2.3 (IQR, 1.3–3.1). The ex vivo
median TBR of LNMs and benign LNs were 42 (IQR, 1.1–71)
and 0 (IQR, 0.0–0.0), respectively (P 5 0.0002) (Fig. 3).
Oncologic Outcomes and Follow-up. Although not part of the

primary aim of this study, a description of oncologic outcomes and
treatment strategies per patient up to 1 y is provided in Supplemen-
tal Table 4. A distinction was made between patients undergoing

TABLE 3
Peroperative g-Probe Detection (In Vivo and Ex Vivo) and Characteristics of RGS-Target Lesions

Probe-positive and resected
(n 5 29)

Probe-negative

Characteristic Resected (n 5 14) Not resected* (n 5 6)

LoS of lesion on 18F-PSMA PET

5 15 (52%) 1 (7%) 3 (50%)

4 9 (31%) 4 (29%) 0 (0%)

3 5 (17%) 9 (64%) 3 (50%)

Location on 18F-PSMA PET/CT

Obturator fossa 13 (45%) 2 (14%) 0 (0%)

External iliac 11 (38%) 6 (43%) 0 (0%)

Internal iliac 3 (10%) 1 (7%) 5 (83%)

Common iliac 0 (0%) 5 (36%) 0 (0%)

Pararectal and presacral 2 (7%) 0 (0%) 1 (17%)

Histopathology

Number of LNMs 28 (97%) 2 (14%)

Size (mm) 7.9 (0.8–20.0) 1.8 (0.6–3.0)

Strong PSMA expression 26 (93%) 0 (0%)

Moderate PSMA expression 2 (7%) 1 (50%)

Mild PSMA expression 0 (0%) 1 (50%)

No PSMA expression 0 (0%) 0 (0%)

*Still present and suggestive on postoperative 18F-PSMA PET/CT.
LoS 5 level of suspicion.
Qualitative data are number and percentage; continuous data are mean and range.
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robot-assisted radical prostatectomy plus ePLND (n 5 11) and
patients undergoing ePLND before radiotherapy (n 5 9). Of the 11
patients undergoing robot-assisted radical prostatectomy plus ePLND,
8 were staged pN1, yet 5 of those patients had undetectable PSA
levels at 6 wk after surgery, of whom 2 patients eventually demon-
strated biochemical recurrence, both 9mo after surgery. The other
3 patients remained free of biochemical recurrence during 1y of
follow-up. Eight of 9 patients who underwent ePLND before radio-
therapy were staged pN1, and all 8 received adjuvant radiotherapy to
the pelvis and concomitant androgen deprivation therapy.

DISCUSSION

Whereas thus far the potential of PSMA RGS has been evalu-
ated mainly for PCa patients undergoing salvage surgery for nodal
recurrences, evidence regarding its feasibility in the primary set-
ting is scarce. During ePLND in primary intermediate- and high-
risk PCa patients, removal of PSMA PET–suggestive lesions is
most likely to determine the presence of LNM. With this aim,
111In-PSMA RGS was evaluated in this phase I/II study on newly
diagnosed PCa patients and showed that the administration of
111In-PSMA-I&T is safe and facilitates peroperative detection of
18F-PSMA PET–suggestive lesions. Overall, 88% of 18F-PSMA
PET–suggestive RGS-target lesions were successfully removed.
111In-PSMA RGS facilitated peroperative identification of 59% of
RGS-target lesions but missed 29% within the ePLND template.
Successfully detected RGS-target lesions contained LNMs in 97%
of cases, whereas the incidence of LNMs in the nondetected RGS-
target lesions was considerably lower (14%). The critical role of
patient selection for the PSMA RGS procedure is underlined by
the fact that the majority (64%) of the surgically nondetected
RGS-target lesions were level-of-suspicion 3 on preoperative
18F-PSMA PET/CT.
Another important finding from this study is the difference

between in vivo and ex vivo performance of the g-probe (Figs. 2
and 3), a finding that was also reported in previous series
(14,20,21). The limited TBR in vivo is likely due to interfering
physiologic tracer accumulation in the surrounding organs (i.e.,
the intestines, ureters, bladder, vasculature, and primary prostate
tumor) (Supplemental Table 3); a longer interval between tracer
administration and surgery could hypothetically improve TBR.
As a result, g-probe measurements in vivo are sensitive to the
orientation toward an RGS-target lesion in relation to its surround-
ings (22).
Two series investigating PSMA RGS in the primary setting

based feasibility on the diagnostic accuracy of probe measure-
ments compared with histopathology (20,21). In the current study,
accuracy of 111In-PSMA RGS was assessed as a secondary out-
come. When our results are being compared with those series, the
use of different tracers, incubation times, and g-probes has to be
kept in mind. Gondoputro et al. (20) reported a higher sensitivity
(76%) and positive predictive value (89%) than we did, but they
used a lower threshold for PSMA RGS positivity (LBR . 1.5, vs.
2 in our study). Preliminary results of Gandaglia et al. (21) were
similar to our results (sensitivity, specificity, positive predictive
value, and negative predictive value of 63%, 99%, 83%, and 96%,
respectively).
From a clinical perspective, we focused specifically on 18F-PSMA

PET–suggestive LNs, and the primary objective was to detect
those lesions during 111In-PSMA RGS, irrespective of histopatho-
logic results. A similar objective was recently described by Lunger

FIGURE 2. In vivo and ex vivo LBRs of RGS-target lesions and compari-
son (unpaired t test) between in vivo and ex vivo ratios. Identification of
RGS-target lesions during procedure was based on anatomic landmarks
as indicated by preoperative imaging. To calculate LBR, maximum counts
per second of identified RGS-target lesions were measured and divided
by background counts per second both in vivo (A) and ex vivo (B). RGS-
target lesion was considered g-probe–positive if LBR . 2 in vivo or maxi-
mum counts per second $ 10 ex vivo. Results depicted in both A and B
describe peroperative measurements, irrespective of histopathologic con-
clusions. ***P5 0.0004.

FIGURE 3. Comparison of ex vivo TBRs between histopathologically
proven metastatic LNs and nonmetastatic LNs (unpaired t test). To calcu-
late TBR, maximum counts per second of all resected LNs were mea-
sured and divided by background counts per second. Results depicted in
this figure are thus irrespective of whether lesion was RGS-target lesion.
***P5 0.0002.
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et al. (23), who reported that PSMA RGS successfully facilitated
resection of 70 of 78 (90%) 18F-PSMA PET–suggestive lesions
in 35 patients. Of note, the reported SUVmax for 18F-PSMA
PET–suggestive target lesions was considerably higher than in
our series. Moreover, in our study postoperative imaging was
applied in all patients to assess LN removal, whereas in the other
studies postoperative imaging was not systematically applied
and conclusions regarding LN removal were drawn indirectly on
the basis of postoperative PSA levels only. Furthermore, resected
111In-PSMA RGS–suggestive lesions were marked during the pro-
cedure to ensure correlation between PSMA RGS findings and
pathology on a node-to-node level. This more reliably indicates
successful removal of specific lesions and justifies lesion-specific
conclusions.
Most PSMA RGS feasibility studies (including ours) equally

report the presence of additional microscopic LNMs found by his-
topathology that were missed by both 18F-PSMA PET/CT and
PSMA RGS (13,20,21). This suggests that PSMA RGS, like
PSMA PET/CT (24), underestimates the nodal burden in miN1
patients and that, at this point, sensitivity is not yet sufficient to
facilitate omission of routine ePLND. However, some technical
aspects that affect tracer retention in target tissue and interfering
background tissue (e.g., optimal tracer dose and incubation time)
could be further optimized to improve LBRs (25). At the same
time, the high specificity of PSMA RGS regarding suggestive
lesions, especially ex vivo, justifies use of the technique to directly
confirm successful removal of suggestive lesions. Negative find-
ings on ex vivo g-probe measurements should trigger surgeons
toward more extensive resection, especially in PSMA PET–
suggestive regions. Furthermore, our results strengthen the sugges-
tion as proposed by Gandaglia et al. (21) and Gondoputro et al. (20)
that PSMA RGS in the primary setting is likely most productive for
PSMA PET–suggestive lesions. This endorses the in vivo utility of
PSMA RGS specifically to detect PMSA-avid LNs outside the stan-
dard ePLND template or in surgically challenging regions (e.g.,
pararectal and presacral), aiming to identify LNMs that would have
been missed otherwise. Whether improved peroperative detection
and resection of suggestive LNs using 111In-PSMA RGS leads to
superior oncologic outcomes has yet to be determined by prospec-
tive trials.
Limitations of our study comprise the limited cohort size, which

included both patients treated with ePLND combined with robot-
assisted radical prostatectomy and patients treated with PLND
only. In this proof-of-concept evaluation, our endpoint was defined
as successful removal of suggestive lesions, whereas oncologic
outcomes are more significant and should be considered in future
prospective trials. Ideally, a comparison with standard-of-care
ePLND should be made.

CONCLUSION

111In-PSMA RGS is a safe procedure that aids peroperative detec-
tion of lesions identified as suggestive on preoperative 18F-PSMA
PET/CT in newly diagnosed PCa patients. This image-guided
approach to detecting potential LNMs at ePLND may potentially
improve nodal staging.
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KEY POINTS

QUESTION: Is PSMA RGS feasible and safe in primary PCa with
suggestive nodes on PSMA PET/CT?

PERTINENT FINDINGS: PSMA RGS facilitated peroperative
identification and resection of 59% of PSMA PET–suggestive
lesions, of which 97% contained LNMs in a total of 20 PCa patients.
Only 2 metastases were found in 18F-PSMA PET–suggestive lesions
that were not detected by PSMA RGS.

IMPLICATIONS FOR PATIENT CARE: PSMA RGS may improve
nodal staging by peroperative identification and confirmation of
successful removal of PSMA PET–suggestive lesions.
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The DETECT trial presented by Schilham et al. in The Journal
of Nuclear Medicine constitutes one of the first prospective trials
on prostate-specific membrane antigen (PSMA) radioguided sur-
gery (RGS) in primary prostate cancer patients (1). Thus, we first
would like to congratulate the authors for their efforts in the
design, execution, and subtle analysis of this study that proved the
feasibility and safety of this still-novel approach during robotic
pelvic lymphadenectomy with or without primary prostatectomy
in patients with prostate cancer and evidence of lymphatic spread
on preoperative PSMA PET imaging. However, in this context
and especially concerning the role of lymph node dissection, some
aspects deserve further discussion.
The intricate lymphatic drainage pathways of the prostate pose

a challenge in the treatment of prostate cancer because cancer cells
might disseminate to atypical regions not covered in established
surgical templates. Traditional extended lymph node dissection
often falls short in addressing spread to locations such as the blad-
der pedicle and the deep internal, pararectal, or presacral regions.
Sentinel procedures have been proposed to make up for this short-
coming and may detect slight atypical lymphatic spread; however,
the tracers used for these approaches are not tumor-specific and
often are even combined with an extended pelvic lymph node dis-
section rather than replacing it (2).
Pelvic lymph node dissection causes morbidity while remaining

of inconclusive oncologic value, as robust evidence from long-
term studies, even in primary high-risk disease, is lacking (3).
Although pelvic lymph node dissection represents a diagnostic
tool and may conciliate patients, this uncertainty about its onco-
logic value is even more troublesome in patients without evidence
of lymphatic spread on final histopathology postoperatively. Thus,
there is still much controversy on the value of and indications for
lymph node dissection in prostate cancer patients. Increased use of
modern imaging with PSMA PET has led some countries to omit
lymphadenectomy in patients without evidence of lymph node
metastases, whereas other guidelines still emphasize the value of
extended lymph node dissection in patients with an elevated risk
of metastasis in preoperative clinical nomograms.
The advent of PSMA PET imaging in primary prostate cancer

has substantially augmented our ability to discern lymphatic

involvement compared with conventional cross-sectional imaging
(4). Still, the challenge remains to intraoperatively detect those
tumor-infested lymph nodes reliably. The development and intro-
duction of PSMA RGS into clinical practice may at least partly
close this gap by enabling real-time molecular detection of pros-
tate cancer lesions during surgery through in vivo and ex vivo
g-probe measurements (5). Undoubtedly, this technique holds
promise in improving surgical accuracy and completeness.
Despite these advancements, PSMA PET lacks sensitivity for

small metastases, and PSMA RGS may still overlook small lymph
node metastases, as Schilham et al. accurately analyzed using post-
operative PSMA PET imaging (1). Particularly, in patients with
PSMA PET–positive pelvic lymph node metastases at primary
diagnosis, there is a risk of further additional slight lymphatic
spread. This understaging may be substantially higher than in the
setting of biochemical recurrence, when, additionally, the prostate-
specific antigen value, its dynamics, and other clinical parameters
can be taken into consideration and correlated with the PSMA
PET–positive tumor volume. This ability enables careful patient
selection to avoid early treatment failure.
Patients with PSMA PET–positive lymph nodes at primary stag-

ing harbor a considerable risk of aggressive tumor biology requir-
ing additional treatments besides surgery (6). In this clinical
scenario, a renaissance of neoadjuvant treatment strategies may be
expected. Several studies are investigating such neoadjuvant treat-
ment strategies in prostate cancer patients with an elevated risk
profile. First, emerging data suggest an oncologic benefit (7,8), but
data from registration trials are still pending. Neoadjuvant treat-
ment approaches lead to shrinkage of lymph node metastases,
impeding detectability by molecule-targeted PSMA RGS and ren-
dering such surgical approaches futile. At present, evidence for an
oncologic benefit is best for radiotherapy in combination with
androgen receptor pathway inhibition in patients with pelvic
lymph node metastases.
At the same time, PSMA PET leads to more sensitive detection

of lymph node metastases, and this early oligometastatic stage might
be an opportunity for surgery alone. For sure, the primary setting
offers an opportune environment for surgeons to familiarize them-
selves with the intricacies of the PSMA RGS procedure, especially
in learning its limitations and in navigating to anatomically chal-
lenging locations, as compared with the setting of biochemical
recurrence after primary radical prostatectomy or radiation therapy,
in which surgery might be even more complicated. Recent develop-
ments in hardware technology, such as the design of novel g-probes
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for robotic surgery as compared with rigid laparoscopic g-probes,
might further facilitate those surgical procedures within the confined
space of the small pelvis (9). Furthermore, advancements in tracer
design and labeling, such as with 99mTc instead of 111In, will expand
its availability because 99mTc is an inexpensive and readily available
radiotracer with a favorable half-life and less radiation exposure
than 111In (10).
Besides these limitations and open questions regarding patient

selection and the oncologic benefits of surgery, the presented
DETECT trial and its thoughtful evaluation underscore the poten-
tial of PSMA RGS, and we thus want to applaud the authors again
for conducting this important clinical trial. Challenges persist, and
they urge us as a scientific community to delve more deeply into
refining the technique of PSMA-targeted surgery, exploring alter-
native tracers, and conducting rigorous trials to decipher the true
impact of this technique on long-term oncologic outcomes to ulti-
mately improve patient outcomes and shape the future landscape
of surgical prostate cancer management.
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We recently published the first dosimetry data, to our knowledge, for
the radioligand therapy agent 177Lu-rhPSMA-10.1, providing an intra-
patient comparison with 177Lu-PSMA-I&T in patients with metastatic
prostate cancer. Here, we report efficacy and safety findings from
these patients. Methods: Four consecutive patients with prostate-
specific membrane antigen (PSMA)–positive metastatic prostate can-
cer received up to 6 cycles of 177Lu-rhPSMA-10.1 (7.4–7.7 GBq per
cycle). Efficacy (prostate-specific antigen response according to Pros-
tate Cancer Working Group 3 criteria and the Response Evaluation
Criteria in PSMA PET/CT), progression-free survival, and overall sur-
vival were evaluated. Adverse events were recorded from the first
dose until 16–24mo after treatment. Results: The patients received a
total activity of 29.6–59.4 GBq (4–6 cycles). Prostate-specific antigen
was reduced by 100%, 99%, 88%, and 35%. Progression-free survival
was not reached for 2 patients at 24 and 18mo of follow-up and was
15 and 12mo for the other 2 patients. One patient had a sustained
complete response with 2y of follow up. All patients were alive at the
last time point of data collection. No serious adverse events were
reported. Conclusion: 177Lu-rhPSMA-10.1 demonstrated encouraging
preliminary efficacy and was well tolerated. Formal clinical trials are
now under way to evaluate its potential prospectively (NCT05413850).

Key Words: prostate cancer; radioligand therapy; prostate-specific
membrane antigen; therapeutic response
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A recently developed radiohybrid technology platform has
enabled engineering of prostate-specific membrane antigen (PSMA)–
targeted ligands (rhPSMA) that can be labeled with 18F for diag-
nostic imaging or with a- or b-emitting radiometals for systemic
radiation therapy (1). The lead diagnostic rhPSMA, 18F-flotufola-
stat (18F-rhPSMA-7.3), was recently approved by the U.S. Food
and Drug Administration for diagnostic imaging in patients with

newly diagnosed and recurrent prostate cancer (2,3). A pharmaco-
kinetically tuned 177Lu-labeled rhPSMA therapeutic candidate
for patients with metastatic prostate cancer, 177Lu-rhPSMA-10.1,
has shown encouraging results in a series of preclinical assess-
ments (4,5).
We recently reported the first clinical data, to our knowledge,

comparing pretherapeutic dosimetry of 177Lu-rhPSMA-10.1 with
177Lu-PSMA-I&T (6). In an intrapatient comparison in patients with
metastatic prostate cancer, we were able to show that 177Lu-
rhPSMA-10.1 delivers an increased radiation dose to the tumor com-
pared with 177Lu-PSMA-I&T, reaching an up to 8-fold improvement
in tumor dose in one of the patients (6). Data on the recently
approved 177Lu-labeled vipivotide tetraxetan (177Lu-PSMA-617) sug-
gest that the greater the radiation dose delivered to the tumor, the bet-
ter the response observed (7,8). Additionally, data from the use of
external-beam radiation therapy in over 30,000 patients with prostate
cancer are highly supportive of longer survival in patients receiving
higher radiation doses to their tumor (9). Furthermore, we were able
to demonstrate a more favorable tumor-to-kidney therapeutic index
(TI), defined as the mean absorbed radiation dose to tumors
divided by the absorbed dose to kidneys, for 177Lu-rhPSMA-10.1
than for 177Lu-PSMA-I&T. This is of clinical importance because
the kidneys are a significant organ at risk in patients undergoing
radioligand therapy (RLT) (10) and because as the use of such
compounds moves earlier in the disease timeline, possibly even
into the curative setting, the risk of a delayed radiation nephropathy
may increase.
As a result of the favorable TI of 177Lu-rhPSMA-10.1, and in

the absence of an approved RLT in Germany at that time, all 4
patients in our analysis ultimately proceeded to receive RLT with
177Lu-PSMA-10.1. Here, we report the efficacy and safety findings
among these 4 patients who, to the best of our knowledge, were
the first globally to receive RLT with 177Lu-rhPSMA-10.1.

MATERIALS AND METHODS

Radiopharmaceutical Preparation and Approval
As previously reported (6), all investigations were conducted in

accordance with the Helsinki Declaration and with national regula-
tions. The local institutional review board (review board of the
Ludwig-Maximilians-Universit€at M€unchen) approved this analysis
(permit 22-1011). 177Lu-rhPSMA-10.1 was prepared in compliance
with the German Medicinal Products Act, Arzneimittelgesetz §13 2b,
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and after informing the responsible regulatory body. All patients gave
written informed consent to the imaging and therapeutic procedures.

Patients and Lesions
Four consecutive patients with metastatic prostate cancer were

included in this retrospective analysis. All subjects were previously
treated with a spectrum of prostate cancer therapies including surgery,
radiation therapy, androgen deprivation, novel androgen-axis drugs,
and chemotherapy. To be eligible, the patients were required to have
PSMA-positive metastatic prostate cancer, defined by the presence of
at least 1 PSMA-positive metastatic lesion and no PSMA-negative
lesions. The presence of PSMA-positive lesions was determined with
68Ga-PSMA-I&T PET/CT and defined in accordance with the criteria
used in the VISION trial (11). PSMA expression was also assessed
using the PSMA PET tumor–to–salivary gland ratio (12).

The SUVmax of the most avid metastasis was measured with 68Ga-
PSMA-I&T PET/CT. Additionally, each PET scan was analyzed with
a semiautomatic tumor segmentation algorithm (LIFEx software (13)).
The total PSMA-positive tumor volume was estimated as previously
described using an absolute SUV threshold of at least 3 for segmenta-
tion (14). Physiologic uptake sites, such as salivary glands, liver,
spleen, kidneys, intestine, ureters, and urinary bladder, were manually
excluded.

After sufficient PSMA expression was confirmed, the patients under-
went dosimetry with both 177Lu-rhPSMA-10.1 and 177Lu-PSMA-I&T
to determine the TI (6). All 4 patients went on to receive treatment with
177Lu-rhPSMA-10.1 because it was determined to provide the more
favorable TI (6).

Therapeutic Dosimetry of First Treatment Cycle
Therapeutic dosimetry in 3 of 4 patients (patient 4 was excluded

because of claustrophobia) was conducted after the first treatment
cycle as previously described (6).

177Lu-rhPSMA-10.1 Therapy and Response Assessment
The patients received up to 6 cycles of 177Lu-rhPSMA-10.1 (7.4–

7.7 GBq), with an interval of 6 wk between cycles.
Efficacy, or serum prostate-specific antigen (PSA) response, was

evaluated using Prostate Cancer Working Group 3 criteria (15) and
the Response Evaluation Criteria in PSMA PET/CT (16). In addition,
estimations of progression-free survival and overall survival were cal-
culated until the last evaluated time point (July 2023).

Safety
All patients were monitored for the frequency of adverse events and

treatment-related adverse events graded according to version 5.0 of

TABLE 1
Clinical Characteristics

Characteristic Patient 1 Patient 2 Patient 3 Patient 4

ECOG performance score 1 1 1 1

Site of disease

Lung No No No No

Liver No No No No

Lymph node No No Yes Yes

Bone Yes Yes No Yes

PSA level (ng/mL) 0.9 9.9 15 20

Alkaline phosphate level (U/L)* 85 66 95 82

LDH (U/L)† 208 190 183 180

Median time since diagnosis (y) 10 3 12 8

Gleason score at diagnosis 8 9 7 9

Prior treatment

Prostatectomy Yes No Yes Yes

Androgen receptor pathway None 1 3 2

Inhibitor Abiraterone Abiraterone,
enzalutamide,
apalutamide

Enzalutamide,
abiraterone

Taxane therapy None Docetaxel Docetaxel Docetaxel

PSMA expression

PROMISE V2 score 2 2 3 3

PSMA status (VISION criteria) Positive Positive Positive Positive

SUVmax (most avid lesion) 17.4 10.1 97.1 68.0

Metastases: PSMA-positive TV (cm3) 19.1 7.9 47.7 118.3

*Reference range, 40–130U/L.
†Reference range, 0–250U/L.
ECOG 5 Eastern Cooperative Oncology Group; LDH 5 lactate dehydrogenase; PROMISE V2 5 Prostate Cancer Molecular Imaging

Standardized Evaluation, version 2; TV 5 tumor volume.
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the Common Terminology Criteria for Adverse Events (17) from the
first dose of treatment to 24 mo after treatment.

Blood samples for monitoring of hemoglobin, white blood cells,
platelets, creatinine, glomerular filtration rate, alkaline phosphatase, and
liver parameters were obtained directly before RLT and every 2–4 wk
thereafter.

Statistics
Most of the reported data are descriptive. All continuous data are

reported as mean, SD, and range.

RESULTS

Patients
Four patients aged between 65 and 80 y were included in the

analysis. Three of 4 patients presented with bone metastases, and
2 presented with lymph node involvement. Their clinical charac-
teristics are shown in Table 1.

PSMA Expression
All patients were positive for PSMA according to the VISION

criteria (11), with the SUVmax of the most avid metastasis ranging
between 10.1 and 97.1. Two patients were rated 2, and 2 patients
were rated 3, using the PSMA PET tumor–to–salivary gland ratio
(12). The PSMA-positive tumor volume varied greatly across
patients (range, 7.9–118.3 cm3). Pretherapeutic 68Ga-PSMA-I&T
scans of patients 1 and 4 can be found in Figure 1.

Therapy
Three of the 4 patients had previously undergone prostatectomy.

The patients’ treatment before and during 177Lu-rhPSMA-10.1 is
presented in Figure 2. The patients received 4–6 cycles of 177Lu-
rhPSMA-10.1 (Table 2). In posttherapeutic dosimetry for the first
treatment cycle, tumor-absorbed doses for reference lesions varied
between 0.23 and 0.87 mGy/MBq injected dose of 177Lu-rhPSMA-
10.1 in patient 1, 0.93–1.24 mGy/MBq in patient 2, and 5.5–
8.9 mGy/MBq in patient 3, whereas in patient 4, no dosimetry could
be performed because of claustrophobia (6).
All 4 patients showed a PSA response while receiving 177Lu-

rhPSMA-10.1 as presented in Figure 3. Progression-free survival
was not reached for 2 patients at 24 and 18mo of follow up and
was 12 and 15mo in the other 2 patients.
As of July 2023, all patients were alive, with 1 patient showing

an ongoing complete response more than 2 y after starting RLT.
Two patients had a partial response, with one having residual
lesions in the pelvic lymph nodes and the other having residual
disease in the local tumor, thoracic lymph node, and bone. The
remaining patient showed disease progression according to the
Response Evaluation Criteria in PSMA PET/CT (16).

Safety
No serious or treatment-related adverse events were reported.

All reported events are listed in Table 3 and Supplemental Table 1
(supplemental materials are available at http://jnm.snmjournals.org).

FIGURE 1. Example of tumor response to RLT with 177Lu-rhPSMA-10.1: 68Ga-PSMA-I&T PET/CT at baseline (A and D), at end of treatment with
177Lu-rhPSMA-10.1 (B and E), and during follow-up (C and F) of patients 1 (top) and 4 (bottom).
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All events were mild and graded 1 or 2 according to version 5.0 of
the Common Terminology Criteria for Adverse Events (17).

DISCUSSION

Here, we present efficacy and safety data from the clinical use
of 177Lu-rhPSMA-10.1 RLT in 4 patients with metastatic prostate
cancer. Our data show that 177Lu-rhPSMA-10.1 was well tolerated
and induced a profound PSA response in 3 of 4 patients, with a
smaller PSA response in the fourth patient.
We previously showed that, in the same 4 patients, 177Lu-

rhPSMA-10.1 provided a high TI, indicating a high dose to tumors
relative to the absorbed dose to the kidneys. The present data
extend these findings to demonstrate that this was able to bring

about a remarkable complete response in 1 patient that was still
ongoing after more than 2 y of follow-up, with 2 further patients
showing partial responses that comprised a 99% and 88% decrease
in PSA. The patients received therapeutic 177Lu-rhPSMA-10.1
activities of between 7.4 and 7.7 GBq per cycle. The favorable TI
with 177Lu-rhPSMA-10.1 raises the possibility that the adminis-
tered therapeutic activities of 177Lu-rhPSMA-10.1 could be opti-
mized according to patient need—maximizing tumor-absorbed
doses in patients with significantly shortened life expectancy while
tolerating higher kidney-absorbed radiation doses. For patients
who are earlier in the disease timeline and have a longer life
expectancy, the radiation exposure to the kidneys could be reduced
while still achieving an effective dose to the tumor (6).

FIGURE 2. Patients’ treatment before and during 177Lu-rhPSMA-10.1. All 4 patients were followed up until July 2023. Number of 177Lu-rhPSMA-10.1
cycles is indicated by number in green bar. CR5 complete response; PD5 progressive disease; PR5 partial response; RP5 radical prostatectomy.

TABLE 2
177Lu-rhPSMA-10.1 Treatment and Response

177Lu-rhPSMA-10.1 Patient 1 Patient 2 Patient 3 Patient 4

Number of cycles 4 5 6 6

Cumulative dose (GBq) 29.6 37.6 44.4 44.7

Greatest PSA decrease in response
to 177Lu-rhPSMA-10.1 (%)

100 35 88 99

Best response to 177Lu-rhPSMA-10.1
(RECIP)

Complete
response

Stable disease Partial response Partial response

Response to 177Lu-rhPSMA-10.1 at
end of therapy (RECIP)

Complete
response

Progressive
disease

Partial response Partial response

Progression-free survival (mo) 24 (not reached) 12 15 18 (not reached)

Overall survival Alive Alive Alive Alive

RECIP 5 Response Evaluation Criteria in PSMA PET/CT.
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Our previous data from these patients show that the dose to the
tumor varied by patient and by lesion. Data derived with 177Lu-
PSMA-617 in patients with metastatic castration-resistant prostate
cancer suggest that efficacy increases when a higher radiation dose
is delivered to the tumor (7,18). In the present study, we used the
criteria applied in the VISION study to determine the PSMA posi-
tivity of lesions before initiating RLT (i.e., SUV greater than liver)
(11). Notably, the patient showing the lowest SUV (SUVmax, 10.1;
patient 2) and a highly variable tumor-absorbed dose was the only
patient who showed any disease progression. Despite a 35%
reduction in PSA during his 5 cycles of 177Lu-rhPSMA-10.1, this
patient was determined to have progressive disease at the end of
treatment. This perhaps highlights the importance of identifying
predictive factors that may help select patients with the best
chance of success before initiation of 177Lu-PSMA–based RLT.
Recent studies have proposed nomograms that include prethera-
peutic imaging with 68Ga- or 18F-labeled PSMA ligands to help
predict outcomes from 177Lu-PSMA–based RLT (19,20). In addi-
tion, the use of radiomics features and artificial intelligence
applied on pretherapeutic PET has been suggested (21). On the
other hand, it has to be acknowledged that in subjects with lower
tracer uptake but no other therapeutic options, PSMA therapy may
still be preferable to no treatment at all.

Although 177Lu-labeled radiopharmaceuticals are generally well
tolerated, the kidneys remain one of the most important normal organs
to consider when planning RLT because of the risk of delayed radia-
tion nephropathy (22,23). Although this is less concerning in patients
with heavily pretreated disease and a short life expectancy, several
years from now it is entirely plausible that this class of agents could
be used as neoadjuvant or adjuvant therapies in men with high-risk
newly diagnosed prostate cancer undergoing radical primary therapy.
Therefore, understanding the exposure to normal organs and the long-
term safety is critical. Our data show that there were only minimal
adverse events in these patients receiving 177Lu-rhPSMA-10.1,
including grade 1 (mild) chronic kidney disease (17). However, our
data are limited by a maximum follow-up period of 24mo, and data
extending many years might be necessary to detect a safety signal.
There are some limitations to the present work. Whereas the

follow-up period of up to 24mo after treatment is longer than for
most other studies, even longer-term safety data are needed to accu-
rately quantify the risk to normal-organ function. We report data from
only a small number of patients who were the first to receive 177Lu-
rhPSMA-10.1 RLT at our clinic. The encouraging findings, however,
show 177Lu-labeled rhPSMA compounds to be suitable candidates for
clinical translation, and the results of the ongoing phase 1/2 clinical
trial of 177Lu-rhPSMA-10.1 in patients with metastatic castration-
resistant prostate cancer (NCT05413850) are eagerly anticipated.

CONCLUSION

These clinical data from patients with metastatic castration-
resistant prostate cancer undergoing 177Lu-rhPSMA-10.1 RLT
show 177Lu-rhPSMA-10.1 to be well tolerated and, in all 4 patients
evaluated, to bring about PSA responses accompanied by durable
radiologic responses to therapy.
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KEY POINTS

QUESTION: Does 177Lu-rhPSMA-10.1 provide a therapeutic
response in patients with metastatic prostate cancer?

PERTINENT FINDINGS: In these 4 patients who received RLT
with 177Lu-rhPSMA-10.1, no serious adverse events were noted.
All 4 patients showed a PSA response, with 1 patient showing
a complete biochemical and radiologic response that was
maintained for the 2 y until last follow-up.

IMPLICATIONS FOR PATIENT CARE: 177Lu-rhPSMA-10.1 is well
tolerated and brought about decreases in PSA levels ranging
from 33% to 100% in all patients evaluated. Prospective clinical
studies are under way to confirm these findings (NCT05413850).

FIGURE 3. Waterfall plot to show each patient’s response to 177Lu-
rhPSMA-10.1

TABLE 3
Frequency and Severity of Adverse Events

Adverse event
category Grade 1 Grade 2 Grade 3 Grade 4

Anemia 4 0 0 0

Leukopenia 1 0 0 0

Thrombocytopenia 1 0 0 0

Salivary gland
toxicity

4 0 0 0

Decline in kidney
function

2 2* 0 0

Hepatotoxicity 0 0 0 0

*One patient had grade 2 chronic kidney disease at baseline
and did not deteriorate.

Data are number of patients (total n 5 4). All events were
graded according to Common Terminology Criteria for Adverse
Events version 5.0 (17).
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177Lu-labeled prostate-specific membrane antigen (PSMA) radioli-
gand therapy effectively treats metastatic castration-resistant prostate
cancer. Patients requiring treatment, and consequently the number of
theranostic centers, are expected to increase significantly after Food
and Drug Administration and European Medicines Agency approval.
This requires standardization or harmonization among theranostic
centers. The aim of this study was to assess operational differences
and similarities among 177Lu-PSMA treatment centers. Methods:
A questionnaire comprising 62 items, designed by a core team of 5
physicians and externally reviewed by international experts, was
developed. Study participants were asked to provide answers about
their center, patient selection, radiopharmaceuticals, clinical assess-
ment before and after 177Lu-PSMA treatments, laboratory values,
treatment discontinuation, posttreatment imaging, and general infor-
mation. An invitation e-mail to participate in the study was sent in
June 2022. Duplicates were removed to allow for only one valid
response per center. Results: Ninety-five of 211 (45%) contacted
centers completed the questionnaire. Most participating centers were
in Europe (51%), followed by America (22%) and Asia (22%). During
the 12mo before this study, a total of 5,906 patients received 177Lu-
PSMA therapy at the 95 participating centers. Most of these patients
were treated in Europe (2,840/5,906; 48%), followed by Asia (1,313/
5,906; 22%) and Oceania (1,225/5,906; 21%). PSMA PET eligibility for
177Lu-PSMA was determined most frequently using 68Ga-PSMA-11
(77%). Additional pretherapy imaging included 18F-FDG PET/CT, CT,
renal scintigraphy, and bone scintigraphy at 41 (49%), 27 (32%), 25
(30%), and 13 (15%), respectively, of the 84 centers for clinical stan-
dard of care, compassionate care, or local research protocols and 11
(26%), 25 (60%), 9 (21%), and 28 (67%), respectively, of the 42

centers for industry-sponsored trials. PSMA PET eligibility criteria
included subjective qualitative assessment of PSMA positivity at 33%
of centers, VISION criteria at 23%, and TheraP criteria at 13%. The
mean standard injected activity per cycle was 7.3 GBq (range,
5.5–11.1 GBq). Sixty-two (65%) centers applied standardized
response assessment criteria, and PSMA PET Progression Criteria
were the most applied (37%). Conclusion: Results from this interna-
tional survey revealed interinstitutional differences in several aspects of
177Lu-PSMA radionuclide therapy, including patient selection, adminis-
tered activity, and the response assessment strategy. Standardization
or harmonization of protocols and dedicated training are desirable in
anticipation of increasing numbers of patients and theranostic centers.

Key Words: PET/CT; radionuclide therapy; 177Lu-PSMA; prostate
cancer; survey; theranostic
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Prospective single-arm (1–3), randomized (4,5) clinical trials
have shown 177Lu-labeled prostate-specific membrane antigen
(PSMA) radioligand therapy (RLT) to be effective for treating
metastatic castration-resistant prostate cancer (CRPC). It received
U.S Food and Drug Administration and European Medicines
Agency approval in 2022 and was swiftly adopted into prostate
cancer management guidelines (6–8). PSMA PET imaging and
177Lu-PSMA RLT are gaining momentum globally, but treatment
delivery has faced several obstacles limiting its widespread acces-
sibility. Patient numbers are expected to increase significantly,
with an estimated 34,000 prostate cancer patients requiring
approximately 120,000 177Lu-PSMA treatment cycles per year in
the United States alone (9,10). Approximately 140U.S. centers are
needed to satisfy this demand, assuming the administration of 4
cycles per center per day (9).
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Besides the limited number of treatment centers, challenges
include radiopharmaceutical production and delivery, with demand–
supply imbalance, lack of medical provider training and compe-
tence, and the need for additional workforce, including nuclear med-
icine physicians and nursing staff (11). Despite a widely varying
regulatory, financial, and medical landscape, the nuclear medicine
community has been spearheading efforts to meet the need for this
new standard-of-care (SOC) treatment (12). Joint guidelines were
recently proposed by the European Association of Nuclear Medi-
cine, Society of Nuclear Medicine and Molecular Imaging, and
International Atomic Energy Agency to establish an overarching
framework helping practitioners understand what is required to set
up a theranostics center (13,14). Further guidance is provided by
joint procedure guidelines of the European Association of Nuclear
Medicine and Society of Nuclear Medicine and Molecular Imaging
(15). Moreover, the nuclear medicine community has engaged with
urooncology experts to incorporate PSMA imaging and radionuclide
therapy into clinical practice consensus guidelines (16,17).

177Lu-vipivotide tetraxetan, also known as 177Lu-PSMA-617, is
Food and Drug Administration–approved for treatment of adults
with PSMA-positive metastatic CRPC who have been treated with
androgen receptor pathway inhibitor and taxane-based chemother-
apy. The prescribing information suggests patient selection based
on PSMA imaging and the administration of 7.4 GBq (200mCi)
every 6 wk for up to 6 doses, as the registrational VISION trial
proposed (4). However, criteria defining 177Lu-PSMA RLT eligi-
bility by PSMA PET, therapy protocols, therapy response assess-
ment, and parameters for treatment discontinuation all differ
between established theranostic centers and countries. Therefore,
the aim of this international questionnaire study was to assess
operational differences and similarities between 177Lu-PSMA
treatment centers.

MATERIALS AND METHODS

The survey comprised 62 questions including multiple-choice and
free-text answers and was prepared using Qualtrics XM in a web-
based design (Supplemental Fig. 1; supplemental materials are avail-
able at http://jnm.snmjournals.org). The questions were drafted by
UCLA investigators and externally reviewed by 5 international experts
in the field of PSMA theranostics. Once the final version of the ques-
tionnaire was outlined, an official invitation e-mail to participate in the
study was sent in June 2022. The invitation was sent to all centers
involved in patient recruitment for the TheraP and VISION trials
(4,5), the corresponding authors on clinical 177Lu-PSMA publications
(screened through PubMed), and international contacts of the investi-
gators. Duplicates were removed to allow for only one valid response
per center. The survey was closed in late September 2022.

Survey Structure
The questionnaire involved general physician and center-specific

questions; questions on patient selection, radiopharmaceuticals, clini-
cal assessment before and after 177Lu-PSMA treatments, laboratory
values, treatment discontinuation, and posttreatment imaging; and gen-
eral questions (Supplemental Fig. 1).

Data Analysis
Survey answers were exported in an Excel (Microsoft) spreadsheet,

and the data were analyzed. Descriptive analysis was performed using
SPSS software (IBM).

RESULTS

Geographic Location of Participating Centers
In total, 95 of 211 (45%) contacted centers completed the ques-

tionnaire (Fig. 1). Most participating centers were in Europe (48;
51%), followed by North and South America (21; 22%), Asia (21;
22%), Oceania (3; 3%), and Africa (2; 2%). On a national level,
Germany (22%), France (12%), Brazil (8%), the United States
(7%), India (6%), and China (5%) provided the highest number of
participating centers (Fig. 2A).

Population Characteristics
During the 12mo before the study, a total of 5,906 patients

received 177Lu-PSMA therapy at the 95 participating centers.
Most patients were treated in Europe (2,840/5,906; 48%), followed
by Asia (1,313/5,906; 22%) and Oceania (1,225/5,906; 21%)
(Fig. 2B). Most centers were actively involved in 177Lu-PSMA
through different models of care: 177Lu-PSMA was given at 84
(88%) centers as SOC treatment or compassionate-care access
(CCA), at 42 (44%) centers as part of industry-sponsored clinical
trials, and at 21 (22%) centers as part of locally approved research
protocols (LARPs) not sponsored by industry (multiple options of
care possible per center; therefore, number exceeds 100%; Fig. 3;
Supplemental Fig. 2). Forty-six (48%) centers treated patients only
with metastatic CRPC, whereas 47 (49%) centers treated patients

Email invite sent June 2022
n = 214

Survey closed September 2022
n = 214

No response
n = 116

Duplicates
n = 3

Answers received
n = 98

Included for analysis
n = 95

FIGURE 1. Diagram of number of participating centers.
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with metastatic CRPC and hormone-sensitive prostate cancer
(HSPC). Two (2%) centers treated only HSPC.

Initiation of PSMA RLT
Ten (11%) centers started PSMA RLT before 2015, 64 (67%)

between 2015 and 2020, and 21 (22%) between 2021 and 2022. The
earliest 131I-MIP-1095 had been used was 2011. Overall, 50% of
centers were already treating patients before 2018. Supplemental
Figure 3 shows increments of PSMA RLT centers per continent.

Pretreatment Imaging and PSMA PET Eligibility Criteria
Pretreatment PSMA Imaging. PSMA PET or PSMA SPECT

was performed at all participating centers to assess patient

eligibility for 177Lu-PSMA RLT (Fig. 4). 68Ga-PSMA-11 was the
most frequently used PET radiotracer (73; 77%), followed by 18F-
PSMA-1007 (39; 41%), 68Ga-PSMA-I&T (21; 22%), and 18F-
DCFPyL (18; 19%) (continent-based analysis in Supplemental
Fig. 4). At 12 (13%) centers, 99mTc-labeled PSMA for SPECT
imaging was sufficient to assess 177Lu-PSMA RLT eligibility,
and these locations were predominantly in Germany (5/12), Iran
(2/12), and Mexico (2/12).
Additional Pretreatment Imaging. 18F-FDG PET/CT was per-

formed at 49% of centers when 177Lu-PSMA therapy was pro-
vided as SOC, CCA, or LARP not sponsored by industry and at
26% of centers when patients were enrolled in industry-sponsored
clinical trials (Fig. 4). Additional pretherapy imaging included CT

FIGURE 2. Geographic location of participating centers (A), and heat map of number of patients treated between June 2021 and September 2022 (B).
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(SOC 1 CCA 1 LARP, 32%; industry-sponsored trials, 60%),
bone scintigraphy (SOC 1 CCA 1 LARP, 15%; industry-
sponsored trials, 67%), renal scintigraphy (SOC 1 CCA 1 LARP,
30%; industry-sponsored trials, 21%), and others (Fig. 4).
Geographic differences were evident mainly for pretherapy renal
scintigraphy (e.g., as part of the eligibility process at 15 of 21 cen-
ters in Germany) and for choline PET (e.g., performed at 9 of 11
centers in France).
PSMA PET Eligibility Criteria. The most frequently applied

PSMA PET eligibility criterion for 177Lu-PSMA RLT was a sub-
jective visual whole-body tumor PSMA positivity evaluation
(33%), followed by assessment of tumor PSMA uptake in compar-
ison to liver (defined as .50% of tumor lesions with uptake more
than in the liver) (26%), VISION criteria (23%), and TheraP crite-
ria (13%) (Fig. 5). No significant differences among continents
were observed for applied eligibility criteria.
Performance Status and Quality of Life. To be eligible for

177Lu-PSMA RLT, patients had to have an Eastern Cooperative
Oncology Group performance status no higher than 1 at 2 centers
(2%), 2 at 65 (68%), 3 at 22 (23%), and 4 at 6 (6%). Pretreatment

quality-of-life assessment using validated questionnaires was not
performed routinely at 67 (71%) centers. Among quality-of-life
tools, European Organisation for Research and Treatment of Can-
cer Quality of Life Questionnaire Core 30 was the most commonly
used, that is, at 14 (15%) centers.

Treatment
Administered Radiopharmaceuticals. For RLT agents, 48 (51%)

centers use 177Lu PSMA-617 only, 21 (22%) 177Lu PSMA-I&T
only, and 26 (27%) both 177Lu PSMA-617 and 177Lu PSMA-I&T.
Additionally, 7 (7%) were also using other labeled PSMA-targeting
agents such as 225Ac-PSMA.
Therapy Dose and Interval Between Treatment Cycles. Mean

standard injected radioactivity per cycle for 177Lu-PSMA RLT
was 7.3 GBq (range, 5.5–11.1 GBq). Continent-based subanalysis
showed an average injected radioactivity (GBq) per cycle of
7.56 0.1, 7.36 0.4, 7.56 1.1, 7.16 0.7, and 8.26 0.3 for Africa,
America, Asia, Europe, and Oceania, respectively. Dose deescala-
tion was performed at 10 (11%) centers. Injected activity was
adapted on the basis of bone marrow, salivary gland, kidney, or
liver function at 50 (53%) centers; the patients’ PSMA-positive
tumor volume at 12 (13%); patient weight at 9 (9%); and dosime-
try measurements at 6 (6%).
The most frequent intervals between 177Lu-PSMA RLT

cycles was 6 wk at 57 centers (60%) and 8 wk at 26 (27%).
Six (7%) centers adapted the intervals between cycles on
the basis of prostate-specific antigen (PSA) levels and clinical
parameters.

Response Assessment
Imaging Response Criteria. The PSMA PET Progression Crite-

ria were most frequently applied (35; 37%), followed by RECIST
1.1 (23; 24%), the Prostate Cancer Working Group Criteria
(PCWG3) (21; 22%), the Response Evaluation Criteria in Prostate
Cancer (RECIP) 1.0 (10; 11%), and PERCIST (7; 7%) (Fig. 6;
Supplemental Fig. 5). Multiple answers were allowed for this
question. Thirty-three (35%) centers did not apply standardized
radiographic criteria for response assessment.

Timing of Radiographic Response
Assessment. PSMA PET was performed
for response assessment at 83 (87%) cen-
ters. PSMA PET was performed before
the third treatment cycle at 48 (51%) cen-
ters and after completion of therapy at 63
(66%) centers. Twenty-four (25%) centers
indicated that the timing of imaging
response assessment was variable, depend-
ing on biochemical parameters and clini-
cal status.
Clinical Assessment During Therapy.

Parameters systematically evaluated by
most ($80%) centers throughout the course
of 177Lu-PSMA RLT included pain, fatigue,
xerostomia, appetite, weight, and quality of
life, at 99%, 95%, 88%, 85%, 83%, and
83% of centers, respectively.

Laboratory Parameters
Blood was drawn most frequently 2 and

3 wk after each therapy cycle at 45 (47%)
and 20 (21%) centers, respectively. Blood
was drawn most frequently 1 and 2 wk

FIGURE 3. 177Lu-PSMA model of care among participating centers
(multiple answers allowed).

FIGURE 4. Imaging modalities performed to assess patient eligibility classified by model of care
(multiple answers allowed).
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before the next therapy cycle at 62 (65%) and 24 (25%) centers,
respectively.
At least 98% of centers measured platelets, erythrocytes, hemo-

globin, and total white cell count before treatment initiation and
between cycles. Some discrepancies were found between the blood
tests requested at treatment initiation and between treatment
cycles, including PSA (99% vs. 94%), neutrophils (92% vs. 83%),
creatinine (99% vs. 91%), glomerular filtration rate (87% vs.
73%), liver enzymes (94% vs 82%), alkaline phosphatase (92%
vs. 77%), and lactate dehydrogenase (74% vs. 57%) (Fig. 7).

177Lu-PSMA g-Imaging
Posttreatment 177Lu-PSMA g-imaging was performed at 90

(95%) of centers. Regarding each treatment cycle, 94% of centers
performed 177Lu-PSMA g-imaging after the first cycle, 87% after
the second, and 85% after the third and fourth cycles. Whole-body
planar acquisition was most frequently used (77%), followed by
semiquantitative SPECT with 2 or more bed positions (37%). The
time of 177Lu-PSMA g-image acquisition was 4, 24, 48, and 72 h
after injection at 18%, 62%, 32%, and 12% of centers, respec-
tively. Ten (11%) stated that they always acquire images at at least
2 different time points.

Discontinuation
Treatment discontinuation was more

frequent after the second treatment cycle
(54; 57%) than after the third treatment
cycle (37; 39%). A rising PSA required
confirmation before 177Lu-PSMA RLT dis-
continuation, with a second PSA sample
obtained at 14 (15%) centers, whereas con-
firmatory imaging in conjunction with a
second PSA sample was a requirement for
discontinuation at 65 (68%) centers. Para-
meters leading alone to treatment discontin-
uation were low platelets at 61 centers
(64%), low neutrophils at 58 (61%), and
low hemoglobin at 31 (33%). A rise in
PSA alone led to treatment discontinuation
at 21 (22%) centers.

Role of Nuclear Medicine Physician
The responders were nuclear medicine

physicians at 88 (93%) centers, medical
oncologists at 2 (2%), radiation oncologists at 2 (2%), and others
at 3 (3%) (1 radiologist, 1 internal medicine physician, and 1
radiochemist). At 94 (99%) centers, nuclear medicine physicians
were involved in at least one aspect of 177Lu-PSMA RLT, namely
evaluation of the treatment indication (89; 94%), assessment of
patient eligibility (86; 91%), and management between cycles (87;
92%). Patients were followed up for posttherapy outcomes by
nuclear medicine physicians at 74% of centers. At 23 (24%) cen-
ters, the nuclear medicine physician was not involved in the dis-
cussion of treatment discontinuation. At the 72 (76%) centers
where the nuclear medicine physician was involved in the discus-
sion of treatment discontinuation, it was the nuclear medicine phy-
sician’s responsibility to bring the treatment discontinuation
discussion to a multidisciplinary team at 65 of 72 (90%) centers.

177Lu-PSMA RLT Reimbursement
177Lu-PSMA RLT was completely covered by the health care

system at 51 (54%) centers, whereas 19 (20%) centers reported
only partial coverage. No insurance coverage was reported at
25 (26%) centers.

177Lu-PSMA RLT was performed as an outpatient procedure at
46 (48%) centers and as a 1-, 2-, and 3-d inpatient procedure at 19
(20%), 16 (17%), and 14 (15%) centers, respectively (Supplemen-
tal Fig. 6).

DISCUSSION

The rapid increase in use of theranostics is being addressed by sci-
entific societies supporting theranostic centers with treatment guide-
lines (13–15,18). The current study demonstrated interinstitutional
differences in 177Lu-PSMA RLT operations, including patient selec-
tion, dosing, response assessment, and treatment discontinuation. In
part, these differences reflect variations in accepted standards of prac-
tice as reflected in guidelines and the evidence base. The survey also,
however, identifies some areas of concern. Although data on the
effectiveness of 177Lu-PSMA RLT in HSPC are still lacking, 49% of
participating centers were treating both CRPC and HSPC, which is
remarkably higher than was found in a previous survey reporting
20% of centers treating CRPC and HSPC (19). This difference may,
in part, reflect increased participation in trials investigating the effec-
tiveness of 177Lu-PSMA RLT in HSPC, such as the LuTectomy

FIGURE 5. PSMA PET eligibility criteria for 177Lu-PSMA RLT.

FIGURE 6. Imaging response criteria for 177Lu-PSMA (multiple answers
allowed). PPP5 PSMA PET Progression Criteria.
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(NCT04430192), UpFrontPSMA (NCT04343885), and PSMAddi-
tion (NCT04720157) trials. However, sufficient data are still missing
to entirely justify 177Lu-PSMA RLT in HSPC patient outside pro-
spective studies.
Interestingly, at 68% of centers, an Eastern Cooperative Oncol-

ogy Group score of 2 was the highest performance status accepted
for 177Lu-PSMA therapy, whereas 29% of centers accepted an
Eastern Cooperative Oncology Group score of up to 3 or 4. This
might reflect differences in the training and competence of physi-
cian and nonphysician staff in providing appropriate care to
patients with poor functional status.
The survey highlights variations in patient selection. The Food

and Drug Administration advised that selection of patients for
treatment using an approved PSMA imaging agent be based on
PSMA expression in tumors. Several PSMA PET eligibility crite-
ria have been proposed, including criteria published in reports of
previous prospective trials (4,5). However, we found that, most
commonly, a subjective visual whole-body tumor PSMA positivity
evaluation (33%) was performed to assess treatment eligibility. In
several studies investigating predictive PSMA PET imaging for
assessing response to 177Lu-PSMA RLT, the biomarkers differed
from those in previously published prospective trials and require
further investigation (20–22).
Even though the mean standard injected activity per cycle for

177Lu-PSMA RLT was almost similar to what is recommended by
the Food and Drug Administration (7.3 vs. 7.4 GBq), the adminis-
tered doses in our survey ranged between 5.5 and 11.1 GBq. More
than half the centers (53%) adapted the injected dose on the basis
of the patient’s bone marrow, salivary gland, kidney, or liver func-
tion. Further trials are needed to better understand the morbidity
and mortality of adapted versus fixed-dose protocols. Also, dose
deescalation or adaptation based on patient weight or dosimetry
was performed at fewer than 12% of centers.
In the European Association of Urology–European Association

of Nuclear Medicine Consensus Statement, the experts achieved
consensus on the use of PSMA PET/CT in the evaluation of
response to 177Lu-PSMA RLT even though no consensus on the
timing of PSMA PET/CT was reached (23). This reflects the het-
erogeneity of our findings, with centers applying PET at different
intervals after treatment. The panelists discussed neither the

specific radiographic response criteria nor
the possibility of assessing treatment
response using posttreatment 177Lu-PSMA
g-imaging, a method that around 30% of
centers participating in our survey use. In
this context, the PROMISE V2 guidelines
also provide a framework for response cri-
teria (24). In metastatic prostate cancer,
treatment response was traditionally evalu-
ated using CT/MRI and bone scanning
according to the PCWG3 criteria (25). Nev-
ertheless, neither PCWG3 nor RECIST 1.1
(26) or PERCIST 1.0 (27) was designed to
include PSMA PET/CT imaging. The
PSMA PET Progression Criteria (28) and
RECIP 1.0 (29) were just recently intro-
duced but had already been applied at 37%
and 11% of participating centers, respec-
tively. A recent study investigated the accu-
racy of RECIST 1.1, adapted PCWG3,
adapted PERCIST 1.0, the PSMA PET Pro-

gression Criteria, and RECIP 1.0 for response evaluation using
PSMA PET/CT in men with metastatic CRPC treated with 177Lu-
PSMA RLT (30). Among the assessed frameworks, RECIP 1.0
were found to have the highest prognostic value and interreader
reliability. However, one third (35%) of centers do not apply any
standardized imaging criteria for therapy response evaluation.
RECIP originally integrated software-based quantitative assessment
of total tumor volume (quantitative RECIP), but wide clinical
implementation of such software is not expected soon. Recently,
RECIP—determined using visual reads by nuclear medicine physi-
cians (visual RECIP)—showed 95% agreement with quantitative
RECIP (31). Hence, RECIP can immediately be implemented in
daily practice.
Since a large number of metastatic CRPC patients might not

benefit from 177Lu-PSMA RLT (1–3), criteria for treatment dis-
continuation need to be discussed. Our results suggest that the
clinical complexity does not allow for easy establishment of
criteria or definite cutoffs. There is agreement that a single
post–177Lu-PSMA RLT PSA increase alone is not sufficient to jus-
tify 177Lu-PSMA RLT discontinuation but that confirmation by a
second PSA sample or radiologic progression is required.
All participating centers stated that PSMA imaging, that is, PET

or SPECT, was mandatory to assess 177Lu-PSMA RLT eligibility.
On the basis of the European Association of Urology–European
Association of Nuclear Medicine consensus statement, PSMA
PET/CT should be performed on any candidate before 177Lu-
PSMA RLT (23), whereas in our results 13% of centers affirmed
that they also use PSMA SPECT imaging. Evaluation of PSMA
expression is crucial to assess 177Lu-PSMA RLT eligibility, but
limiting evaluation of PSMA receptor expression to PET imaging
might potentially exclude countries and centers without estab-
lished access to PET imaging. Use of additional pretreatment
imaging was variable, especially among patients participating in
sponsored trials versus protocols outside industry-sponsored trials,
including SOC. Patients participating in industry-sponsored trials
were more likely to undergo additional bone scanning and CT,
whereas protocols outside industry-sponsored trials more often
included 18F-FDG PET/CT to assess patient eligibility. These dif-
ferences might be explained by the use of the PCWG3 criteria for
response assessment in clinical trials.

FIGURE 7. Laboratory parameters assessed before and between 177Lu-PSMA RLT cycles.
AST/ALT 5 aspartate transaminase/alanine transaminase; GFR 5 glomerular filtration rate; Hb 5

hemoglobin; LDH5 lactate dehydrogenase.
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The need for a robust supply chain for 177Lu-PSMA is crucial
to meet the increasing demand for 177Lu-PSMA RLT (9). A previ-
ous study highlighted that 5% of the patients died while waiting
for a supply of 177Lu-PSMA (32).
This study had several limitations. First, a high number of

responses were received from Europe, given the early use and
high number of treatment centers. Second, countries with a small
number of centers but high patient volumes might be underrepre-
sented since the data do not account for the number of treated
patients per center. Third, Food and Drug Administration approval
of 177Lu-PSMA in 2022 in part changed the practice of U.S. cen-
ters from treating patients as part of research protocols to SOC.
Fourth, national regulatory differences impact several aspects of
177Lu-PSMA RLT.

CONCLUSION

Results from this international survey revealed significant inter-
institutional differences regarding multiple aspects of 177Lu-
PSMA RLT, such as eligibility assessment, administered activity,
and response assessment strategies. In part, this variation reflects
differences in accepted practice standards supported by evolving
clinical practice guidelines. Some responses, however, raise con-
cern and highlight the need for theranostic centers, specific train-
ing, and an improved evidence base as theranostics is widely
adopted.

DISCLOSURE

Andrea Farolfi reports fees from Telix (speaker) and Calyx (image
review). Wesley Armstrong is supported by the UCLA–Caltech
Medical Scientist Training Program (NIGMS T32 GM008042). Lena
Unterrainer reports fees from Astellas (speaker) and Novartis (con-
sultant, speaker) outside the submitted work. Michael Hofman
acknowledges philanthropic/government grant support from the Pros-
tate Cancer Foundation (PCF) funded by Canica, the Peter MacCal-
lum Foundation, the Medical Research Future Fund (MRFF), an
NHMRC investigator grant, Movember, and the Prostate Cancer
Foundation of Australia (PCFA); acknowledges research grant sup-
port (to the institution) from Novartis (including AAA and Endo-
cyte), ANSTO, Bayer, Isotopia, and MIM; and declares personal
consulting fees for lectures or advisory boards from Astellas and
AstraZeneca in the last 2 y. Matthias Eiber reports fees from Blue
Earth Diagnostics Ltd. (consultant, research funding), Novartis/AAA
(consultant, speaker), Telix (consultant), Bayer (consultant, research
funding), RayzeBio (consultant), Point Biopharma (consultant),
Eckert-Ziegler (speaker), Janssen Pharmaceuticals (consultant, speak-
ers bureau), Parexel (image review), and Bioclinica (image review)
outside the submitted work and a patent application for rhPSMA.
Wolfgang Fendler reports fees from SOFIE Biosciences (research
funding), Janssen (consultant, speaker), Calyx (consultant, image
review), Bayer (consultant, speaker, research funding), Novartis
(speaker, consultant), Telix (speaker), GE Healthcare (speaker), and
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KEY POINTS

QUESTION: How is 177Lu-PSMA RLT organized around the
world?

PERTINENT FINDINGS: A questionnaire was developed, and 95
theranostic centers around the globe answered. The aim was to
assess operational differences and similarities between 177Lu-
PSMA treatment centers. We found significant interinstitutional dif-
ferences regarding multiple aspects of 177Lu-PSMA RLT, such as
eligibility assessment, administered activity, and response assess-
ment strategies.

IMPLICATIONS FOR PATIENT CARE: There is a need for speci-
fic training and an improved evidence base because theranostics
is being widely adopted.
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Dopamine Transporter SPECT with 12-Minute Scan Duration
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This study evaluated the potential to reduce the scan duration in
dopamine transporter (DAT) SPECT when using a second-generation
multiple-pinhole (MPH) collimator designed for brain SPECT with
improved count sensitivity and improved spatial resolution compared
with parallel-hole and fanbeam collimators. Methods: The retrospec-
tive study included 640 consecutive clinical DAT SPECT studies that
had been acquired in list mode with a triple-head SPECT system with
MPH collimators and a 30-min net scan duration after injection of
1816 10 MBq of [123I]FP-CIT. Raw data corresponding to scan dura-
tions of 20, 15, 12, 8, 6, and 4min were obtained by restricting the
events to a proportionally reduced time interval of the list-mode
data for each projection angle. SPECT images were reconstructed
iteratively with the same parameter settings irrespective of scan
duration. The resulting 5,120 SPECT images were assessed for a
neurodegeneration-typical reduction in striatal signal by visual assess-
ment, conventional specific binding ratio analysis, and a deep convo-
lutional neural network trained on 30-min scans. Results: Regarding
visual interpretation, image quality was considered diagnostic for all
640 patients down to a 12-min scan duration. The proportion of dis-
crepant visual interpretations between 30 and 12min (1.2%) was not
larger than the proportion of discrepant visual interpretations between
2 reading sessions of the same reader at a 30-min scan duration
(1.5%). Agreement with the putamen specific binding ratio from the
30-min images was better than expected for 5% test–retest variability
down to a 10-min scan duration. A relevant change in convolutional
neural network–based automatic classification was observed at a
6-min scan duration or less. Conclusion: The triple-head SPECT sys-
temwith MPH collimators allows reliable DAT SPECT after administra-
tion of about 180 MBq of [123I]FP-CIT with a 12-min scan duration.

Key Words: dopamine transporter; SPECT; ioflupane; multipinhole;
scan duration
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SPECT of striatal dopamine transporter (DAT) availability
with N-v-fluoropropyl-2b-carbomethoxy-3b-(4-123I-iodophenyl)-
nortropane ([123I]FP-CIT) is widely used to support the diagnostic
work-up in patients with a clinically uncertain parkinsonian syn-
drome or suspicion of dementia with Lewy bodies (1–6).

Multiple-pinhole (MPH) collimator technology has the potential
to concurrently improve spatial resolution and count sensitivity
compared with imaging with conventional parallel-hole and fan-
beam collimators in clinical SPECT of small organs (7), including
DAT SPECT with [123I]FP-CIT (8–15).
A recent prospective study showed that MPH collimators

improve intra- and interreader agreement and the certainty of the
visual interpretation of DAT SPECT compared with low-energy,
high-resolution, high-sensitivity collimators (16). A technical per-
formance evaluation of the triple-head camera with MPH collima-
tors used in this previous (and in the current) study found a peak
system sensitivity of 675 cps/MBq, which is about 3 times higher
than the typical system sensitivity of double-head cameras with
conventional parallel-hole or fanbeam collimators (7,15). This
finding suggests that the triple-head camera equipped with MPH
collimators allows a considerable reduction in scan duration in
DAT SPECT. This reduction is desirable for better patient com-
fort, reduced risk of motion artifacts, and reduced costs (in terms
of camera occupancy).
Against this background, the current study evaluated the impact

of scan duration on MPH DAT SPECT with respect to visual
interpretation, conventional semiquantitative analysis, and auto-
matic classification with a deep convolutional neural network. The
study retrospectively included 640 MPH DAT SPECT studies
from clinical routine that had been acquired in list mode and there-
fore allowed realistic simulation of reduced scan duration.

MATERIALS AND METHODS

Patients
MPH DAT SPECT with [123I]FP-CIT had been performed on 665

consecutive patients with a clinically uncertain parkinsonian syndrome
or suspected dementia with Lewy bodies. Thirteen patients were
excluded because the [123I]FP-CIT dose was less than 150 MBq.
Twelve patients were excluded because of relevant structural or vascu-
lar lesions in the striata or midbrain on MRI. The remaining 640
patients were included (age, 67.26 11.4 y; range, 26–91 y; 44.2%
women). To guarantee that the included patient sample was represen-
tative of the clinical routine at our site, no further eligibility criteria
were applied.

A waiver of informed consent for the retrospective analysis of the
anonymized data was obtained from the ethics review board of the
general medical council of the state of Hamburg, Germany.

SPECT Imaging
The SPECT acquisition started 2036 25min (range, 135–335min)

after intravenous injection of 1816 10 MBq (range, 156–215 MBq)
of [123I]FP-CIT. In total, 90 projection views (30 per head, 120" scan
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arc) at angular steps of 4" were acquired in list mode with an AnyScan
Trio (Mediso) triple-head, general-purpose camera equipped with
second-generation, general-purpose brain MPH collimators designed
for high count sensitivity at the center of the field of view with a rather
broad peak of the sensitivity profile for improved stability with respect
to off-center positioning (16). A detailed description of the MPH colli-
mator is given in the supplemental materials (“Multiple-Pinhole Col-
limator”; Supplemental Fig. 1; supplemental materials are available at
http://jnm.snmjournals.org) (15,17,18).

The acquisition time per projection was 60 s, resulting in a 30-min
total net scan duration. The energy window was set to 143–175 keV.
The distance between the center-of-rotation axis and the pinhole focal
plane was fixed to 140mm. A helical acquisition mode with a 40-mm
total table displacement was used to avoid axial undersampling
(19,20).

Projection data corresponding to reduced scan durations of 20, 15,
12, 8, 6, and 4min were obtained by restricting the events to a propor-
tionally reduced time interval of the list-mode data for each projection
angle. For each projection, the earliest sequential decay events were
selected (rather than random selection from all events). Projection data
were sorted into 2563 256 matrices with a 2.133 2.13mm pixel size,
separately for each scan duration.

Transaxial images of 1283 128 cubic pixels with a 1.8-mm edge
length were reconstructed with the Monte Carlo photon simulation
engine and iterative 1-step-late maximum-a-posteriori expectation
maximization implemented in the camera software (24 iterations,
2 subsets) (15,21). Attenuation and scatter correction do not affect
the ability of DAT SPECT to discriminate between a normal striatal
signal and a neurodegeneration-typical reduction (22). Hence,

correction for photon attenuation and scatter was not performed to
avoid variability of no interest between images of the same patient
with different scan durations, as might be caused by variability in the
outer contour of the head for postreconstruction attenuation and scatter
correction.

Image Preprocessing
Individual DAT SPECT images were stereotactically normalized

(affine) to the anatomic space of the Montreal Neurologic Institute
using the Normalize tool of the Statistical Parametric Mapping
software package (version SPM12) and a set of custom DAT
SPECT templates representative of normal and different levels of a
neurodegeneration-typical reduction in striatal uptake as the target
(23). For each of the 640 patients, stereotactic normalization was per-
formed first for the SPECT image from the full 30-min projection
data. The images corresponding to shorter scan durations from the
same raw data were stereotactically normalized using the same trans-
formation as for the 30-min images.

Intensity was normalized by voxelwise scaling to the individual 75th
percentile of the voxel intensity in a reference region comprising the
whole brain without striata, thalamus, medial temporal lobe, brain stem,
cerebellum, and ventricles (24). The reference value for intensity scaling
was obtained separately for each scan duration. The scaled images are
semiquantitative images representing the distribution volume ratio.

Visual Interpretation
A standardized display (Fig. 1) was used for visual interpretation

of the DAT SPECT distribution-volume-ratio images, similar to the
display used in clinical routine at our site. Visual interpretation was
performed by a reader with about 20 y of experience in clinical DAT

SPECT reading ($3,000 cases). The reader
was unaware of any clinical data and was
asked to use a 3-step approach to visual
interpretation. In the first step, the reader
decided whether statistical image quality was
adequate for visual interpretation or whether
the image was too noisy (Fig. 1). If statistical
image quality was adequate, the reader
decided in the second step whether there was
an artificial reduction in striatal [123I]FP-CIT
uptake such as a more prominent reduction in
the caudate nucleus than in the putamen or a
barbell-shaped appearance of the striatum
(Fig. 1), the rationale being that artificial
reduction most likely indicated an artifact,
because patients with relevant lesions on MRI
had been excluded. If there was no artificial
reduction, the reader was asked to categorize
the case as showing a neurodegeneration-
typical reduction or normal striatal [123I]FP-CIT
uptake (Fig. 1).

The 5,120 cases (640 patients 3 8 scan
durations) were presented in randomized
order in a 5,120-page Portable Document
Format file with 1 case per page. Visual
interpretation was performed by clicking 1 of
the 4 buttons in the display (Fig. 1). To
assess intrareader variability (as a benchmark
for variability between different scan dura-
tions), all 5,120 cases were interpreted a sec-
ond time by the same reader using a second
5,120-page Portable Document Format file
with the cases randomized differently. The
time between the 2 reading sessions was 2 wk.

FIGURE 1. Standardized display for visual interpretation of 4 cases: 4-min scan considered too
noisy for visual interpretation (upper left), 4-min scan interpreted as artificial because of barbell shape
of left striatum (upper right), and two 30-min scans interpreted as neurodegeneration-typical reduc-
tion (lower left) and normal (lower right). Top of each panel shows 10 transversal distribution-volume-
ratio slices of 4-mm thickness from superior to inferior edge of striatum with maximum of color table
individually scaled to maximum intensity in 10 images. Bottom of each panel shows transversal
distribution-volume-ratio image of 12-mm thickness through center of striatum with maximum of
color table scaled to fixed upper distribution-volume-ratio threshold optimized previously.
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Cases whose interpretation was discrepant between the 2 reading
sessions were read a third time by the same reader to obtain an
intrareader consensus.

Semiquantitative Analysis
A detailed description of the semiquantitative analysis is given in the

supplemental materials (“Specific Binding Ratio Analysis” (23–30)). In
brief, the unilateral [123I]FP-CIT specific binding ratio (SBR) in the left
and right putamina was obtained by hottest-voxels analysis of the ste-
reotactically normalized distribution-volume-ratio image using large
unilateral putamen masks predefined in the space of the Montreal Neu-
rologic Institute as described previously (30).

Automatic Classification by Deep Convolutional
Neural Network

A randomly selected subset of 427 (52/3) of the DAT SPECT
scans with a 30-min duration and visual interpretation by the experi-
enced reader (intrareader consensus) was used to train a convolutional
neural network for automatic binary classification of DAT SPECT
scans. Details are given in the supplemental materials (“Convolutional
Neural Network”; Supplemental Fig. 2 (31–33)).

The performance of the network was first tested in the remaining
213 DAT SPECT scans with a 30-min duration. To assess the impact
of scan duration on the network’s performance, the same network was

applied to the same 213 test cases but with a
reduced scan duration. No attempt was made
to optimize the network for scan durations of
less than 30min.

Semiquantitative analyses and network-
based classification included all cases; nei-
ther too-noisy nor artificial cases (according
to visual interpretation) were excluded.

Statistical Analysis
The Cochran Q test for related samples

was used to test for an impact of scan dura-
tion on the proportion of too-noisy cases
according to visual inspection in the whole
dataset, on the proportion of artificial cases
among cases with adequate statistical image
quality, on the proportion of cases with dis-
crepant visual interpretation between the 2
reading sessions, and on the proportion of
cases with a discrepant intrareader consensus
at a reduced scan duration compared with the
intrareader consensus on the 30-min image.
If the Cochran Q test demonstrated a signifi-
cant effect of scan duration (P , 0.05), pair-
wise comparisons of scan durations were
performed with Bonferroni adjustment for
multiple tests (28 pairs from 8 different scan
durations). IBM SPSS (version 27) was used
for these analyses.

The impact of scan duration on the unilat-
eral putamen SBR (n 5 1,280) was assessed
by scatterplots and regression analysis to
determine the coefficient of determination
(R2) of the SBR from the full 30-min scan by
the SBR from a reduced scan duration. The
threshold on R2 for the impact of a reduced
scan duration on the SBR to be relevant was
fixed at 0.98, which would be expected alone
because of the 5% variability in putamen
SBR in short-term test–retest DAT SPECT
of the same patient (“Relevant Loss of SBR

Determination” in the supplemental materials; Supplemental Fig. 3
(34)). Thus, the impact of a reduced scan duration was considered rele-
vant if R2 was below 0.98.

The impact of scan duration on the discriminative power of the puta-
men SBR was tested as described previously (22). In brief, the distribu-
tion of the putamen SBR (minimum of both hemispheres, n 5 640) was
characterized by a histogram with a 0.1 bin width. The resulting histo-
gram was fitted by the sum of 2 gaussians:

histogram ðSBRÞ5A1 exp 2
ðSBR2M1Þ2

2SD2
1

 !

1A2 exp 2
ðSBR2M2Þ2

2SD2
2

 !
,

Eq. 1

where A1 and A2 are the amplitudes, M1 and M2 are the mean
values, and SD1 and SD2 are the SD of the gaussian functions.
The MATLAB routine fminsearch with default parameter settings
was used for this purpose.

The power of the SBR to differentiate between normal and reduced
DAT SPECT was estimated by the effect size d of the distance
between the 2 gaussians computed as the differences between the
mean values scaled to the pooled SD:

FIGURE 2. (A) Results of visual interpretation. (B) Transversal 12-mm SPECT images with 4-min vs.
30-min scan durations for 4 representative cases: too noisy on 4-min scan (male, 83y, 175 MBq,
210-min uptake period), artificial on 4-min scan (male, 81 y, 182 MBq, 188-min uptake period), intrar-
eader discrepancy (normal vs. reduced) on 4-min scan (male, 68y, 183 MBq, 177-min uptake
period), and discrepant classification between 4-min (reduced) and 30-min (normal) scans (female,
77y, 196 MBq, 268-min uptake period).
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2

s
: Eq. 2

The cutoff c for differentiation between normal and reduced SBRs
was selected halfway between M1 and M2 in units of SD, that is

c5 ðSD2M1 1 SD1M2Þ=ðSD1 1SD2Þ: Eq. 3

The histogram analysis was performed separately for each scan
duration.

RESULTS

None of the DAT SPECT images were considered too noisy for
visual interpretation down to an 8-min scan duration (Fig. 2A).
The proportion of too-noisy images was 0.3% at a 6-min scan
duration and 3.0% at a 4-min scan duration. The impact of scan
duration on the proportion of too-noisy images was highly signifi-
cant (P , 0.0005). Pairwise testing showed that the proportion of
too-noisy images was significantly higher at 4min than at any of
the longer scan durations (all P , 0.0005). The difference between
the 6-min scan duration and the longer scan durations was not sig-
nificant (all P 5 1.000).
Among the 621 DAT SPECT images with sufficient statistical

quality at all scan durations, the proportion with an artificial pat-
tern was no more than 0.2% for any scan duration down to 8min
(Fig. 2A). It was 1.3% at a 6-min scan duration and 6.4% at a
4-min scan duration. The impact of scan duration on the propor-
tion of artificial images was highly significant (P , 0.0005). Pair-
wise testing showed that the proportion of artificial images was
significantly higher at 4min than at any of the longer scan durations
(all P , 0.0005). The difference between the 6-min scan duration
and the longer scan durations was not significant (all P$ 0.575).
Among the 581 DAT SPECT images that were neither too noisy

nor artificial at any scan duration, the proportion of cases with dis-
crepant visual categorization between the 2 reading sessions ran-
ged between 1.0% and 1.9%, without a significant effect of scan
duration (P 5 0.822, Fig. 2A).
The proportion of cases with a discrepant visual intrareader con-

sensus at a reduced scan time compared with the intrareader con-
sensus on the 30-min image among these 581 DAT SPECT
images ranged between 0.7% and 1.2% for scan durations from
20 to 8min (Fig. 2A). The proportion increased to 1.9% and 3.3%
at 6- and 4-min scan durations, respectively. The impact of scan
duration on the rate of discrepant consensus interpretation was
highly significant (P , 0.0005). Pairwise testing showed that the
proportion of discrepant interpretations compared with the 30-min
image was significantly higher at 4min than at 8min or more (all
P , 0.0005). The proportion of discrepant cases at a 6-min scan
duration did not differ from the proportion at a 4-min scan dura-
tion (P 5 0.093) or longer (P $ 0.268).
Representative examples of too-noisy, artificial, intrareader-

discrepant, and between-scan-duration–discrepant cases are shown
in Figure 2B. Retrospective inspection of the cases with a concor-
dant visual interpretation across all scan durations revealed only
minor differences in the visual appearance of the SPECT images
down to a 4-min scan duration in most cases (Fig. 3).
Scatterplots of the putamen SBR with a reduced scan duration

versus a 30-min scan duration are shown in Figure 4. R2 decreased
with reduced scan durations from 0.998 at a 20-min duration to
0.853 at a 4-min duration. It dropped below the threshold of 0.98
for clinical relevance at an 8-min duration.

The histograms of the putamen SBR at different scan durations
and their fit by the sum of 2 gaussians are shown in Figure 5. The
parameters obtained by the fit are given in Supplemental Table 1.
The effect size d of the distance between the 2 gaussians was sta-
ble from a 30-min to a 6-min scan duration and then dropped by
about 20% at a 4-min scan duration.
The results of the automatic network-based classification are

summarized in Figure 6. A relevant loss of accuracy was observed
for scan durations of 6min or less.

DISCUSSION

The primary finding of this study is that the triple-head SPECT
camera equipped with MPH collimators allows reliable DAT SPECT
after administration of the standard dose of about 180 MBq of
[123I]FP-CIT with a 12-min scan duration, independent of the interpre-
tation method (visual, conventional semiquantitative analysis, or deep
learning–based automatic classification). This scan duration represents
a reduction of at least 50% compared with the typical 25–40min
according to the European Association of Nuclear Medicine/Society
of Nuclear Medicine practice guideline for DAT SPECT when using
a double-head camera with conventional collimators (5).
Regarding visual interpretation, none of the 640 DAT SPECT

images was considered too noisy or artificial at a 12-min scan
duration (Fig. 2). The proportion of cases with a discrepant visual
interpretation between the 2 reading sessions of the same reader
was not larger at a 12-min scan duration than at a 30-min scan
duration (1.0% vs. 1.5%). The proportion of cases with a discrep-
ant visual classification between a 12-min and a 30-min scan dura-
tion (1.2%) was similar to the proportion of intrareader-discrepant
cases at 30min (1.5%). Thus, the reduction of scan duration from
30 to 12min had no impact on visual interpretation. Regarding
semiquantitative analysis, a relevant impact was observed only at
a scan duration of 8min or less (Figs. 4 and 5). Automatic

FIGURE 3. Representative examples in which scan duration had no rele-
vant impact down to 4min (transversal 12-mm images; top: female, 44y,
200 MBq, 186-min uptake period; bottom: female, 72y, 200 MBq, 220-min
uptake period).
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classification with the convolutional neural network showed a rele-
vant impact only at a scan duration of 6min or less (Fig. 6).
The current study provides strong evidence against an impact of

reduced scan duration down to 12min with MPH SPECT, given

the rather large sample size (n 5 640) and that no specific eligibil-
ity criteria were imposed. In response to this finding, the scan
duration of clinical DAT SPECT with the triple-head SPECT cam-
era equipped with MPH collimators and the standard dose of about

180 MBq of [123I]FP-CIT was reduced to
12min at our site.
Further reduction of the scan duration

to 6min did not impact DAT SPECT
image interpretation in most cases ($95%,
Figs. 2–6). Thus, a 12-min scan duration
can be considered a safe choice. Under
difficult conditions (e.g., patients with
severe pain when lying on the examination
table or agitated patients with dementia
with Lewy bodies), an attempt at a 6-min
duration might be made. If the resulting
image quality appears adequate visually
(neither too noisy nor artificial), the risk of
misinterpretation is only marginally increased
(Fig. 2). If the resulting image quality does
not appear adequate, the scan might be
repeated with a longer duration.
Reduction of scan duration with MPH

collimators is based on their increased
count sensitivity compared with conven-
tional collimators (7–15,35). More pre-
cisely, the total number of striatal counts
detected with the triple-head SPECT cam-
era with MPH collimators with a 12-min
scan duration is about the same as detected
with a double-head SPECT camera with
conventional parallel-hole or fanbeam col-
limators during a 25- to 30-min scan (16).
Thus, novel software approaches such as
deep learning–based image enhancement

FIGURE 4. Scatterplots of unilateral putamen SBR (n 5 1,280) with reduced vs. 30-min scan duration, and plot of R2. Dashed lines indicate R2

expected for putamen SBR from 2 short-term repeat DAT SPECT scans of same patient with 5% test–retest variability.

FIGURE 5. Histograms of putamen SBR (minimum of both hemispheres, n5 640), and effect size d
of distance between 2 gaussian functions (according to Eq. 2). Fit by sum of 2 gaussians is indicated
by continuous line. Remaining fit parameters are given in Supplemental Table 1. HV5 hottest-voxels.
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or denoising (36) might be added to further reduce the scan dura-
tion in DAT SPECT with MPH collimators.
Reduction of scan duration to 12min or even lower might allow

early-phase SPECT imaging after injection of [123I]FP-CIT to
provide a surrogate image of regional cerebral blood flow (e.g., to
discriminate between different neurodegenerative parkinsonian
syndromes) as described for PET with [123I]FP-CIT (37). How-
ever, this possibility needs to be tested in future studies, since sys-
tem sensitivity with MPH collimators decreases toward the edges
of the field of view and, therefore, improvement in sensitivity is
lower for cortical brain regions than for the striata (16).
A limitation of the current study is that the reduced scan dura-

tion was simulated by restricting the events used for image recon-
struction to a proportionally reduced time interval of the list-mode
data for each projection angle. As a consequence, the current study
does not allow testing for potential improvement of diagnostic per-
formance by less involuntary head motion during a reduced scan
duration. Another limitation is that the visual interpretation was
performed by only a single experienced reader. However, at the
safe choice of a 12-min scan duration, close inspection of the
images was required to see any effect of reduced scan duration at
all (Fig. 3). There was no change in image quality at a 12-min
scan duration that might affect interpretation by less experienced
readers. This was further supported by imagewise correlation
analyses described in the supplemental materials (“Imagewise
Correlation”; Supplemental Fig. 4). Finally, images with reduced
scan durations were stereotactically normalized using the transfor-
mation derived for the corresponding 30-min image. This might
have caused overly optimistic performance estimates (the 30-min
scan is not available in clinical practice with a reduced scan dura-
tion). Repeat analyses in which the affine transformation into the
anatomic standard space was estimated from the image with a
reduced scan duration itself (i.e., without reference to the 30-min
images) resulted in an R2 (of the 30-min SBR by the 12-min SBR)
that was slightly lower (0.98 vs. 0.99) but still compatible with the

nonrelevance threshold. Thus, additional variability by indepen-
dent stereotactic normalization did not have a relevant impact on
the diagnostic performance of MPH DAT SPECT with a 12-min
scan duration. The same might be assumed for attenuation and
scatter correction, particularly when the delineation of the outer
contour of the head (required for postreconstruction uniform atten-
uation and scatter correction) is based on the transformation used
for stereotactic normalization (38).

CONCLUSION

The triple-head SPECT system with MPH collimators allows
reliable DAT SPECT with a 12-min scan duration when a standard
dose of about 180 MBq of [123I]FP-CIT is administered. The
improved count sensitivity might also be used to reduce the radio-
activity dose administered to patients.
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KEY POINTS

QUESTION: What is the minimum scan duration for DAT SPECT
with a general-purpose triple-head camera equipped with brain-
specific MPH collimators?

PERTINENT FINDINGS: The retrospective study included 640 MPH
DAT SPECT images that had been acquired at a 30-min duration in
list mode and therefore allowed realistic simulation of reduced scan
duration. Reduction of scan duration to 12min had no impact on the
interpretation of the SPECT images independent of the interpretation
method (visual, conventional semiquantitative analysis, or deep
learning–based automatic classification).

IMPLICATIONS FOR PATIENT CARE: The triple-head SPECT
system equipped with MPH collimators allows reliable DAT
SPECT with a 12-min scan duration when a standard 180-MBq
dose of [123I]FP-CIT is administered.
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We investigated the longitudinal changes in cortical tau accumulation
and their association with cognitive decline in patients in the Alzheimer
disease (AD) continuum using 2-(2-([18F]fluoro)pyridin-4-yl)-9H-
pyrrolo[2,3-b:4,5c9]dipyridine ([18F]PI-2620) PET. Methods: We pro-
spectively enrolled 52 participants (age, 69.768.4 y; 18 men and 34
women): 7 with normal cognition, 28 with mild cognitive impairment,
and 17 with AD. They all completed the [18F]PI-2620 and [18F]florbeta-
ben PET, MRI, and neuropsychologic tests at baseline and, excepting
the [18F]florbetaben PET, at the 1-y follow-up. Amyloid-b (Ab) PET
images were visually scored as positive (1) or negative (2). Patients
on the AD continuum, including Ab1 mild cognitive impairment and
AD, were classified into early-onset (EO1) (,65y old) or late-onset
(LO1) ($65y old) groups. [18F]PI-2620 PET SUV ratios (SUVRs) were
determined by calculating the cerebral–to–inferior cerebellar ratio.
Cortical volumes were calculated using 3-dimensional T1-weighted
MRI. The correlation between tau accumulation progression and cog-
nitive decline was also investigated. Results: The global [18F]PI-2620
PET SUVRs were 1.0460.07 in 15 Ab2 patients, 1.1860.21 in
20 LO1 patients (age, 76.763.8y), and 1.5460.38 in 17 EO1
patients (age, 63.465.4y; P , 0.001) at baseline. The global SUVR
increased over 1 y by 0.0560.07 (3.90%) and 0.1360.22 (8.41%) in
the LO1 and EO1 groups, respectively, whereas in the Ab2 groups,
it remained unchanged. The EO1 group showed higher global and
regional tau deposition than did the Ab2 and LO1 groups (P , 0.05
for each) and rapid accumulation in Braak stage V (0.1560.25;
9.10% 6 12.27%; P5 0.016 and 0.008), Braak stage VI (0.0860.12;
7.16% 6 10.06%; P , 0.006 and 0.005), and global SUVR
(P 5 0.013) compared with the Ab2 group. In the EO1 group, the
changes in SUVR in Braak stages II–VI were strongly correlated with
the baseline and changes in verbal memory (P , 0.03). The LO1
group showed higher tau accumulation in Braak stage I–IV areas than
did the Ab2 group (P , 0.001 for each). In the LO1 group, the
change in SUVR in Braak stages III and IV moderately correlated with
the change in attention (P , 0.05), and the change in SUVR in Braak
stages V and VI moderately correlated with the change in visuospatial
function (P , 0.005). Conclusion: These findings suggest that
[18F]PI-2620 PET can be a biomarker to provide regional and chrono-
logic information about tau pathology in the AD continuum.

Key Words: tau PET; Alzheimer disease; neurodegenerative disease;
longitudinal study
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Dementia is a heterogeneous group of progressive and degen-
erative brain pathologies clinically characterized by deterioration
in memory, learning, orientation, language, comprehension, and
judgment. Alzheimer disease (AD) is the most common cause of
dementia (1). Age is the most prominent biologic risk factor.
Patients with AD are often classified into early-onset AD (EOAD)
and late-onset AD (LOAD) groups, with 65 y as the cutoff age (2).
EOAD occurs in approximately 10% of the patients with AD, with
the first symptoms appearing in the age range of 30–65 y (3).
The neuropathologic hallmarks of AD brains include extracellu-

lar accumulation of diffuse and neuritic amyloid-b (Ab) plaques,
frequently surrounded by dystrophic neurites, and intraneuronal
accumulation of hyperphosphorylated tau protein neurofibrillary
tangles (4). Although some studies report widespread pathology
extending outside the medial temporal lobe in younger patients
(5), the overall pathology of EOAD and LOAD patients is similar,
making it difficult to distinguish between the two.
The tau radiotracers for PET imaging developed in the past

decade enable in vivo visualization and quantification of pathologic
tau protein in AD. Cross-sectional tau PET imaging revealed tracer
accumulation patterns similar to those reported in postmortem stud-
ies (6). Patients with EOAD typically show an extensive tau pathol-
ogy distribution and burden when presenting with Ab-positive (1)
PET, whereas patients with LOAD yield a distinct tau retention pat-
tern, predominantly confined to the temporal lobe (7). These prelim-
inary findings indicated that the onset age might be an important
contributor to AD heterogeneity, highlighting the potential that tau
PET has in capturing phenotypic variations across patients with AD.
Longitudinally, patients with EOAD showed a faster cognitive

decline than those with LOAD and faster widespread thinning of
association cortices (8), took longer for an AD diagnosis to be
reached, and had a higher frequency of 2 apolipoprotein «4 alleles.
However, both groups showed similar cognitive and global
responses to cholinesterase inhibitor treatment and longitudinal
outcomes, including activities-of-daily-living capacities and time
from diagnosis to nursing home placement (9). However, studies
on how longitudinal tau accumulation influences these changes are
lacking.
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Cross-sectionally, 2-(2-([18F]fluoro)pyridin-4-yl)-9H-pyrrolo[2,3-
b:4,5-c9]dipyridine ([18F]PI-2620), a second-generation tau PET
tracer, demonstrated a high tau aggregate image quality and excel-
lent signal-to-noise ratio in patients with AD (7,10). This tracer has
the pyrrolo[2,3-b:4,5-c9]dipyridine core that strongly binds to aggre-
gated tau and significantly reduces monoamine oxidase A binding
properties compared with pyrido[4,3-b]indole derivatives. Its nega-
tive log of half-maximal inhibitory concentration was 8.56 0.1 in
the competition assay to tau aggregates, but it showed low binding
properties to Ab, monoamine oxidase A, and monoamine oxidase B
as off-target binding tests. An autoradiography study showed speci-
fic binding to pathologic misfolded tau on AD brain sections but no
specific tracer binding in the brain slices from nondemented donors
(11). The tracer demonstrated no nonspecific binding in the basal
ganglia and showed no uptake in non–tau-driven neurodegenerative
disorders, including semantic variant primary progressive aphasia
(12). [18F]PI-2620 accumulation in the globus pallidus internus can
detect progressive supranuclear palsy in patients (13,14). [18F]PI-
2620 showed higher distribution volume ratios in patients with
Ab1 corticobasal syndrome than in the controls in several cortical
target regions and could serve as a differential diagnosis tool (15).
This study tracked longitudinal tau accumulation in patients

with EOAD and LOAD using [18F]PI-2620 PET to better under-
stand the dynamic interactions between tau accumulation and Ab,
neurodegeneration, and cognitive decline over time.

MATERIALS AND METHODS

Eligibility and Overall Study Design
We prospectively enrolled cognitively normal controls (NCs) and

patients with mild cognitive impairment (MCI) or AD. NCs were
40–85 y old with no evidence of cognitive impairment by history and
the Seoul Neuropsychological Screening Battery (SNSB), which is
one of the standardized neuropsychologic test batteries widely used in
Korea and assesses 5 cognitive domains: attention, memory, language,
visuospatial function, and frontal/executive function (16), with a Mini-
Mental State Examination (MMSE) score within 1 SD of the sex-,
age-, and education-specific norm and a score of 0 on the clinical
dementia rating (CDR). Patients with MCI met the criteria of Petersen
et al. (17). Patients with AD were more than 40 y old and met the
probable AD criteria following the National Institute on Aging–Alz-
heimer’s Association guidelines (18). Subjects with structural lesions
such as territorial infarctions, intracranial hemorrhage, psychologic
disease, non-AD tauopathy, Parkinson disease, or cerebrovascular dis-
ease were excluded. Subjects with at least 2 immediate family mem-
bers diagnosed with AD were also excluded. Subjects treated before
the screening visit with any investigational medicinal product, includ-
ing tau-targeted treatment, were excluded.

The subjects underwent [18F]PI-2620 PET to evaluate tau accumu-
lation, [18F]florbetaben PET to establish Ab status (Ab1 or Ab nega-
tive [2]), MRI, neuropsychiatric testing, and safety evaluations at
baseline. All tests were repeated after 1 y except [18F]florbetaben PET.
We collectively classified Ab1 MCI and Ab1 AD into late-onset
(LO) and early-onset (EO) groups with the cutoff at the age of 65 y
(19–21).

This study was approved by the Institutional Review Board of Asan
Medical Center before it began, and all subjects signed an informed
consent form. The study was registered at http://www.clinicaltrials.
gov (NCT 03903211).

Radiopharmaceutical Synthesis of [18F]PI-2620
[18F]PI-2620 synthesis was described before (12); briefly, it was

synthesized using a modified Trasis AllinOne automatic chemistry

module according to published methods (11) with minor modifications
(22). The overall radiochemical non–decay-corrected yield was 8.0%
6 5.2% (n 5 39), and the total preparation time was 756 5.0min,
including high-performance liquid chromatography purification and
formulation. The radiochemical purity and molar activity were 99.9%
6 0.2% and 91.86 45.7 GBq/mmol, respectively.

PET Imaging
We acquired brain PET scans for all participants using a Discovery

690, 710, or 690 Elite PET/CT scanner (GE Healthcare). The same
scanner was used at baseline and after 1 y for [18F]PI-2620 PET imag-
ing. Scans were performed 60–90min after intravenous injection of
2596 25.9 MBq of [18F]PI-2620 for tau detection and 90–110min
after intravenous injection of 3006 30 MBq of [18F]florbetaben for
Ab detection. The 3-dimensional PET images were reconstructed with
a voxel size of 2.03 2.03 3.27mm using the ordered-subsets expecta-
tion maximization algorithm (iterations, 4; subsets, 16; postreconstruc-
tion smoothing applied using a gaussian kernel of 4mm in full width
at half maximum).

Quantitative Analysis for PET
[18F]florbetaben PET scans were assessed visually by 2 nuclear

medicine physicians (who were masked to the clinical information)
using a binary classification (1 or 2) as recommended (23).

For [18F]PI-2620 PET, each participant’s PET image was rigidly co-
registered to that participant’s magnetization-prepared rapid gradient-
echo data using Statistical Parametric Mapping software, version SPM12
(Wellcome Trust Centre for Neuroimaging, University College London),
in MATLAB R2013a (MathWorks). Cortical gray matter/white matter
parcellation was performed using FreeSurfer, version 6.0 (Harvard Uni-
versity; http://surfer.nmr.mgh.harvard.edu), as described by Thomas et al.
(24). The Desikan–Killiany–Tourville atlas was used to define the
regions of interest for the PET Braaklike stages (25) and to perform
high-resolution gyral parcellation using FreeSurfer (26). The global SUV
ratio (SUVR) was calculated by combining all of the volumes of interest
of Braak stages I–VI. The ratio of region-based voxelwise (24) partial-
volume effect (PVE) to 7-mm smoothed PET (27) coregistered onto MR
images was used for quantification and voxel-based PVE correction of
the PET images. PVE correction was performed using the symmetric
geometric transfer matrix approach (28) in PETsurfer, a submodule of
FreeSurfer (29,30). The region-based voxelwise PVE correction method,
which requires high-resolution anatomic segmentation and accurate
point-spread function measurements, combines the advantages of the
geometric transfer matrix method and voxelwise corrections to generate
accurate PVE-corrected images.

The mean SUVR of [18F]PI-2620 PET was calculated for each vol-
ume of interest and normalized to the inferior cerebellum (cerebellar
crus b–X) as a reference. To better measure the mean uptake in the ref-
erence, we conducted spatial normalization of the coregistered [18F]PI-
2620 PET images as mentioned above (coregistered onto T1-weighted
MR images) to the Montreal Neurological Institute space, which
is achieved using the spatial normalization parameters that align the
corresponding MR image with the Montreal Neurological Institute
T1-weighted MRI template and FreeSurfer-based cerebellum gray
matter mask, combined with a spatially unbiased atlas template of the
cerebellum (SUIT; MATLAB), to generate an individual FreeSurfer
mask-based gray matter–specific inferior cerebellum mask (using the
SUIT mask), as defined on the template space of Baker et al. (31).
Finally, we applied morphologic erosion to this cerebellum gray matter
mask to better handle the potential tissue misclassification in volumetric
MRI as well as misalignment (or misregistration) between PET and
volumetric MR images.
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Acquisition and Analysis of MRI
MRI was performed with a 3.0-T system (Achieva; Philips). To eval-

uate the cortical volume, a high-resolution anatomic 3-dimensional
volume image was obtained using a 3-dimensional gradient-echo
T1-weighted sequence with the following parameters: repetition time,
9.9ms; echo time, 4.6ms; flip angle, 8"; field of view, 224mm; matrix,
2243 224; and slice thickness, 1mm with no gaps. Images were ana-
lyzed using FreeSurfer software, and MRI parcellation was performed
as described above.

Statistical Analysis
SPSS Statistics version 21.0 (IBM) and SAS version 9.4 (SAS Insti-

tute Inc.) were used for statistical analysis of the demographic data.
The 32 test and a correction for multiple comparisons with the Bon-
ferroni method were used to compare categoric variables. For the com-
parisons of continuous demographic data and SNSB, we used an
ANOVA model with a Bonferroni post hoc test. The performance on
SNSB was compared between groups using a linear mixed model with
sex as a covariate and the Bonferroni method for correcting multiple
comparisons. We primarily analyzed longitudinal changes in SNSB
and the global and regional (Braak stages I–VI) SUVRs with linear
mixed-effect models with sex and the time interval between baseline
and follow-up as fixed factors and subject as a random factor under
the assumption that the intercepts can differ between subjects. A gen-
eralized linear mixed-effect repeated-measures analysis was performed
with 1 fixed factor, a Braak stage region, and a random subject effect
to account for within-subject correlations. The response variable was
the annual percentage of change in SUVR. We present bar plots with
the mean percentage of change in the SUVR across Braak stages and
indicate the statistical significance derived from the paired difference
tests from the repeated-measures model. The annual change in
[18F]PI-2620 SUVR was calculated as the difference between the
values at follow-up and baseline, and the annual percentage of the
change was calculated as [SUVR follow-up 2 SUVR baseline]/SUVR
baseline 3 100. Multiple linear regression analysis was performed for
the Ab1 group versus the Ab2 group and age for the difference in
the SUVR. Partial correlation analyses between CDR–sum of boxes,
MMSE, cognitive function of attention, memory, language, visuospa-
tial function, and frontal/executive function and the SUVR of
[18F]florbetaben and [18F]PI-2620 and the cortical volume were per-
formed with sex as a covariate.

P values of less than 0.05 were considered statistically significant.

RESULTS

Participants
Sixty-nine participants underwent baseline [18F]PI-2620 PET

scans (11 NC, 33 with MCI, and 25 with AD), of which 46 were
Ab1 (1 NC, 23 with MCI, and 22 with AD). Fifty-five partici-
pants completed both baseline and 1-y follow-up [18F]PI-2620
PET scans. One patient was excluded because the MRI was of
insufficient quality to be analyzed by FreeSurfer. Of the remaining
54 participants (age, 69.76 8.4 y; 15 men and 39 women), 52
were categorized as Ab2 (15; 7 NC and 8 MCI), LO1 (20; 9
MCI and 11 AD), or EO1 (17; 11 MCI and 6 AD) for analysis.
One Ab1 NC and 1 Ab2 AD patient were excluded. The partici-
pants’ demographic, clinical, and imaging characteristics are sum-
marized in Table 1.

SNSB
As shown in Table 2, both the LO1 and EO1 participants

showed a significant deterioration in global cognitive function as
determined by CDR, CDR–sum of boxes, and MMSE and deterio-
ration in language (K-Boston Naming Test), visuospatial function

T
A
B
LE

2
B
as

el
in
e
D
em

og
ra
ph

ic
s
an

d
C
lin
ic
al

C
ha

ra
ct
er
is
tic

s

A
b
2

(n
5

15
)

LO
1

(n
5

20
)

E
O
1

(n
5

17
)

O
th
er
s
(n

5
2)

P

P
ar
am

et
er

A
b
2

C
N

A
b
2

M
C
I

A
b
1

M
C
I

A
b
1

A
D

A
b
1

M
C
I

A
b
1

A
D

A
b
1

C
N

A
b
2

A
D

A
ll

A
b
2

vs
.

LO
1

A
b
2

vs
.

E
O
1

LO
1

vs
.

E
O
1

n
7

8
9

11
11

6
1

1

A
ge

(y
)

64
.0

6
10

.1
72

.6
6

7.
1

75
.
1
6

3.
8

78
.0
6

3.
9

61
.8

6
5.
3

65
.8
6

6.
0

72
65

,
0.
00

1*
0.
00

2*
0.
07

3
,
0.
00

1*

A
ge

at
on

se
t
(y
)

70
.4

6
4.
5

73
.2
6

4.
0

57
.9

6
5.
4

57
.7
6

5.
3

64
,
0.
00

1*
,
0.
00

1*
,
0.
00

1*

E
d
uc

at
io
n
(y
)

11
.1
6

2.
9

10
.9
6

3.
9

11
.6

6
2.
4

12
.5
6

4.
3

11
.6

6
4.
8

10
.2
6

3.
9

7
16

0.
63

1

M
al
e-
to
-f
em

al
e
ra
tio

2:
5

4:
4

3:
6

5:
6

3:
8

1:
5

0:
1

0:
1

0.
50

4

H
TN

(%
)

57
.1

62
.5

44
.4

72
.7

27
.3

50
0

0
0.
24

7

D
M

(%
)

0
0

11
.1

36
.4

18
.2

0
0

0
0.
09

7

H
yp

er
lip

id
em

ia
(%

)
42

.9
50

44
.4

27
.3

18
.2

33
.3

10
0

0
0.
38

9

A
p
oE

«
4
ca

rr
ie
r
(%

)
57

.1
12

.5
55

.6
63

.6
72

.7
66

.7
0

0
0.
09

4

FU
in
te
rv
al

(m
o)

11
.6
6

1.
1

12
.1
6

0.
8

12
.2

6
1.
1

11
.7
6

0.
7

12
.1

6
0.
9

11
.8
6

0.
1

12
12

0.
91

3

*S
ta
tis

tic
al
ly
si
gn

ifi
ca

nt
at

P
,

0.
05

.
H
TN

5
hy

p
er
te
ns

io
n;

D
M

5
d
ia
b
et
es

m
el
lit
us

;A
p
oE

5
ap

ol
ip
op

ro
te
in

E
;F

U
5

fo
llo

w
-u
p
.

D
at
a
ar
e
sh

ow
n
as

m
ea

n
6

S
D
fo
r
co

nt
in
uo

us
va

ria
b
le
s
an

d
p
er
ce

nt
ag

es
fo
r
ca

te
go

ric
va

ria
b
le
s.

456 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 65 ! No. 3 ! March 2024



(Rey Complex Figure Test copy), verbal (Seoul Verbal Learning
Test–Delayed Recall) and visual (Rey Complex Figure Test–
Delayed Recall) memory, and frontal/executive function (Con-
trolled Oral Word Association Test: supermarket) compared with
Ab2 participants (P , 0.001 vs. P 5 0.040).
Compared with LO1, EO1 showed worse performance on lan-

guage (P 5 0.046). Both LO1 and EO1 participants were stable
on visual memory at the follow-up, whereas the Ab2 participants
showed improvement (P 5 0.028 and 0.009, respectively).

Baseline [18F]florbetaben Uptake in Ab2, LO1, and EO1

The global [18F]florbetaben SUVRs in the Ab2, LO1, and
EO1 groups were 1.236 0.11, 1.726 0.22, and 1.776 0.20,
respectively. LO1 and EO1 groups showed similar global Ab
deposition, but the deposition was higher than that of the Ab2
group (P , 0.001). A moderate correlation between the SUVR of
the baseline Ab ([18F]florbetaben) and that of tau ([18F]PI-2620) is
present in the Ab2 group (r 5 0.581; P 5 0.04) but not in the
LO1 and EO1 groups, as presented in Supplemental Table 1a
(supplemental materials are available at http://jnm.snmjournals.org).

Baseline and Longitudinal Changes in [18F]PI-2620 Uptake
Some examples of baseline and follow-up [18F]PI-2620 PET

images are shown in Figure 1. Baseline and 1-y follow-up [18F]PI-
2620 SUVRs of the Ab2, LO1, and EO1 groups are shown in
Table 3 (the data were not corrected for a PVE [non-PVE]). Data
corrected for PVE are presented in Supplemental Table 2.
The baseline global [18F]PI-2620 SUVRs in the Ab2, LO1,

and EO1 groups were 1.046 0.07, 1.186 0.21, and 1.546 0.38,
respectively (P , 0.001). The LO1 group showed higher tau
accumulation in Braak stage I–IV areas than did the Ab2 group
(P , 0.001 for each). The EO1 group showed higher tau accu-
mulation in the Braak stage I–VI areas than did the Ab2 group
(P , 0.001 for each).
During the 1-y follow-up, the global cortical SUVRs of the

LO1 and EO1 groups increased by 0.056 0.07 (3.90% 6 6.30%)
and 0.136 0.22 (8.41% 6 11.89%), respectively. The EO1 group

showed a statistically significant increase during follow-up in Braak
stage V (0.156 0.25; 9.10% 6 12.27%; P 5 0.01), Braak stage VI
(0.086 0.12; 7.16% 6 10.06%; P , 0.001), and global SUVR
(P 5 0.01) compared with the Ab2 group. The annual SUVR
changes by Braak staging are shown in Figure 2 for non-PVE and
in Supplemental Figure 1 for PVE. Absolute and relative 1-y
regional changes in the [18F]PI-2620 SUVR are shown in Figure 3
for non-PVE.
Longitudinal change in the [18F]PI-2620 SUVR in the cerebel-

lum and off-target binding on the putamen and pallidum are shown
in Supplemental Table 3. There were no significant differences in
[18F]PI-2620 in the cerebellum (P 5 0.265). The pallidum showed
an increased uptake in the LO1 group compared with the EO1
group (1.226 0.19 vs. 1.116 0.12; P 5 0.003) but with no signif-
icant longitudinal change.

[18F]PI-2620 Uptake, Age, Cognition, and Atrophy
Multiple linear regression analysis showed that the changes in

[18F]PI-2620 SUVR were significantly associated with Ab1 and
age globally (unstandardized coefficients, 0.092 for Ab1 and
20.005 for age; P 5 0.029 and 0.017, respectively) and in Braak
stages IV–VI (Fig. 4).
In the Ab2 group, the baseline [18F]PI-2620 SUVR of Braak

stages III and IV correlated with visuospatial function (r 5 0.616
and 0.682; P , 0.05 for each). The baseline SUVR of Braak stage
VI correlated with the change in MMSE, language, and visual mem-
ory (r 5 0.663, 0.645, and 0.687; P , 0.05 for each). The changes
in SUVR in Braak stages I–VI and the global SUVR correlated with
baseline attention, visuospatial function, and the changes in attention
and frontal/executive function, as shown in Supplemental Table 1a.
The baseline hippocampal volume (Braak stage II) correlated with
the baseline CDR–sum of boxes (r5 20.594; P, 0.05). The base-
line cortical volume of Braak stages IV–VI and the global cortical
volume strongly correlated with the baseline verbal and visual mem-
ory (P , 0.05). The progression of hippocampal atrophy (Braak
stage II) moderately to strongly correlated with the change in
MMSE, language, and visual memory (P , 0.05).
In the LO1 group, the baseline SUVR of Braak stages IV–VI

moderately correlated with the difference in MMSE (P , 0.05)
as shown in Supplemental Table 1b. The change in SUVR of
Braak stages III and IV moderately correlated with the change in
attention (P , 0.05). The change in SUVR of Braak stages V and
VI moderately correlated with the change in visuospatial function
(P , 0.05). The baseline hippocampal volume moderately correlated
with the baseline SUVR of Braak stages III and V (P, 0.05).
In the EO1 group, the baseline SUVR of Braak stage VI and

the global SUVR moderately to strongly correlated with the base-
line visuospatial and frontal/executive functions (P , 0.05) as
shown in Supplemental Table 1c. The change in SUVR of Braak
stages V and VI strongly correlated with the baseline and change
in verbal memory (P , 0.005). The baseline cortical volume
of Braak stage I moderately to strongly correlated with the
baseline SUVR of Braak stages III and V and the global SUVR
(P , 0.05). The differences in the cortical volume of Braak stages
V and VI and the global cortical volume strongly correlated with
the baseline frontal/executive function and the baseline SUVR of
Braak stage IV.

DISCUSSION

This study used [18F]PI-2620 PET to identify a tau deposition
pattern and longitudinal accumulation, which differed between the

FIGURE 1. Representative [18F]PI-2620 PET images of Ab2, LO1, and
EO1 at baseline (BL) and at 1-y follow-up (FU). SB 5 sum of boxes;
SVLT-DR5 Seoul Verbal Learning Test–Delayed Recall.
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LO1 and EO1 groups. This study identified tau accumulation by
[18F]PI-2620 PET, with the EO1 group showing rapid accumula-
tion globally and in Braak stage V and VI areas, correlating with
the patients’ verbal memory deterioration. At the 1-y follow-up,
global SUVRs of the LO1 and EO1 groups increased by
0.056 0.07 (3.90% 6 6.30%) and 0.136 0.22 (8.41% 6
11.89%), respectively. These results are comparable with previous
longitudinal tau accumulation studies in patients with AD (32,33).
Previously reported uncorrected 18F-flortaucipir ([18F]AV-1451)

PET values for annual global tau accumulation changes ranged
between 0.02 (0.8%) in Ab1 MCI patients and 0.04 (2.5%)
in Ab1 AD patients (32). The non-PVE 6-(fluoro-18F)-3-(1H-
pyrrolo[2,3-c]pyridin-1-yl)isoquinolin-5-amine ([18F]MK-6240) PET
values increased at the 1-y follow-up by 0.05 in Ab1 MCI patients
and 0.12 in Ab1 AD patients (33).
[18F]AV-1451 and [18F]MK-6240 PET detected a more wide-

spread tau accumulation in the parietooccipital cortex and hippo-
campus of patients with Ab1 EOAD than with Ab1 LOAD,
compatible with results of this study (19,34,35). We showed a
more rapid tau accumulation in the Braak stage III–V areas in the
EO1 group than in the LO1 group. Although longitudinal
changes in tau accumulation in this group were not yet established
for autosomal dominant AD, it was reported that tau accumulation
rates among carriers were most rapid in the parietal neocortex
(%9%/y), as seen by [18F]AV-1451 PET in the COLBOS

biomarker study (36). These results sup-
port the different contributions of tau and
amyloid to the onset and progression of
EOAD and LOAD. LOAD is believed to
affect complex, heterogeneous groups and
to be caused by multiple genetic and envi-
ronmental factors through diverse path-
ways (37–39).
The higher proportion of hypertension,

diabetes mellitus, and hyperlipidemia in
the LO1 group than in the EO1 group in
this study partly explains the LOAD
diverse pathologic processes other than

Ab. The LO1 and EO1 groups had similar global or regional Ab
SUVRs. However, the groups differed in their baseline global and
regional (Braak stage I–VI areas) tau. These results suggested that
tau might be a better biomarker than Ab to explain the pathophysi-
ology and progression in the EO1 group. Unlike EOAD and
LOAD, studies with [18F]AV-1451 showed no difference in corti-
cal tau binding between EO and LO MCI (19). It is currently
unknown whether these differences are due to the small samples
studied or differences between the tau tracers used.
On the basis of this fact, we hypothesized that the interaction

between amyloid and tau would differ between EO MCI and
EOAD because EO MCI precedes EOAD and progresses to it.
T$abuas-Pereira et al. reported that the clinical presentation, apoli-
poprotein E subtype, and cerebrospinal fluid biomarkers of EO
and LO MCI were biologically indistinguishable (21). Further-
more, they found no difference in their conversion rates to AD.
However, the patients’ amyloid status was not evaluated, and that
study was conducted before tau PET became available, so its inter-
pretation was limited. The CREDOS study revealed that the visuo-
spatial memory scores of EO MCI and verbal memory scores of
LO MCI were significant predictors of AD conversion, suggesting
a right-predominant pathology in EO MCI and a left-predominant
pathology in LO MCI (20). Studies with PET biomarkers showed
differences between these 2 groups, with EO MCI showing hypo-
metabolism in brain regions vulnerable to mild AD (40). There-

fore, we divided the Ab1 participants into
LO1 and EO1 groups on the basis of the
age of memory impairment onset.
The changes in [18F]PI-2620 SUVR

were significantly associated with Ab1
and age on multiple linear regression anal-
ysis. This association suggested that not
only Ab presence but also age is associated
with longitudinal tau accumulation, espe-
cially in advanced Braak stages, although
the small number of subjects in the Ab2,
LO1, and EO1 groups prevented us from
confirming this possibility.
As in previous work, [18F]PI-2620 main-

tained a high-quality PET image and an
excellent signal-to-noise ratio when imag-
ing tau deposition in AD (7,10). In this
study, [18F]PI-2620 SUVR indicated longi-
tudinal tau accumulation in Braaklike
regions in the LO1 and EO1 groups with-
out significant off-target binding in the
basal ganglia, cerebellum, choroid plexus,
or meninges. As shown in Supplemental

FIGURE 2. One-year changes in [18F]PI-2620 SUVR by Braak staging region (data were not cor-
rected for PVE). Ab2 is NC and MCI; LO2, Ab1 is LO MCI and AD ($65y); EO1, Ab1 is EO MCI and
AD (,65y). B5 baseline; F5 follow-up.

FIGURE 3. Absolute (A) and relative (B) 1-y regional changes in [18F]PI-2620 SUVR. *P , 0.05
between Ab2 and EO1. FU5 follow-up; BL5 baseline.
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Table 3, uptake in the putamen, pallidum, and cerebellum was low,
with no significant longitudinal accumulation. This could be an
advantage over [18F]MK-6240, which is limited in longitudinal
assessments because of the highly variable signal in the meninges at
the subject level, and [18F]AV-1451, which has difficulties in quanti-
fying hippocampal uptake due to choroid plexus uptake (32,41).
This study had several limitations. First, the classification criteria

for EO1 and LO1 groups were not well established. The age-at-
onset criterion to classify EOAD and LOAD is well known, but
using it to define EO and LOMCI has not yet been well established.
Second, the follow-up might have been too short to detect signifi-
cant changes in cognitive function, cortical volume, and conversion
to AD in patients with MCI. However, at the same time, it is also
advantageous to be able to show differences between groups with
only a short follow-up of 1 y. Third, conducting the study during the
coronavirus disease 2019 pandemic caused patients to drop out and
made follow-up visits challenging. Last, tau distribution and accu-
mulation changes were not confirmed pathologically.

CONCLUSION

This study identified tau accumulation by [18F]PI-2620 PET,
with the EO1 patients showing rapid accumulation globally and
in Braak stage V and VI areas, correlating with their verbal mem-
ory deterioration. The LO1 patients showed tau deposition within
Braak stage IV and relatively slow progression, which correlated
with their attention and visuospatial functions. These findings sug-
gest that [18F]PI-2620 could be a potential biomarker for selecting
tau-targeted therapies and monitoring their effects.

KEY POINTS

QUESTION: Does age at onset affect tau accumulation?

PERTINENT FINDINGS: Compared with the Ab2 group, the EO
MCI and AD groups showed rapid accumulation globally and in
Braak stage V and VI areas on [18F]PI-2620 PET.

IMPLICATIONS FOR PATIENT CARE: These findings suggest
that [18F]PI-2620 could be a potential biomarker for selecting
tau-targeted therapies and monitoring their effects.
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First-in-Human Study of 18F-SynVesT-2: An SV2A PET
Imaging Probe with Fast Brain Kinetics and High
Specific Binding

Lindsey R. Drake, Yanjun Wu, Mika Naganawa, Ruth Asch, Chao Zheng, Soheila Najafzadeh, Richard Pracitto,
Marcel Lindemann, Songye Li, Jim Ropchan, David Labaree, Paul R. Emery, Mark Dias, Shannan Henry, Nabeel Nabulsi,
David Matuskey, Ansel T. Hillmer, Jean-Dominique Gallezot, Richard E. Carson, Zhengxin Cai, and Yiyun Huang

Yale PET Center, New Haven, Connecticut

PET imaging of synaptic vesicle glycoprotein 2A allows for noninva-
sive quantification of synapses. This first-in-human study aimed to
evaluate the kinetics, test–retest reproducibility, and extent of specific
binding of a recently developed synaptic vesicle glycoprotein 2A PET
ligand, (R)-4-(3-(18F-fluoro)phenyl)-1-((3-methylpyridin-4-yl)methyl)-
pyrrolidine-2-one (18F-SynVesT-2), with fast brain kinetics. Methods:
Nine healthy volunteers participated in this study and were scanned on
a High Resolution Research Tomograph scanner with 18F-SynVesT-2.
Five volunteers were scanned twice on 2 different days. Five volun-
teers were rescanned with preinjected levetiracetam (20mg/kg, intra-
venously). Arterial blood was collected to calculate the plasma free
fraction and generate the arterial input function. Individual MR images
were coregistered to a brain atlas to define regions of interest for gen-
erating time–activity curves, which were fitted with 1- and 2-tissue-
compartment (1TC and 2TC) models to derive the regional distribution
volume (VT). The regional nondisplaceable binding potential (BPND)
was calculated from 1TC VT, using the centrum semiovale (CS) as the
reference region. Results: 18F-SynVesT-2 was synthesized with high
molar activity (187669 MBq/nmol, n 5 19). The parent fraction of
18F-SynVesT-2 in plasma was 28%6 8% at 30min after injection, and
the plasma free fraction was high (0.296 0.04). 18F-SynVesT-2 entered
the brain quickly, with an SUVpeak of 8 within 10min after injection.
Regional time–activity curves fitted well with both the 1TC and the
2TC models; however, VT was estimated more reliably using the
1TC model. The 1TC VT ranged from 1.96 0.2mL/cm3 in CS to
7.66 0.8mL/cm3 in the putamen, with low absolute test–retest vari-
ability (6.0% 6 3.6%). Regional BPND ranged from 1.766 0.21 in the
hippocampus to 3.0660.29 in the putamen. A 20-min scan was suffi-
cient to provide reliable VT and BPND. Conclusion:

18F-SynVesT-2 has
fast kinetics, high specific uptake, and low nonspecific uptake in the
brain. Consistent with the nonhuman primate results, the kinetics
of 18F-SynVesT-2 is faster than the kinetics of 11C-UCB-J and
18F-SynVesT-1 in the human brain and enables a shorter dynamic
scan to derive physiologic information on cerebral blood flow and
synapse density.

Key Words: SV2A; brain PET; 18F-SynVesT-2; first-in-human; kinetic
modeling; dosimetry
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The ability of synapses to adapt and change is essential for
learning and memory, and the capacity for synaptic plasticity can
be influenced by environmental factors (1). Synaptic vesicle glyco-
protein 2A (SV2A) is ubiquitously expressed in presynaptic vesi-
cles throughout the central nervous system and thus considered to
be a useful indirect measure of synaptic density. PET with radio-
tracers targeting SV2A therefore provides a minimally invasive
method that is suitable for the longitudinal and quantitative assess-
ment of synaptic density, making possible investigations of synapse
dynamics during disease pathogenesis and in response to treatment
with experimental drugs (2–9). In a SV2A PET imaging study in
Alzheimer disease patients and healthy controls, the team of Chen
et al. demonstrated that a single dynamic SV2A PET scan provides
information on both cerebral blood flow, which is related to neuronal
activity, and synaptic density (10–12). The commonly used SV2A
PET ligands (R)-1-((3-[11C]methylpyridin-4-yl)methyl)-4-(3,4,5-tri-
fluorophenyl)pyrrolidin-2-one (11C-UCB-J) and (R)-4-(3-fluoro-5-
(fluoro-18F)phenyl)-1-((3-methylpyridin-4-yl)methyl)pyrrolidin-2-one
(18F-SynVesT-1) (formerly referred to as 18F-SDM-8) need 60-min
dynamic scans to reliably generate parameters related to cerebral
blood flow and synaptic density (3–5). It is desirable to maximize
the information gained through 1 dynamic PET scan with a shorter
scan duration, as shorter scans would improve subject compliance
and imaging throughput, reduce motion effects, and enable the study
of broader patient populations. One common strategy to improve
kinetics without compromising specific binding signal in the brain is
to lower the binding affinity and increase the nondisplaceable brain
free fraction (fND) by fine-tuning the physicochemical properties
of the imaging ligands. The 18F-labeled monofluorinated UCB-J
analog, (R)-4-(3-(18F-fluoro)phenyl)-1-((3-methylpyridin-4-yl)methyl)-
pyrrolidine-2-one (18F-SynVesT-2, formerly referred to as 18F-SDM-2),
with slightly reduced binding affinity and hydrophobicity, exhibited
faster brain kinetics, lower nonspecific binding, and high specific
binding in nonhuman primate brains (13). Therefore, we hypothesized
that 18F-SynVesT-2 would allow for shorter dynamic scanning for reli-
able estimation of both synapse density and cerebral blood flow index,
with high specific binding in the human brain. We tested this hypothe-
sis in this first-in-human study of 18F-SynVesT-2 on healthy volun-
teers at baseline and under blocking conditions using levetiracetam.

MATERIALS AND METHODS

Radiotracer Synthesis
18F-SynVesT-2 was synthesized following a previously pub-

lished protocol with minor modifications (13). The supplemental
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materials provide more details (available at http://jnm.snmjournals.org)
(14–23).

Radiation Dosimetry Study on Nonhuman Primates
The study was performed under a protocol approved by the Yale

University Institutional Animal Care and Use Committee.

Healthy Volunteers
Nine healthy volunteers participated (6 men and 3 women; age,

43 6 12 y [range, 27–56 y]; weight, 77 6 14 kg [range, 52–111 kg]).
Two of the subjects underwent 3 PET scans, that is, 2 baseline scans
and 1 blocking scan. All participants underwent a medical assessment
including screening laboratory values and were free of present or past
major medical illnesses, including significant neurologic and psychiat-
ric disorders. Additionally, they reported no history of substance use
and had no contraindications to MRI scans. The subject demographics
and tracer injection parameters are shown in Supplemental Table 1.
This PET imaging study was performed under a protocol approved
by the Yale University Human Investigation Committee (approval
2000025929), the Yale Radiation Safety Committee, and the Yale
MRI Safety Committee and was in accordance with U.S. federal pol-
icy for the protection of human research subjects contained in Title
45, part 46, of the Code of Federal Regulations. We obtained written
informed consent from all participants after they had received a com-
plete explanation of the study procedure.

Human Brain Imaging Studies
MRI. Each subject underwent T1-weighted MRI for coregistration

with the PET images.
Human Brain PET Imaging. Human brain PET scans were per-

formed on a High Resolution Research Tomograph (Siemens Medical
Systems) and followed a previously published scanning protocol (3,5).
Blood Analysis. Blood analysis experiments followed a previously

published scanning protocol (3–5).
Image Registration and Definitions of Regions of Interest

(ROIs). Image registration and definitions of ROIs followed previ-
ously published scanning protocols (3–5). The ROI for the centrum
semiovale (CS) was based on a 2-cm3 CS region defined in Montreal
Neurologic Institute space, as previously described (2).

Quantitative Analysis
Two outcome measures—distribution volume (VT) and K1—were

calculated with the 1-tissue-compartment (1TC) model and the 2-
tissue-compartment (2TC) model, without the cerebral blood fraction
parameter. The relative performance of the 1TC and 2TC models was
based on the Akaike information criterion (AIC), F tests, and compari-
son of VT and K1 and their reproducibility. Percentage SE (%SE) was
estimated from the theoretic parameter covariance matrix. Comparison
of K1 and VT calculated by different models was limited to those that
were reliably estimated—for example, with %SE less than 10%. The
time stability of 1TC VT and K1 was evaluated, with or without count-
ing for the fitted blood volume in the brain. Guo plot analysis was
used to compare the in vivo Kd of the SV2A PET tracers (23).

The CS was used as the reference region to compute regional non-
displaceable binding potential (BPND) from VT. The Lassen plot was
applied to compute levetiracetam occupancy and nondisplaceable dis-
tribution volume (VND). VND was compared with the VT of the CS at
baseline to test the suitability of the CS as a reference region, as previ-
ously done with 18F-SynVesT-1 (4,5). The minimum scan duration for
VT was evaluated by fitting the regional time–activity curves for PET
data with truncated acquisition times ranging from 20 to 90 min. The
ratio of the regional VT from the truncated scan to that from the
90-min measurement was computed for each ROI. The minimum scan
duration for BPND was evaluated with truncated scan times ranging
from 20 to 90 min in 10-min increments. The minimum acceptable

acquisition time was assessed for each region according to the follow-
ing criteria: an average ratio of 95%–105%, and an interindividual SD
of less than 10% for the ratio.

An additional, simplified, outcome measure—the SUV ratio (SUVR)—
was evaluated. Static SUVR–1, equivalent to BPND at equilibrium, was
computed for 7 time windows of 30-min duration (0–30, 10–40, 20–50,
30–60, 40–70, 50–80, and 60–90) and compared with BPND calculated
from the regional VT ratio (target/reference)2 1.

Test–Retest Evaluation
The reproducibility of the obtained outcome parameters was exam-

ined by calculation of the relative test–retest variability (TRV) and
absolute TRV (aTRV). TRV was calculated as 2 3 (retest 2 test)/(test
1 retest), and aTRV was calculated as 2 3 |retest 2 test|/(test 1
retest).

RESULTS

PET Tracer Synthesis and Quality Control
The synthesis process of 18F-SynVesT-2 was validated in 3 con-

secutive validation runs, and the final products met the preset qual-
ity control criteria (Supplemental Table 2 shows the quality control
results of 3 validation runs). The production of 18F-SynVesT-2 for
human use followed the same protocol as used in the validation
runs, and the final product quality was consistent. The radiochemi-
cal purity of 18F-SynVesT-2 was over 99%. The molar activity at
the end of synthesis was 1876 69 MBq/nmol (n 5 19).

Dosimetry Calculation
The injected activity in the nonhuman primate dosimetry scans

was 138.86 57.7 MBq (n 5 4). The maximum permissible single-
study dose of 18F-SynVesT-2 was calculated from the averaged
organ radiation exposure levels to remain below the limit in title
21, part 361.1, of the Code of Federal Regulations (for a single
study, 50 mSv per organ or 30 mSv to selected organs undergoing
rapid cell division, whichever is less). The urinary bladder wall was
determined to be the dose-limiting organ for both men and women,
with a maximum permissible single-study dose of 257.9 MBq for
a woman and 322.6 MBq for a man using the no-bladder-void
model. Using the voiding model with a 3.5-h voiding interval, the
maximum single-study doses for men and women were 719.6 and
414.4 MBq, respectively, with the urinary bladder wall as the dose-
limiting organ (Supplemental Tables 3 and 4).

Human Injection Parameters
The injected radioactivity of 18F-SynVesT-2 was 178.96

4.2 MBq (range, 172.8–183.9 MBq; n 5 5) for the test PET scans,
181.76 5.1 MBq (range, 175.4–186.1 MBq; n 5 5) for the retest
PET scans, and 184.06 3.9 MBq (range, 179.1–188.0 MBq;
n 5 5) for the blocking PET scans (Supplemental Table 1). The
injected mass dose of SynVesT-2 was 0.406 0.19mg (range,
0.20–0.99mg; n 5 19), corresponding to 5.46 3.6 ng/kg (n 5 19).
There was no statistically significant difference in the injected
radioactivity dose, molar activity, or injected mass between the
test and retest conditions.

Safety
No significant clinical changes were observed with the adminis-

tration of 18F-SynVesT-2 in this study. There were no adverse
events or clinically detectable pharmacologic effects reported in
any of the subjects. No significant changes in vital signs were
observed. The subjects completed their scans without reporting
discomfort that would warrant secession from scanning.
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Blood Analysis
The mean extraction efficiency and high-performance liquid

chromatography fraction recovery value were more than 97% at
all time points. Representative high-performance liquid radiochro-
matograms from plasma samples obtained at 8, 15, 60, and
120min after injection of 18F-SynVesT-2 in 1 volunteer are dis-
played in Figure 1A. After injection of 18F-SynVesT-2, only 1
major radiometabolite fraction was detected during the course of
the PET measurement. The radiometabolite fraction had a reten-
tion time of about 7.5min, eluting earlier than 18F-SynVesT-2
(%11min). This is similar to 18F-SynVesT-1, which also features
1 major plasma radiometabolite peak (5). Figure 1B displays the
parent fractions of 18F-SynVesT-2 over the time course of the
baseline and blocking PET measurements. There was a trend
toward slightly higher parent fractions during the blocking scans
than during the baseline scans, albeit the differences were not sta-
tistically significant after correction for multiple comparisons.
However, there was a significant difference in the mean area under
the curve of the 18F-SynVesT-2 plasma concentration from 0 to
90min after injection at baseline (area under the curve, 52.46 1.3
SUV 3 min; n 5 14) and under blocking conditions (area under
the curve, 69.06 1.8 SUV 3 min; n 5 5; 2-tailed P , 0.005,
paired t test) (Figs. 1C and 1D). The observed higher area under
the curve of plasma concentration under blocking conditions is not
uncommon among brain PET tracers. The plasma free fraction (fp)
of 18F-SynVesT-2 was high and could be reliably measured at
0.296 0.04 (range, 0.24–0.39; n 5 19). The fp of

18F-SynVesT-2
was not changed during the baseline and blocking scans (P 5 0.33,
paired t test; n 5 3 pairs).

Brain Distribution and Kinetics
The regional brain distribution of 18F-SynVesT-2 was similar to

that of 18F-SynVesT-1 and 11C-UCB-J, with high uptake in gray
matter and low uptake in white matter. Typical time–activity

curves from a representative subject as the 1TC model fitted
curves are shown in Figure 2. SUV in brain regions peaked at
5–10min after injection and ranged from 5 to 9 in gray matter.
Uptake in white matter (CS) was considerably lower than that in
gray matter. A steady decline in regional radioactivity was
observed from 10 to 20min after injection. The summed SUV
images from 40 to 60min after injection showed high-resolution
mapping of SV2A in the human brain (Fig. 3).
The 1TC model described the regional time–activity curves

well, and kinetic parameters (both K1 and VT) were reliably esti-
mated (%SE , 10% for 418/418 ROIs). On the basis of the AIC
and F test results, the 2TC model fits the time–activity curves bet-
ter than 1TC model does (for the F test, P , 0.05 in 126/209
ROIs; the 2TC AIC value was lower than the 1TC AIC value,
P , 0.001). However, using 2TC modeling, the K1 could not be
reliably estimated for 19% of the analyzed ROIs (%SE . 100%
for 39/209 ROIs), and the VT could not be reliably estimated for
28% of the analyzed ROIs (%SE . 100% for 58/209 ROIs). This
finding is consistent with previous 11C-UCB-J data (3). Similarly,
the 1TC model with blood volume correction fits the time–activity
curves better than the 1TC model does without blood volume cor-
rection (for the F test, P , 0.05 in 80/209 ROIs; the 1TC with
blood volume correction AIC value was lower than the 1TC with-
out blood volume correction AIC value, P , 0.001). However,
adding blood volume correction slightly degraded the reliability of
the VT estimates (%SE . 100% for 21/209 ROIs), and VT esti-
mates were similar with and without blood volume correction
(VT estimates were only 22% 6 3% lower with blood volume
correction, n 5 209). Therefore, the 1TC model without blood
volume correction was used as the preferred model for the analysis
of 90-min datasets. The mean K1 (mL/cm3/min) estimated from
1TC ranged from 0.116 0.02 in the CS to 0.386 0.06 in the puta-
men (Table 1). These K1 (mL/cm3/min) values are similar to those

FIGURE 1. Representative radio–high-performance liquid chromato-
grams of plasma content at 8, 15, 60, and 120min after intravenous injec-
tion of 18F-SynVesT-2 in humans, showing radiometabolite peaks with
higher hydrophilicity (A), parent fraction of 18F-SynVesT-2 in plasma over
time under baseline (n 5 14) and blocking (n 5 5) conditions (B), and con-
centration of 18F-SynVesT-2 (mean6 SD) in plasma over time under base-
line (n 5 14) and blocking conditions (n 5 5) from 0 to 90min after
injection (C) and from 0 to 15min after injection (D). HPLC 5 high-
performance liquid chromatography.

FIGURE 2. Time–activity curves derived from single representative 18F-
SynVesT-2 baseline scan. Time–activity curves for amygdala, cerebellum,
putamen, thalamus, caudate nucleus, and CS are displayed with 1TC
model fitted curves (black solid lines).

FIGURE 3. Summed SUV PET images of representative 18F-SynVesT-2
baseline scan, from 40 to 60min after injection.
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of 18F-SynVesT-1 (range, 0.11–0.37) and 11C-UCB-J (range,
0.13–0.39) (3,5). The mean k2 (min21) ranged from 0.0376 0.006
in the amygdala to 0.0656 0.007 in the thalamus (Table 1). 18F-
SynVesT-2 features faster kinetics as evidenced by the higher
washout rate than for 18F-SynVesT-1 (mean k2 [min21], 0.014
in the amygdala to 0.032 in the CS) (5). The mean k2 ratios of
18F-SynVesT-2 to those of 18F-SynVest-1 and 11C-UCB-J were
2.56 0.2 and 2.86 0.2, respectively, indicating that the brain
kinetics of 18F-SynVesT-2 is 2.5-fold and 2.8-fold faster than the
brain kinetics of 18F-SynVesT-1 and 11C-UCB-J, respectively.
Correspondingly, the mean VT (mL/cm3) ranged from 1.9 in the
CS to 7.6 in the putamen (Table 1), which are lower than those
of 18F-SynVesT-1 (3.5 in the CS to 19 in the putamen) (5) and
11C-UCB-J (5.3–22) (3), as expected from the faster washout rate
constant, k2.

Blocking studies with levetiracetam (20mg/kg intravenously,
3 h before tracer injection) were performed on 5 individuals to
demonstrate the in vivo specific binding of 18F-SynVesT-2 to
SV2A. Reduction in 18F-SynVesT-2 uptake was noticeable across
brain regions, with the least change in the CS. The mean VT values
(mL/cm3) for the blocking scans were 1.446 0.14 in the CS to
2.276 0.29 in the putamen (Table 1). On the basis of the Lassen
plots, SV2A occupancy by levetiracetam was 85% 6 3% (Fig. 4
Supplemental Tables 5 and 6). This level of occupancy is similar
to that measured with 18F-SynVesT-1 (85.3%) or 11C-UCB-J
(82.5%) under identical blocking conditions (5). The VND deter-
mined as the x-intercepts from the Lassen plots was 1.306
0.10mL/cm3 (n 5 5), which is significantly lower than those of
11C-UCB-J and 18F-SynVesT-1 (3.136 0.41mL/cm3, n 5 4, and
2.386 0.33mL/cm3, n 5 4, respectively; P , 0.0001, 1-way

ANOVA), presumably because of the
higher hydrophilicity of 18F-SynVesT-2
(5). The VND of gray matter was lower
than the baseline CS VT by 26% 6 4% for
18F-SynVesT-2 (n 5 5), which is lower
than those for 18F-SynVesT-1 (32% 6
16%, n 5 4) and 11C-UCB-J (29% 6

13%, n 5 4) but not significantly different
among the 3 tracers (P 5 0.74, 1-way
ANOVA), likely because of the small
sample sizes.
When the baseline CS VT was used as

the reference value, the BPND ranged from
1.766 0.21 in the hippocampus to
3.066 0.29 in the putamen for 18F-Syn-
VesT-2 (Table 2). This range is lower than
those of 18F-SynVesT-1 (2.76 0.4 in the
hippocampus to 4.56 0.5 in the putamen:
Supplemental Fig. 1) and 11C-UCB-J (2.1
in the hippocampus to 3.7 in the putamen).

TABLE 1
Kinetic Parameters of 18F-SynVesT-2 Under Baseline and Blocking Conditions Derived with 1TC Model from

90-Minute Time–Activity Curves

Region

K1 (mL/cm3/min) K2 (min21) VT (mL/cm3)

Baseline Blocking Baseline Blocking Baseline Blocking

Amygdala 0.256 0.05 0.246 0.05 0.0376 0.006 0.1260.02 6.7260.74 2.0660.26

CS 0.116 0.02 0.096 0.01 0.0596 0.009 0.0760.01 1.8860.23 1.4460.14

Caudate nucleus 0.286 0.06 0.266 0.06 0.0506 0.007 0.1560.03 5.6460.75 1.8060.22

Cerebellum 0.296 0.04 0.266 0.03 0.0526 0.005 0.1460.02 5.6960.65 1.8060.21

Frontal lobe 0.366 0.05 0.36 0.05 0.0536 0.006 0.1560.03 6.7460.85 2.0260.27

Hippocampus 0.246 0.03 0.236 0.03 0.0466 0.006 0.1360.02 5.1760.54 1.8160.20

Occipital lobe 0.356 0.06 0.336 0.05 0.0506 0.008 0.1660.03 6.9660.79 2.1060.28

Parietal lobe 0.356 0.06 0.316 0.05 0.0506 0.007 0.1560.03 6.9160.85 2.0560.30

Putamen 0.386 0.06 0.356 0.06 0.0516 0.008 0.1660.03 7.6060.78 2.2760.29

Temporal lobe 0.336 0.05 0.306 0.05 0.0456 0.007 0.1460.03 7.4360.87 2.1860.30

Thalamus 0.366 0.05 0.326 0.04 0.0656 0.007 0.1760.03 5.5760.63 1.9160.20

n 5 9 subjects.

FIGURE 4. Lassen plots of 18F-SynVesT-2 in 5 subjects with baseline and levetiracetam (20mg/kg,
intravenously) blocking PET scans. Data are in mL/cm3.
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This finding is consistent with the prediction from the Guo plots.
A global decrease (%85%) in BPND was observed in the blocking
studies, consistent with the Lassen plot analysis results. Blocking
BPND ranged from 0.256 0.10 in the caudate nucleus to
0.586 0.1 in the putamen.
The time stability of K1 and VT was investigated in shorter scan

increments ranging from 20 to 90min. Both K1 and VT estimates
were stable down to 20min of scan time and were within 10% of the
90-min data (Fig. 5). The minimum dynamic scan time for stable VT
estimates was 60min for 11C-UCB-J and 18F-SynVesT-1, consistent
with the faster kinetics and higher k2 for 18F-SynVesT-2 in the
human brain. The time stability of VT estimates would be slightly
further improved by including blood volume correction in the model,
whereas the time stability of K1 estimates would be degraded slightly
(Supplemental Fig. 2). The time stability of BPND was also investi-
gated, and BPND derived from the minimum scan time of 20min
deviated by only –0.9% 6 9.0% from values estimated using the full
90-min dynamic imaging dataset (Fig. 6). This is an obvious improve-
ment over 11C-UCB-J and 18F-SynVesT-1, both of which require lon-
ger dynamic scan times (Supplemental Figs. 3 and 4).
To evaluate the measurement robustness of the baseline scans

using 18F-SynVesT-2, we calculated the TRV and aTRV of the
key 1TC modeling parameters from the test–retest scans of 5 sub-
jects. Table 3 lists the test–retest reproducibility results for each

region for 1TC K1 and VT. The global mean aTRV of VT for 18F-
SynVesT-2 was 6.0% (range, 4.7%–7.2%), which was similar to
the values for 18F-SynVesT-1 (global mean, 5.8%; range, 4%–8%)
and 11C-UCB-J (global mean, 4.4%; range, 3%–9%) (3,4). The
mean regional aTRV for 18F-SynVesT-2 BPND was 10.8% 6

1.9%, ranging from 7.8% to 13.7% (Table 2), which is also com-
parable to the values for 11C-UCB-J and 18F-SynVesT-1 (4). Note
that the test–retest scans for 18F-SynVesT-2 and 18F-SynVesT-1
were performed on different days, whereas the test–retest scans for
11C-UCB-J were on the same day.
To determine the suitable imaging window for static scans using

SUVR–1 as a surrogate of BPND from dynamic scans, we com-
pared the averaged SUVR–1 using CS as the reference region at
different 30-min time windows with the BPND calculated using
90min of dynamic scan data (Fig. 7). An optimal imaging window
from 20 to 50min after injection was found to provide SUVR–1 s
nearly identical to BPND, with a mean difference of 20.3% 6

2.6% from the BPND. This optimal static imaging window is ear-
lier than that for 11C-UCB-J and 18F-SynVesT-1 (60–90min after
injection), as expected from the faster kinetics of 18F-SynVesT-2.
Analysis of individual brain regions indicated that for brain regions
other than the thalamus, the averaged SUVR–1 of early time windows
underestimated BPND, whereas the SUVR–1 of late time windows
overestimated BPND (Supplemental Fig. 5).

DISCUSSION

After the discovery and development of
the PET ligand 11C-UCB-J, which binds
specifically to SV2A, researchers in the
field of brain PET imaging have studied
SV2A changes noninvasively in a variety
of neurodegenerative and neuropsychiatric
diseases (11,12,24–32). However, the cur-
rently used SV2A PET ligands, 11C-UCB-J
and 18F-SynVesT-1 (18F-SDM-8), need at
least 60–90min of dynamic scan data to reli-
ably derive the index of the cerebral blood

TABLE 2
BPND of 18F-SynVesT-2 Under Baseline and Blocking Conditions, and TRV of BPND

Region

BPND Test–retest

Baseline (n 5 9 subjects, 14 scans) Blocking (n 5 5) TRV (n 5 5) aTRV (n 5 5)

Amygdala 2.596 0.31 0.4360.08 0.26% 6 9.90% 7.38% 6 5.09%

Caudate nucleus 2.036 0.41 0.2560.1 22.73% 6 14.87% 13.34% 6 5.12%

Cerebellum 2.036 0.18 0.2560.04 22.62% 6 10.93% 9.77% 6 4.93%

Frontal lobe 2.596 0.34 0.460.06 20.71% 6 11.78% 9.96% 6 5.29%

Hippocampus 1.766 0.21 0.2660.07 3.08% 6 15.18% 12.40% 6 5.09%

Occipital lobe 2.726 0.36 0.4660.09 0.74% 6 13.34% 10.42% 6 5.27%

Parietal lobe 2.696 0.37 0.4260.09 20.33% 6 15.38% 13.12% 6 6.88%

Putamen 3.066 0.29 0.5860.1 21.28% 6 10.59% 9.36% 6 4.17%

Temporal lobe 2.976 0.37 0.5160.1 0.46% 6 12.72% 10.69% 6 5.44%

Thalamus 1.976 0.24 0.3360.07 20.47% 6 17.23% 14.15% 6 8.50%

Data are mean 6 SD.

FIGURE 5. Time stability analyses of outcome parameters K1 and VT of
18F-SynVesT-2. K1 and VT

were calculated using 1TC model on data from different scan times and divided by corresponding
values measured using 90min of PET data.
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flow and synaptic density. We discovered a new SV2A PET ligand,
18F-SynVesT-2 (18F-SDM-2), which has faster kinetics in nonhuman
primate brains (13). The aim of this study was to evaluate 18F-Syn-
VesT-2 in healthy human subjects in comparison with 11C-UCB-J
and 18F-SynVesT-1 to see whether it is possible to use 18F-Syn-
VesT-2 to shorten the scanning time required for dynamic SV2A
PET while getting quantitative information on synapse density and
cerebral blood flow index.
Similar to 11C-UCB-J and 18F-SynVesT-1, the brain time–

activity curves of 18F-SynVesT-2 are well described by the simple
1TC model, without counting for the cerebral blood fraction. The
test–retest repeatability of 18F-SynVesT-2 VT is excellent, with

aTRV below 8% for all brain regions analyzed. Because of the
faster clearance from the brain, the 1TC VT of 18F-SynVesT-2 is
consistently lower than that of 11C-UCB-J and 18F-SynVesT-1.
Though we did not identify the major radiometabolite of 18F-
SynVesT-2 in the plasma, it is likely to be its N-oxide pyridine
derivative, which is probably not brain-penetrant, in view of
the structural similarity of 18F-SynVesT-2 to 11C-UCB-J and 18F-
SynVesT-1. The Food and Drug Administration–approved SV2A
ligand levetiracetam blocked 85% of the specific binding of
18F-SynVesT-2 in the human brain at an intravenous dose of
20mg/kg. The extent of blockade is similar to that for 11C-UCB-J
and 18F-SynVesT-1 (5). Interestingly, the estimated VND/fp is
4.86mL/cm3, indicating that about 20% of the tracer uptake in CS at
baseline is attributable to specific uptake, which is lower than the
35%–40% for 11C-UCB-J (2). Note that the CS ROI we used has
been optimized to minimize the spill-in effects from the surrounding
gray matter (2). The source of the specific binding in CS remains elu-
sive for the SV2A PET tracers. The volume changes in CS need to
be accounted for in neurodegenerative diseases at advanced stages.
Because of the lower tracer uptake of 18F-SynVesT-2 in CS, the

lower 1TC VT in gray matter did not lead to a dramatically lower
BPND. We correlated the baseline VT of 18F-SynVesT-2 with that
of 11C-UCB-J and 18F-SynVesT-1 in the same subjects. By assum-
ing the same maximum available binding sites (Bmax) for the 3
SV2A PET tracers in the same subjects, the in vivo Kd ratios of
18F-SynVesT-2 to 11C-UCB-J and 18F-SynVesT-1 are 3 (Supple-
mental Fig. 6), which is similar to the in vitro Kd ratios measured
using postmortem human brain tissue (33). Taken together, this
indicates that the fND of 18F-SynVesT-2 is higher than that of 11C-
UCB-J and 18F-SynVesT-1. Though we did not experimentally mea-
sure the fND of these tracers, using the VND estimated from the
baseline-blocking studies in 5 subjects and the corresponding fp, we
calculated the fND of 18F-SynVesT-2 to be 0.176 0.05 (n 5 6),
which is indeed higher than the calculated fND of 11C-UCB-J
(0.086) and 18F-SynVesT-1 (0.13) (5).

FIGURE 6. Time stability of 18F-SynVesT-2 baseline BPND using CS as
reference region. Shown are percentage differences between BPND calcu-
lated using different scan durations at 10-min increments and BPND calcu-
lated using 90min of scan data. Data are mean and SD for 9 subjects and
14 scans.

TABLE 3
Test–Retest Reproducibility of Kinetic Parameters of 18F-SynVesT-2 Derived with 1TC Model from 90 Minutes of

Time–Activity Curves

Region

K1 (mL/cm3/min) VT (mL/cm3)

TRV aTRV TRV aTRV

Mean SD Mean SD Mean SD Mean SD

Amygdala 0.50 9.69 6.63 6.27 21.97 7.06 5.73 3.71

CS 2.88 8.62 7.71 3.22 22.05 10.18 7.17 6.68

Caudate nucleus 22.78 14.99 12.90 5.13 24.29 6.83 6.14 4.75

Cerebellum 23.72 12.91 10.28 7.20 23.96 6.07 5.96 3.48

Frontal lobe 21.32 12.14 8.81 7.26 22.74 7.69 6.07 4.74

Hippocampus 20.29 10.55 8.31 5.00 20.31 6.69 5.35 3.03

Occipital lobe 1.20 12.82 8.76 8.37 21.75 8.72 6.95 4.41

Parietal lobe 21.47 11.93 9.59 5.50 22.61 6.32 4.83 4.39

Putamen 25.27 13.85 12.02 6.76 23.11 7.03 6.39 3.23

Temporal lobe 21.41 11.81 8.16 7.66 21.90 8.16 6.12 4.93

Thalamus 26.04 14.59 13.47 5.64 22.56 5.31 4.69 2.97

Data are percentages. n 5 5.
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Shortening of the dynamic scan time from 2h to 30min had
negligible impact (20.3% 6 4.3%) on the BPND estimation for
18F-SynVesT-2. This is significantly shorter than the 60min
required for 11C-UCB-J and 18F-SynVesT-1 (5). To simplify the
scan protocol as static scanning that is easier to execute in multi-
center clinical trials, we opted to use SUVR–1 as a surrogate for
BPND by comparing the averaged SUVR–1 from different imaging
windows with the BPND from the full 90-min dataset. We found
that the optimal static imaging window is 20–50min after injec-
tion, with 20.3% 6 2.6% difference between SUVR–1 from 20 to
50min and BPND. Therefore, the fast pharmacokinetics of 18F-
SynVesT-2 requires only a 30-min dynamic scan to reliably derive
K1, VT, and BPND, or a 30-min static scan (20–50min after injec-
tion) to calculate the SUVR–1 as a surrogate of BPND.

18F-FDG
PET, as a surrogate measure of neuronal activity, has been exten-
sively used in the early detection of Alzheimer disease (34). The
kinetic parameter K1 is proportional to the blood flow and extraction
fraction and serves as an index of blood flow for tracers with high
brain permeability and a constant extraction fraction throughout the
brain (no leakage in the blood–brain barrier, and no active influx or
efflux). Indeed, Chen et al. have previously demonstrated a strong
correlation between the 11C-UCB-J K1 and

18F-FDG Ki in 14 Alzhei-
mer disease subjects and 11 cognitively normal controls (R2 5 0.21–
0.66) (10). Also, in another study on 7 healthy subjects, the K1 of
11C-UCB-J in the visual cortex was sensitive to changes in cerebral
blood flow and correlated well with the functional MRI blood oxy-
genation level–dependent response, whereas the VT and BPND were
unchanged during visual stimulations (35). Use of a relatively short
30-min dynamic 18F-SynVesT-2 PET scan to gather information on
a patient’s cerebral blood flow and synapse density, in lieu of a 18F-
FDG PET scan and an SV2A PET scan, is expected to have clinical
practicality.
In the literature, SV2A PET has been associated with synaptic

density measurement. However, as the function of SV2A remains
elusive, the validity of using SV2A PET as a quantification
method for synaptic density needs to be validated for each applica-
tion scenario.

CONCLUSION

The newly developed SV2A PET tracer 18F-SynVesT-2 has fas-
ter brain kinetics than 11C-UCB-J and 18F-SynVesT-1 and

similarly excellent test–retest reliability. Although lower than that
of 11C-UCB-J and 18F-SynVesT-1, the specific binding of
18F-SynVesT-2 in the human brain remains high, as evidenced by
a BPND in the range of 1.76 to 3.06. The fast kinetics and high speci-
fic binding of 18F-SynVesT-2 in the brain allows shortened dynamic
scans to get information related to both cerebral blood flow (K1) and
synapse density (VT or BPND), which could potentially lead to
improved imaging throughput and expanded patient populations.
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KEY POINTS

QUESTION: Do the fast kinetics and high specific binding of
18F-SynVesT-2 in nonhuman primates translate to human
brain PET?

PERTINENT FINDINGS: With high specific binding and fast and
reversible kinetics in the human brain, 18F-SynVesT-2 allows for
shortened imaging protocols, higher imaging throughput, and
expanded patient populations.

IMPLICATIONS FOR PATIENT CARE: With simplified and
shortened scan protocols, 18F-SynVesT-2 is expected to improve
patient compliance while maximizing information obtained from a
single dynamic PET scan.
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Ictal SPECT is an informative seizure imaging technique to tailor epi-
lepsy surgery. However, capturing the onset of unpredictable seizures
is a medical and logistic challenge. Here, we sought to image planned
seizures triggered by direct stimulation of epileptic networks via ste-
reotactic electroencephalography (sEEG) electrodes.Methods: In this
case series of 3 adult participants with left temporal epilepsy, we iden-
tified and stimulated sEEG contacts able to trigger patient-typical sei-
zures. We administered 99mTc-HMPAO within 12s of ictal onset and
acquired SPECT images within 40min without any adverse events.
Results: Ictal hyperperfusion maps partially overlapped concomitant
sEEG seizure activity. In both participants known for periictal aphasia,
SPECT imaging revealed hyperperfusion in the speech cortex lacking
sEEG coverage. Conclusion: Triggering of seizures for ictal SPECT
complements discrete sEEG sampling with spatially complete images
of early seizure propagation. This readily implementablemethod revives
interest in seizure imaging to guide resective epilepsy surgery.

Key Words: human epilepsy; seizure imaging; ictal SPECT; seizure
triggering; stereotactic electroencephalography
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Delineating brain areas of seizure onset and propagation is a
necessary step toward tailoring surgery for focal epilepsy (1). Ictal
SPECT is a key method to capture a spatially complete view of
propagating seizures by imaging areas of accompanying parenchy-
mal hyperperfusion (1–3). However, the unpredictable timing of
fleeting seizures renders ictal SPECT acquisitions logistically chal-
lenging and resource-intensive.
In practice, neurologists reduce antiseizure medications to has-

ten the occurrence of seizures. Their prompt detection requires
continuous visual monitoring of the electroencephalogram. Until
then, nuclear medicine staff must stand ready to inject a radio-
tracer, critically within seconds of seizure onset, which rarely suc-
ceeds without delay (4). Moreover, maintaining ready-to-inject

radiotracer over days incurs issues with isotope production, trans-
port and storage, as well as radioprotection (5). Thus, because of
growing cost and time constraints in health care, most epilepsy
centers, including ours, abandoned this informative technique (6).
Here, we conducted a feasibility study modifying the original

ictal SPECT method to address these practical issues. In most
patients with epilepsy undergoing invasive stereotactic electroen-
cephalography (sEEG) monitoring, patient-typical seizures can be
triggered using direct electric stimulation (7). This procedure con-
tributes to localizing ictogenic tissue but also offers temporal con-
trol over the occurrence of seizures. We used this untapped
opportunity to image planned seizures.

MATERIALS AND METHODS

Participants
Three male participants undergoing invasive sEEG investigations

for the clinical purpose of localizing their seizures gave their written
informed consent in accordance with the Declaration of Helsinki. The
Ethics Committee of the Canton Bern, Switzerland, approved this pro-
spective feasibility study (KEK 2021-01337).

Electrophysiology
sEEG leads (DIXI Medical) were implanted under general anesthe-

sia in cerebral areas of interest for recording (Natus Quantum), map-
ping, and stimulation (ISIS neurostimulator; Inomed Medizintechnik
GmbH). We systematically screened all gray-matter sEEG contacts for
minimal stimulation parameters able to trigger the patient-typical sei-
zure (biphasic 1-ms square pulses; frequency, 60 Hz; duration, 1–4 s;
intensity, 2–6 mA; Table 1). Epileptiform discharges without symp-
toms and symptoms without epileptiform discharges were disregarded.

Seizure Triggering and SPECT Acquisition
One day after triggering a first patient-typical seizure (confirmed as

such against spontaneous seizures), stimulation was repeated at the
identified trigger site with a connected syringe containing the freshly
produced 99mTc-hexamethylpropyleneamine oxime (HMPAO) (medeo
AG; Table 1). Upon the onset of an electroclinical seizure, the radio-
tracer was injected, followed by SPECT imaging within 21–39 min on
a prebooked Symbia Intevo Bold system (Siemens Healthineers) (Fig.
1A). Potential spillover was assessed with a Geiger counter.

Imaging Data
Postoperative CT images were coregistered to a preoperative

T1-weighted MRI scan using the Lead-DBS toolbox (version 2.5.2) in
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MATLAB 2020a (The MathWorks) to compute the coordinates of sEEG
contacts. We computed a SPECT deviation map for each participant and
detected volumes with a z-value of at least 2.25 as hyperperfusion clusters
using a normal database (8)—that is, normalization to whole-brain activ-
ity—provided by the Hermes BRASS software (version 6.1.3; Hermes
Medical Solutions; Fig. 1B) as a reference. We computed patient-specific
cortical reconstruction with FreeSurfer (Harvard) for covisualization with
the hyperperfusion clusters and sEEG contacts (Fig. 2).

Electrophysiologic Data
We computed bipolar traces of adjacent contacts and filtered signals

with a 1- to 410-Hz bandpass filter. To estimate seizure power per

bipolar contact, a z-value was calculated as follows: ðLLpost2LLpreÞ/
(SDðLLpreÞ), where LL is the line length of the sEEG signal over a
running window of 1 s, averaged over 60 s before (pre) and after
(post) seizure onset (9). Seizure-triggering stimulation was excluded
from this calculation.

RESULTS

Within a few attempts over 3–8min, we successfully triggered
seizures in 3 participants, replicating the patient-typical seizure
semiology and electrographic pattern on sEEG (Table 1). In each
case, we injected 99mTc-HMPAO (,520 MBq) within 9–12 s of

TABLE 1
Characteristics of Participants, Trigger Parameters, SPECT Acquisition Data, and Clinical Value

Category Characteristic Participant 1 Participant 2 Participant 3

Participants and
their epilepsy

Age and sex 20-y-old man 50-y-old man 48-y-old man

Epilepsy Left mesiotemporal Left mesiotemporal Left laterotemporal

Etiology Hippocampal sclerosis Hippocampal sclerosis Posthemorragic

Seizure onset zone
from sEEG

Entorhinal cortex, anterior
and posterior hippocampus

Anterior hippocampus Temporal pole

Spontaneous seizure
symptoms*

Gustatory aura ! oral and
manual automatisms !

aphasia

Rising epigastric
sensation ! d$ej!a-vu !

aphasia

Paresthesia in neck !
familiar voices and
music ! tunnel
vision ! aphasia

Triggered seizures Symptoms Identical up to aphasia Identical up to aphasia Identical up to
tunnel vision

Antiseizure medication Half-dose None Full-dose

Triggering bipole Entorhinal cortex Entorhinal cortex Temporal pole

Stimulation intensity 2mA 2mA 6mA

Stimulation duration 1 s 2 s 4 s

Loss of awareness Yes No No

Seizure duration 151 s 94 s 188 s

Seizure aborted No No Yes, clonazepam, 1mg

Propagation* Entorhinal ! anterior and
posterior hippocampus !
amygdala ! temporal pole

Amygdala ! anterior
and posterior
hippocampus

Temporal pole !
anterior hippocampus
! insula ! fusiform

gyrus

SPECT Delay

Seizure onset to
injection

12 s 9 s 7 s

Injection to image 21min 22min 39min

Radiotracer
production to
image

3h 13min 2h 26min 1h 38min

Dose 406 MBq 489 MBq 511 MBq

Hyperperfusion Mesiotemporal, superior
temporal, frontobasal

Mesiotemporal, superior
temporal

Temporal pole,
hippocampus,
insula anterior

Surgery Resection Selective
amygdalohippocampectomy,

left

None because of
cognitive risk

Selective polectomy
and amygdalectomy

Seizure outcome Engel class ID at 1 y NA Engel class IV at 1 y

Cognitive outcome Improved NA Unchanged

*Arrows indicate sequence of symptoms or involved areas, which can be complete or partial across seizures in same participant.
NA 5 not applicable.
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unequivocal seizure onset (Fig. 1), enabling a planned ictal SPECT
acquisition with a prebooked g-camera. The participants did not
have any adverse events: triggered seizures were controlled and
without secondary generalization, and radioprotection was ensured
(absence of radiotracer spillover). In all 3 participants, the ictal
SPECT contributed to characterizing periictal aphasia (Fig. 2).
Participant 1 reported his typical gustatory aura and showed

oral and manual automatisms followed by loss of awareness and
postictal aphasia. sEEG revealed a seizure onset zone in the left
entorhinal cortex and posterior hippocampus. Hyperperfusion
involved the ipsilateral posterior temporal lobe and contralateral
mesiotemporal lobe (Fig. 2A). Participant 2 reported his typical
rising epigastric sensation and had ictal aphasia without loss of
awareness. sEEG located the seizure onset zone in the left anterior
hippocampus. Hyperperfusion involved the same structure and the
ipsilateral posterior temporal lobe (Fig. 2B). Participant 3 reported
his typical paresthesia in the neck followed by familiar voices and
tunnel vision, but the seizure did not progress to his occasional
ictal aphasia. sEEG located the seizure onset zone in the left tem-
poral pole. Hyperperfusion was restricted to this structure, without
any additional early propagation (Fig. 2C).
Thus, despite stimulation in the same brain area (left mesiotem-

poral), each triggered seizure was patient-specific and the imaged
early seizure propagation unique. In the first 2 cases, ictal SPECT
offered complementary information to sEEG and revealed early
involvement of brain areas lacking electrode coverage to limit the
risk of complications in potentially eloquent cortex. In the third
case, sEEG and ictal SPECT provided overlapping information.

DISCUSSION

To our knowledge, this is the first study
establishing the feasibility of triggering
ictal SPECT on demand with direct electric
stimulation of the epileptic cortex. Trigger-
ing seizures for SPECT imaging was pre-
viously explored in psychiatric patients
undergoing electroconvulsive therapy (10)
and epileptic patients receiving pentylene-
tetrazole (11). However, these prior meth-
ods did not generalize, given the unclear
clinical utility and safety of these proce-
dures. With this case series, we show that
triggering of seizures with direct electric
stimulation for ictal SPECT imaging is
convenient, spares resources, and can be
clinically useful.
The presented method is limited to

patients with epilepsy undergoing invasive
sEEG monitoring. As such, it cannot guide
electrode placement but may contribute to
the planning of resective surgery. Of note,
we used a normal non–age-matched data-
base for the calculation of deviation maps.
Although we could identify ictal hyperper-
fusion areas, further optimization with the
subtraction of patient-specific interictal
SPECT is required. To establish the clini-
cal value, future studies should compare
triggered and spontaneous ictal SPECT as
predictors of postsurgical outcomes, as
well as delineate their added value over

18F-FDG PET (12) or electroencephalography/functional MRI (13).
Moreover, the advent of digital SPECT using 360" cadmium-zinc-
telluride detectors offers a promising opportunity to enhance the
performance of ictal SPECT imaging with greater sensitivity and
improved quantitation (14).
As proposed by previous retrospective work (15,16), the maxi-

mum ictal hyperperfusion did not overlap perfectly with the seizing
parenchyma (Fig. 2), suggesting a potential regional impairment of
neurovascular coupling (17) and potential ictal hypoperfusion areas
(16). As shown here, delineating ictogenic parenchyma with high
temporal resolution (sEEG) and spatial continuity (ictal SPECT)
may offer a deeper understanding of seizure propagation pathways
and help plan resections around eloquent cortex.

CONCLUSION

Nuclear medicine and sEEG for recording and stimulation are
broadly available at specialized epilepsy centers. In our opinion,
SPECT imaging of seizures can be rapidly readopted in controlled
conditions that mitigate its previous logistic drawbacks. Novel
data generated with this technique in larger cohorts could contrib-
ute to refinement of resection planning, improving seizure and
cognitive outcomes in epilepsy surgery.
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FIGURE 1. Schematic of triggered ictal SPECT and data processing. (A) Previously screened and
selected sEEG bipolar contact is stimulated to trigger patient-typical seizure. Directly after seizure
onset, confirmed through sEEG signals and semiology, systemic bolus of radiotracer (99mTc-
HMPAO) is administered. Planned SPECT is acquired within less than 1h. (B) Raw data processing
from left to right (dataset from participant 3 as example). Postimplantation CT and preimplantation
T1-weighted MRI are coregistered for sEEG lead localization. Raw SPECT images are coregistered
to T1-weighted MRI sequence. SPECT deviation map is computed and anatomically colocalized with
sEEG signals.
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FIGURE 2. sEEG–SPECT comparison: patient-specific cortex reconstruction (FreeSurfer, left-hemisphere, frontal and inferior view) with sEEG bipolar
contacts and SPECT deviation map (orange to yellow, more intense) for participants 1 (A), 2 (B), and 3 (C). Amygdala and hippocampus contours
(adapted from FreeSurfer) are shown as dark gray overlays. sEEG bipolar contacts (plotted at anatomic centers of bipoles) are color-coded from white to
blue according to amount of ictal activity recorded over 1min (line length relative to baseline). Red bolt depicts stimulated bipole. sEEG traces are shown
for selected channels of interest with their anatomic location. Brackets regroup channels from same lead. Note relationship between stimulus artifacts
and direct beginning of epileptic discharges. A 5 amygdala; Ent 5 entorhinal cortex; HippA 5 hippocampus anterior; HippP 5 hippocampus posterior;
P-15 participant 1; P-2 5 participant 2; P-3 5 participant 3; Parahipp5 parahippocampal gyrus; STG5 superior temporal gyrus; TP 5 temporal pole;
WM5 white matter.
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KEY POINTS

QUESTION: Is ictal SPECT able to map seizures triggered by
direct electric stimulation?

PERTINENT FINDINGS: We successfully triggered and imaged
patient-typical seizures with SPECT in a prospective case series
of 3 participants with left temporal epilepsy. Our combined
sEEG/SPECT approach revealed early seizure propagation
pathways, beyond discrete electrophysiologic exploration.

IMPLICATIONS FOR PATIENT CARE: Triggering of patient-
typical seizures for on-demand ictal SPECT may broadly reinstate
this often-abandoned imaging technique and help tailor resective
epilepsy surgeries.
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F E A T U R E D B A S I C S C I E N C E A R T I C L E

It’s a Trap! Aldolase-Prescribed C4 Deoxyradiofluorination
Affords Intracellular Trapping and the Tracing of Fructose
Metabolism by PET
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Fructose metabolism has been implicated in various diseases, includ-
ing metabolic disorders, neurodegenerative disorders, cardiac disor-
ders, and cancer. However, the limited availability of a quantitative
imaging radiotracer has hindered its exploration in pathology and
diagnostic imaging. Methods: We adopted a molecular design strat-
egy based on the catalytic mechanism of aldolase, a key enzyme in
fructolysis. We successfully synthesized a radiodeoxyfluorinated fruc-
tose analog, [18F]4-fluoro-4-deoxyfructose ([18F]4-FDF), in high molar
activity. Results: Through heavy isotope tracing by mass spectrome-
try, we demonstrated that C4-deoxyfluorination of fructose led to
effective trapping as fluorodeoxysorbitol and fluorodeoxyfructose-
1-phosphate in vitro, unlike C1- and C6-fluorinated analogs that
resulted in fluorolactate accumulation. This observation was consis-
tent in vivo, where [18F]6-fluoro-6-deoxyfructose displayed substantial
bone uptake due to metabolic processing whereas [18F]4-FDF did not.
Importantly, [18F]4-FDF exhibited low uptake in healthy brain and heart
tissues, known for their high glycolytic activity and background levels
of [18F]FDG uptake. [18F]4-FDF PET/CT allowed for sensitive mapping
of neuro- and cardioinflammatory responses to systemic lipopolysac-
charide administration. Conclusion: Our study highlights the signifi-
cance of aldolase-guided C4 radiodeoxyfluorination of fructose in
enabling effective radiotracer trapping, overcoming limitations of C1

and C6 radioanalogs toward a clinically viable tool for imaging fructoly-
sis in highly glycolytic tissues.

Key Words: molecular imaging; fructose; inflammation; metabolic
tracing; PET; radiofluorination
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The use of fructose as an energy source (i.e., fructolysis) dur-
ing the onset and progression of a variety of diseases is a contin-
ued area of both fundamental and clinical investigation, with
inflammation-induced energy crises activating a fructolytic state in
the affected tissues. In the heart, the switch from glycolysis to

fructolysis has been identified in cardiac hypertrophy (1,2) and myo-
cardial infarction (3), with data supporting a hypoxia-driven activa-
tion of this aberrant metabolic program. In the brain, fructolysis is
thought to be a putative driver of Alzheimer disease (4) and has been
shown to be proinflammatory, with negative implications after trau-
matic or stroke injury and in psychologic health (5). The switch from
glucose to fructose as an energy source may also be a key oncologic
driver, promoting the progression of a variety of solid tumors
through the concerted transcriptional activation of transport and met-
abolic machinery (6–10). Excessive fructose consumption has also
been associated with a liver-centered metabolic syndrome thought to
drive obesity and diabetes (11) and to be a major player in the related
cardiovascular (11,12), ocular (13), and degenerative (12) outcomes.
The fundamental importance of fructolysis in a range of diseases has
encouraged the development of methods to noninvasively map fruc-
tose metabolism, a challenge that is currently an unsolved problem.
Canonic fructose metabolism begins with glucose transporter

5–mediated transport into the cell and ketohexokinase-mediated trap-
ping of the sugar as fructose-1-phosphate (Fig. 1A) (11). Phosphory-
lation is followed by carbon chain scission through the activity of
aldolase enzymes and the subsequent formation of glyceraldehyde-
3-phosphate, which continues to be metabolized downstream. This
metabolic cascade has been followed using noninvasive in vivo
imaging in preclinical models, taking advantage of the spectroscopic
capabilities of deuterium and hyperpolarized MRI (14,15). Toward
the clinical translational use of fructolysis as a quantitative imaging
biomarker, previous work has attempted to trace fructose metabolism
by PET by installing radiofluorine (18F) at the C1 or C6 positions
(16–20). The early metabolic trapping of fructose would lend itself
to tracing of aberrant metabolism similarly to [18F]FDG, the most
extensively applied PET nuclear diagnostic used in the clinic. How-
ever, the significant bone-derived radioactivity observed by PET
from previous radiodeoxyfluorofructose analogs suggests that cellu-
lar trapping was not achieved (Fig. 1A).
To produce a radiofluorinated fructose analog that is trapped in

cells as its phosphorylated metabolite, we closely examined the cata-
lytic mechanism of aldolase, the enzyme for which fructose-1-phos-
phate is a substrate (Fig. 1B) (21). Within the aldolase active site, the
initial Schiff base formation with the C2-carbonyl is immediately fol-
lowed by a base-mediated proton abstraction from the C4-hydroxyl
moiety to induce C–C bond scission. Given the critical role of the C4-
OH in the catalytic mechanism, we hypothesized that the
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deoxyfluorination of the C4 position would prevent aldolase-mediated
scission (Fig. 1C), resulting in the trapping of 4-fluoro-4-deoxyfruc-
tose (4-FDF) within the metabolic cell of origin (Fig. 1A). In the cur-
rent work, we generated 4-FDF, evaluated its metabolic flux in vitro
relative to 1-fluoro-1-deoxyfructose (1-FDF) and 6-fluoro-6-deoxy-
fructose (6-FDF), and compared the PET imaging of [18F]4-FDF with
that of [18F]6-FDF and [18F]FDG in tracing metabolism in mouse
models of cancer and systemic inflammation.

MATERIALS AND METHODS

Synthesis
All synthetic procedures are described in detail in the supplemental

materials (available at http://jnm.snmjournals.org).

In Vitro Metabolic Tracing
All procedures for metabolic tracing of [U13C]-fructose analogs are

provided in the supplemental materials.

Animal Models
All animal research was approved by the institutional animal care

and use committee of the University of Ottawa under animal use pro-
tocols SCe-3254-R3 (tumor study) and SCe-4019-A1 (inflammation
study). Mice were housed in standard cages, kept on a 12-h light–dark
cycle, and provided standard rodent chow and water ad libitum.

Eight-week-old female nu/nu mice were inoculated, subcutaneously
under the left shoulder, with 10 3 106 HepG2 cells suspended in 50%
Matrigel (Corning)–50% Dulbecco modified Eagle medium. Within 3
wk of implantation, the mice were imaged by PET/CT.

Eight-week-old male C57BL/6 mice received a 5mg/kg dose of lipo-
polysaccharide through intraperitoneal injection 24h before planned
PET/CT imaging. For 12h after receiving the injection, they were kept
warm, given fluids subcutaneously, monitored, and scored for severity
of response to lipopolysaccharide as published previously (22).

PET/CT Imaging
PET/CT imaging was performed on an

Si78PET/CT scanner with a 4-position hotel
having adjustable isoflurane and respiratory
monitoring for each position (Bruker USA).
Tail veins were catheterized, and an ana-
tomic CT scan was acquired over the whole
of the mouse bodies using the rat settings.
The PET acquisition was started just before a
bolus intravenous injection of approximately
7.4 MBq of radiotracer. Dynamic scans
were acquired in list mode over 45min and
sorted into sixteen 0.5-mm sinogram bins for
image reconstruction (43 15 s, 43 60 s, and
83 300 s). Iterative reconstruction was per-
formed using 3-dimensional ordered-subsets
expectation maximization followed by fast
maximum a posteriori estimation using Para-
vision 360 software, version 3.4 (Bruker). Four-
mouse images were split into individual mice,
and the bed was removed using PMOD (Bruker).
VivoQuant, version 2022 (InviCRO), was used
to visualize tissue uptake, for definition of
3-dimensional volumes of interest, and to visual-
ize in 3 dimensions for volume rendering. The
count densities were averaged for all volumes of
interest at each time point to obtain a time–activ-
ity curve. Tumor and tissue time–activity curves

were normalized to injected dose, measured by a CRC-15 PET dose calibra-
tor (Capintec, Inc.), and expressed as percentage injected dose per cubic cen-
timeter of tissue.

Statistical Analyses
Statistical analyses were performed using Prism (version 9.5.0; Graph-

Pad, Inc.). Comparisons across more than 2 groups were performed by
1-way ANOVA followed by the Tukey test for honestly significant differ-
ences. Normality was assumed when appropriate for all datasets. Before
ANOVA, the Levene test was used to confirm equal variance, and visual
quantile–quantile plot analysis was used to confirm homoscedasticity.

RESULTS

To characterize the structure–activity effect of fructose deoxy-
fluorination on metabolic flux, we evaluated the metabolism of
isotopically labeled [U13C]-fructose and of [U13C]-1-FDF,
[U13C]-6-FDF, and [U13C]-4-FDF deoxyfluorinated fructose ana-
logs in vitro in HepG2 human hepatocarcinoma cells by mass
spectrometry (Fig. 2). HepG2 was chosen as a model cell line
because of a recent report by Tee et al. outlining its propensity for
fructolysis (23). [U13C]-1-FDF and [U13C]-6-FDF were synthe-
sized according to previously published methods (16,17), and
[U13C]-4-FDF was synthesized as described in the supplemental
materials. After confirming that [U13C]-fructose was metabolized
as expected through both fructolytic and polyol pathways to estab-
lish a baseline for tracing fructose metabolism (Fig. 2A), we
next examined the relative flux of the deoxyfluorinated analogs
(Fig. 2B). [U13C]-1-FDF showed limited metabolism through the
polyol pathway, with most of the 13C-labeled cellular product
being [U13C]-deoxyfluorolactate (Fig. 2B). Of critical importance,
however, is that although [U13C]-6-FDF metabolism produced a sub-
stantial amount of [U13C]-deoxyfluorolactate through scission and
downstream metabolism (Fig. 2B), [U13C]-4-FDF metabolism halted
at [U13C]-4-fluorodeoxy-1-phosphate, the fructolytic metabolite that

FIGURE 1. Fructose metabolism tracing, then and now. (A) Initial metabolism of fructose comprises
cell uptake, phosphorylation, and scission steps mediated by glucose transporter 5, ketohexokinase,
and aldolase, respectively. Proposed progression of existing fructose-derived radiotracers, 1-FDF
and 6-FDF, as well as hypothesized trapping of proposed 4-FDF, are shown. (B) First 2 steps of
aldolase-mediated scission of fructose. (C) Proposed effect of C4 deoxyfluorination on aldolase
mechanism. ADP 5 adenosine diphosphate; ALDO 5 aldolase; ATP 5 adenosine triphosphate; B2 5

basic residue; blue5 aldolase active site residue; GLUT5 glucose transporter; KHK5 ketohexokinase;
TK5 triose kinase; TPI5 triosephosphate isomerase.
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is the substrate for aldolase-mediated scission (Fig. 2B). Uniquely,
[U13C]-4-FDF metabolism also resulted in the accumulation of
[U13C]-4-fluorodeoxyfructose-1,6-bisphophate. A key outcome of
this experiment was the confirmation that all deoxyfluorinated ana-
logs of fructose entered the cells rapidly (within 30min). To validate
the observed metabolite trapping, a time course evaluation of
[U13C]-4-FDF metabolism was performed over 60min, demonstrat-
ing the steady-state accumulation of [U13C]-4-fluorodeoxyfructose-
1-phosphate and [U13C]-4-fluorodeoxyfructose-1,6-bisphosphate and
the increase in [U13C]-4-fluorodeoxysorbitol throughout the 60min
of incubation (Fig. 2C). The results of this study support our hypoth-
esis that, like native fructose (Fig. 2D), neither [U13C]-1-FDF (Fig.
2E) nor [U13C]-6-FDF is metabolically trapped (Fig. 2G) but that
the deoxyfluorination of fructose at C4 prevents aldolase-mediated
hexose scission and traps the deoxyfluorinated fructose analog in the
cell (Fig. 2F). By rethinking the site of deoxyfluorination to afford
metabolic trapping as informed by the catalytic mechanism of the
enzyme immediately ensuing to the intended trapped metabolite, we
uncovered the chemical requirements for mapping fructolysis.
To proceed toward fructolysis mapping in vivo by PET, a radio-

deoxyfluorination approach was designed to afford nucleophilic
substitution at the C4 position using standard radiochemical techniques
somewhat related to the routine production of [18F]FDG. Details of
the synthesis of compounds 1–4 have been reported previously
(24), and further synthetic steps and chemical characterization for
compounds 5, 6, and [18F]4-FDF are provided in the supplemental
materials (Supplemental Schemes 1–5; Supplemental Figs. 3–232).
The precursor synthesis began with C1-OH methylation and
dimethyl ketalation of C2-OH and C3-OH, followed by the protec-
tion of C6-OH with chloromethyl methyl ether in order to isolate
the C4-OH (Fig. 3A). The stereochemistry at C4 was then inverted
in 2 steps and was converted to the tosylated precursor 5 (Fig. 3A).
The C4 stereoinversion was necessary to allow the subsequent

radiodeoxyfluorination step to restore the C4-
D-enantiomer after the [18F]tetraethylammo-
nium fluoride–mediated nucleophilic attack
(Fig. 3B, 6). Rapid on-module deprotection
resulted in [18F]4-FDF in good radiochemical
yield (25%–30%) and molar activity
(25.360.6 GBq/nmol) comparable to that
resulting from the routine production of
[18F]FDG (25).
With the confirmation of cell uptake and

intracellular trapping of [U13C]4-FDF, and
the successful production of the radiofluori-
nated analog, the biodistribution of [18F]4-
FDF was evaluated in a heterotopic HepG2
xenograft mouse model and compared
with the biodistribution of [18F]6-FDF and
[18F]FDG (Fig. 4). [18F]1-FDF was not
evaluated in vivo since it was already dem-
onstrated to be poorly retained in cells
in vitro and in vivo (18). After intravenous
injection, [18F]4-FDF was found to accumu-
late in the tumor, with renal exceeding hepa-
tobiliary excretion (Fig. 4A). This pattern of
radiotracer retention was similarly observed
for [18F]6-FDF, with a key difference, how-
ever, being bone uptake (Fig. 4B). Although
any bone uptake was limited to less than 2%
injected dose/mL for [18F]4-FDF (Fig. 4A;

Supplemental Fig. 2), bone uptake was 3.69-fold higher (.7% injected
dose/mL) after [18F]6-FDF imaging (Fig. 4B and 4D). This extensive
bone uptake, which continues to increase over time (Supplemental Fig.
2), was reported previously for [18F]6-FDF (17) and is supported by
the metabolic flux outcomes of [U13C]6-FDF demonstrating the pro-
duction of [U13C]fluorodeoxylactate (Figs. 2B and 2G).
Overall, the accumulation of [18F]4-FDF in normal mouse tis-

sues was lower than that of [18F]FDG (Figs. 4A vs. 4C). Notably,
the area under the time–activity curve in the brain and heart was
6.01- and 5.29-fold greater, respectively, for [18F]FDG than for
[18F]4-FDF (Fig. 4D), suggesting that healthy brain and heart have
a limited dependence on fructolysis for energy production. To fur-
ther investigate whether a fructolytic switch occurs in inflamma-
tory neural and cardiac tissues, as previously proposed (1–5,12), a
mouse model of systemic inflammation was examined (Fig. 5).
Mice receiving saline vehicle (Fig. 5A) or intraperitoneal bacterial
cell wall lipopolysaccharide, as previously described (Fig. 5B)
(22), were imaged by [18F]4-FDF PET/CT 24 h after injection. A
significant increase in cardiac (Figs. 5D and 5F) and brain (Figs.
5C and 5F) uptake of [18F]4-FDF was observed after lipopolysac-
charide treatment in all mice evaluated. Both the brain and the
heart demonstrated inflammatory responses to lipopolysaccharide
stimulation within 24 h of its systemic introduction, mediated
through toll-like receptor engagement on microglia or cardiac
adrenergic cells (26,27). The low uptake of [18F]4-FDF in healthy
brain and heart contributed to an increased signal-to-noise ratio for
the mapping of cardio- and neuroinflammation (Figs. 5C and 5D).

DISCUSSION

Although the pathologic switch to fructose metabolism has been
implicated in a variety of metabolic, neurodegenerative, and car-
diac diseases, as well as being a driver or consequence of

FIGURE 2. Decoding positional effects of fructose deoxyfluorination on its metabolism in vitro in
HepG2 cells by mass spectrometry. (A and B) Relative abundance of metabolites from isotopically
labeled [U13C]-fructose (A) and [U13C]-1-FDF, [U13C]-4-FDF, and [U13C]-6-FDF (B). (C) Time course
of metabolite generation from [U13C]-4-FDF. (D–G) Metabolism schemes based on mass spectrome-
try results for [U13C]-fructose (D), [U13C]-1-FDF (E), [U13C]-4-FDF (F), and [U13C]-6-FDF (G). Black
text 5 detected metabolite or pathway; blue circle 5 13C; dF 5 deoxyfructose; DHAP 5 dihydroxy-
acetone phosphate; G3P 5 glyceraldehyde-3-phosphate; gray text 5 undetected metabolite or
pathway; HK5 hexokinase; KHK5 ketohexokinase; pink circle5 PO4

22; yellow circle5 19F.
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malignancy, the evaluation of fructolysis in fundamental mecha-
nisms of pathology and its implementation as a diagnostic imaging
biomarker has been limited by the lack of a quantitative tracer for
imaging-based analysis. Taking a molecular design approach
informed by the catalytic mechanism of aldolase, the fructolytic
enzyme whose activity must be blocked in order to afford meta-
bolic trapping, we synthesized a radiodeoxy-
fluorinated analog of fructose: [18F]4-FDF.
Radiosynthesis was realized on a standard
radiofluorination module in good yield and
molar activity, mimicking the nucleophilic
radiofluorination and acid-catalyzed depro-
tection used for the preparation of [18F]FDG
(Fig. 3).
As compared with previously reported C1

and C6 radioanalogs of fructose, using heavy-
isotope tracing by mass spectrometry we dem-
onstrated that the C4 deoxyfluorination of
fructose led to trapping as fluorodeoxysorbi-
tol and fluorodeoxyfructose-1-phosphate
in vitro (Fig. 2). Key differences in polyol
pathway flux were also observed between the
different fluorinated positional isomers. The
limited polyol flux observed for C1 fluoro-
deoxyfructose is likely the result of improper
substrate positioning in the sorbitol dehydro-
genase active site by the deoxyfluorination of
C1, which prevents a critical C1-OH–to–zinc
interaction (28). In contrast, both [U13C]-6-
FDF and [U13C]-4-FDF were capable of pro-
ceeding through the polyol pathway but did
not form detectable amounts of glucose-6-
phosphate (Fig. 2B). The arrest at [U13C]-4/6-
fluorodeoxysorbitol could be the result of the
reduction of aldose reductase activity either
through active-site water displacement or
through catalytically detrimental interactions
with the active-site–adjacent specificity pocket

(29,30). Notably, neither the C1- nor the C6-
fluorinated analog led to trapping, but rather
there was a procession through fructolysis to
produce fluorolactate. This result was reca-
pitulated in vivo, with [18F]6-FDF showing
significant bone uptake that was a result of
metabolic processing but was not observed
using [18F]4-FDF (Fig. 4).
Our metabolic tracing studies suggest

that the bone uptake observed with [18F]6-
FDF imaging in vivo (Fig. 4) may be the
result not of tumor cell–induced defluorina-
tion but of lactate formation (Fig. 2). Lac-
tate is actively pumped out of tumor cells
by influx–efflux monocarboxylate transpor-
ters 1 and 4, which contribute to the acidic
tumor microenvironment that is a hallmark
of solid tumors (31,32). The direct mecha-
nism of radiofluorinated metabolite uptake
by bone remains to be uncovered; however,
it is known that osteoblasts express mono-
carboxylate transporter 1 and actively take
up lactate (33–35). Additionally, extratu-

moral metabolism may also contribute to radioactivity uptake in the
bone, as hepatic lactate metabolism through lactate dehydrogenase
can produce pyruvate with a potential for defluorination (36). By
any mechanism, both in vitro and in vivo data demonstrate that
radiodeoxyfluorination of fructose at C4, but not at C6, can subvert
cellular radiometabolite loss and bone accumulation.

FIGURE 3. Syntheses of radiochemical precursor (A) and final radiofluorinated [18F]4-FDF (B).
pTsOH 5 para-toluenesulfonic acid; MeOH 5 methanol; MOMCl 5 chloromethyl methyl ether;
DIPEA 5 N,N-diisopropylethylamine; DCM 5 dichloromethane; EtOH 5 ethanol; TsCl 5 para-
toluenesulfonyl chloride; R.T. 5 room temperature; TEAB 5 tetraethylammonium bromide.; DMSO
5 dimethylsulfoxide; RCY5 radiochemical yield.

FIGURE 4. Comparative PET/CT imaging in heterotopicHepG2 xenograftmousemodel. (A–C)Summed
PET/CT images from 20 to 45min after intravenous injection of [18F]4-FDF (A), [18F]6-FDF (B), or [18F]FDG
(C). Sagittal sections, coronal sections, and maximum-intensity projections are shown, in addition to axial
sections at level of brain, heart, liver/kidneys, and hips. (D) Fold change in area under curve for entire time–
activity curve in Supplemental Figure 2 for [18F]6-FDF and [18F] FDG normalized to values for [18F]4-FDF.
Purple represents increase in AUC, and blue represents decrease in area under curve. %ID5 percentage
injecteddose; AUC5 area under curve;MIP5maximum-intensity projection.
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An important outcome of the stable tracing of fructolysis
afforded by [18F]4-FDF was the observation of low uptake in
healthy brain and heart (Fig. 5), tissues that are highly glycolytic
and associated with high background levels of [18F]FDG uptake
(Fig. 4). The low fructolytic background rates in these tissues
afforded the sensitive mapping of the neuro- and cardioinflamma-
tory response to systemic lipopolysaccharide administration by
[18F]4-FDF (Fig. 5). Therefore, the aldolase-prescribed C4 radio-
deoxyfluorination of fructose resulted in radiotracer trapping on

intracellular uptake and phosphorylation (Fig. 1), overcoming lim-
itations to fructolysis tracing by C1 and C6 radioanalogs.
Although [18F]FDG is used clinically to map glucose uptake for

diagnostic imaging of traumatic brain injury (37), dementia (38), and
Alzheimer disease (39), the estimation of neuroinflammation by
[18F]FDG PET is difficult because physiologic glucose uptake may
obscure inflammation-specific signal. The presence of inflammatory
cells can mask metabolic deficits in neurodegenerative diseases, hin-
dering the use of glucose consumption as a biomarker in these cases
(40). Neuronal [18F]FDG uptake in a lipopolysaccharide-treated mouse
therefore does not necessarily reflect metabolic state or neuronal dam-
age, as microglial activation and immune cell infiltration confound
uptake (41). [18F]FDG PET may also be used for diagnostic imaging
of cardiopulmonary inflammation (42), cardiopulmonary infection
(43), and atherosclerosis; however, efforts must be made to minimize
myocardial glucose metabolism before imaging to reduce the false-
positive rate due to the low signal-to-noise ratio (44,45). These efforts
rely on a diet-based metabolic switch from glucose to free fatty acids,
relying heavily on patient compliance. The low brain and heart uptake
in healthy, nonfasting mice described here makes fructose metabolism
an attractive biomarker in tissues that are otherwise highly glycolytic
and have high [18F]FDG uptake in the absence of disease.

CONCLUSION

The metabolic flux of deoxyfluorofructose was characterized by
heavy-isotope labeling. [U13C]-1-FDF exhibited limited polyol
metabolism, whereas both [U13C]-6-FDF and [U13C]-4-FDF showed
polyol pathway involvement. Only [U13C]-4-FDF metabolism halted
at [U13C]-4-fluorodeoxyfructose-1-phosphate, supporting its unique
ability to be trapped within cells. [18F]4-FDF was synthesized with
good molar activity and radiochemical yield. In a HepG2 xenograft
mouse model, [18F]4-FDF exhibited tumor accumulation with mini-
mal bone uptake, whereas [18F]6-FDF displayed substantial bone
retention. [18F]4-FDF displayed lower accumulation in normal
mouse tissues than did [18F]FDG, notably in the brain and heart. As
a result, a significant increase in [18F]4-FDF uptake in cardiac and
brain tissues was observed after lipopolysaccharide treatment,
highlighting the potential of [18F]4-FDF PET/CT for sensitive map-
ping of cardio- and neuroinflammation in highly glycolytic tissues.
Overall, this research provides critical insights into the metabolic fate
of deoxyfluorinated fructose analogs and demonstrates the potential
of [18F]4-FDF for mapping disease or injury involving cardio- and
neuroinflammation. With the ability to safely and effectively map
fructolysis in mice, and low uptake in healthy tissues compared with
[18F]FDG, [18F]4-FDF offers a clinically viable tool for diagnostic
imaging of tissues with a high baseline glycolytic index. As dosime-
try is not expected to be limiting, the clinical translation of this biosi-
milar radiotracer is feasible.
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FIGURE 5. Imaging of inflammation in brain and heart. [18F]4-FDF
PET/CT was performed on mice receiving vehicle (A) or bacterial cell wall
lipopolysaccharide (B) 24h after injection. Sagittal, coronal, maximum-
intensity projection, and axial sections of brain, heart, and muscle are
shown. (C–E) Time–activity curves for brain (C), heart (D), and muscle (E) for
mice receiving vehicle (2LPS, purple) or lipopolysaccharide (1LPS, blue).
Solid lines are means, and shaded region are SDs. (F) Comparison of time–
activity areas under curve for brain and heart regions of interest for mice
receiving vehicle (2LPS, purple) or lipopolysaccharide (1LPS, blue). Plots
show individual data points (circles), mean (long line), and SD (vertical line).
*P , 0.05 by ANOVA followed by Tukey test. %ID 5 percentage injected
dose; LPS5 lipopolysaccharide; MIP5 maximum-intensity projection.
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KEY POINTS

QUESTION: Can fructose metabolism accurately be mapped
by PET?

PERTINENT FINDINGS: By installation of radiofluorine at the C4

position of fructose, fructose metabolism can be accurately
mapped because of intracellular trapping of the phosphorylated
metabolite. Fructose use was low in the healthy brain and heart
but elevated in disease, providing an opportunity for imaging
neuro- and cardioinflammation.

IMPLICATIONS FOR PATIENT CARE: The introduction of
[18F]4-FDF opens new doors for mapping inflammation in cardiac
and neural diseases with a biosimilar radiotracer based on a
modified dietary sugar.
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Preclinical Evaluation of Gastrin-Releasing Peptide
Receptor Antagonists Labeled with 161Tb and 177Lu:
A Comparative Study
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To elucidate potential benefits of the Auger-electron–emitting radio-
nuclide 161Tb, we compared the preclinical performance of the
gastrin-releasing peptide receptor antagonists RM2 (DOTA-Pip5-D-
Phe6-Gln7-Trp8-Ala9-Val10-Gly11-His12-Sta13-Leu14-NH2) and AMTG
(a-Me-Trp8-RM2), each labeled with both 177Lu and 161Tb. Methods:
161Tb/177Lu labeling (90"C, 5min) and cell-based experiments (PC-
3cells) were performed. In vivo stability (30min after injection) and
biodistribution studies (1–72h after injection) were performed on
PC-3 tumor–bearing CB17-SCID mice. Results: Gastrin-releasing
peptide receptor affinity was high for all compounds (half-maximal
inhibitory concentration [nM]: [161Tb]Tb-RM2, 2.4660.16; [161Tb]Tb-
AMTG, 2.1660.09; [177Lu]Lu-RM2, 3.4560.18; [177Lu]Lu-AMTG,
3.0460.08), and 75%–84% of cell-associated activity was receptor-
bound. In vivo, both AMTG analogs displayed distinctly higher stabil-
ity (30min after injection) and noticeably higher tumor retention than
their RM2 counterparts. Conclusion: On the basis of preclinical
results, [161Tb]Tb-/[177Lu]Lu-AMTG might reveal a higher therapeutic
efficacy than [161Tb]Tb-/[177Lu]Lu-RM2, particularly [161Tb]Tb-AMTG
because of additional Auger-electron emissions at the cell mem-
brane level.

KeyWords:GRPR antagonists; 161Tb; 177Lu; AMTG; RM2

J Nucl Med 2024; 65:481–484
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In nuclear medicine, 161Tb is a promising radionuclide because it
has physical properties similar to those of the clinically established
177Lu (half-life, 6.9 vs. 6.7 d; average electron energy, %0.15 vs.
%0.14MeV) and it additionally emits Auger electrons, which pro-
vide a higher linear energy transfer than b2 particles (1). In general,
the short-ranged Auger electrons must be close to the cell nucleus to
inflict damage, limiting their usability to agonists. However, a
recently reported study showed that a noninternalizing 161Tb-labeled
somatostatin-2 receptor antagonist demonstrated therapeutic efficacy
superior to a 161Tb-labeled somatostatin-2 receptor agonist, suggest-
ing that Auger emissions at the cell membrane (“membrane effect”)

may be therapeutic even if they do not reach the nucleus (2). This
membrane effect could thus pave the way for an extended use of
antagonists.
Gastrin-releasing peptide receptor (GRPR) antagonists represent

an alternative for detection and treatment of prostate-specific mem-
brane antigen–negative prostate cancer lesions (3,4), as shown using
[177Lu]Lu-RM2 (DOTA-Pip5-D-Phe6-Gln7-Trp8-Ala9-Val10-Gly11-
His12-Sta13-Leu14-NH2) (5). To further improve the therapeutic
efficacy of radiolabeled GRPR ligands, we recently developed
[177Lu]Lu-AMTG (a-Me-Trp8-RM2), a RM2 derivative (Fig. 1)
demonstrating favorable biodistribution and noticeably increased
in vivo stability, which resulted in higher tumor retention and, thus,
increased tumor-to-background ratios in all organs (6). Because most
of the cell-associated activity of these GRPR antagonists was
membrane-bound (,20% internalized) (6), a combination with
161Tb might result in improved therapeutic efficacy.
To elucidate whether 161Tb would be a suitable or better alter-

native to 177Lu in these GRPR ligands, we completed a compara-
tive preclinical evaluation on [161Tb]Tb-/[177Lu]Lu-AMTG and
[161Tb]Tb-/[177Lu]Lu-RM2 with regard to GRPR affinity (half-
maximal inhibitory concentration), membrane-bound activity, lipo-
philicity (distribution coefficient at pH 7.4), in vivo stability, and
biodistribution studies in PC-3 tumor–bearing mice.

MATERIALS AND METHODS

Synthesis and Labeling
Precursor synthesis and 161Tb/177Lu labeling were performed according

to a published procedure (6). [161Tb]TbCl3 was provided by Paul Scherrer
Institute and Belgian Nuclear Research Centre. [177Lu]LuCl3 was ac-
quired from ITM Isotope Technologies Munich SE. 3-[125I]I-tyr6-MJ9
(Supplemental Fig. 1; supplemental materials are available at http://jnm.
snmjournals.org) was prepared according to reported procedures (6,7).
Characterization of all GRPR ligands is provided in Supplemental Figure 2.

In Vitro Experiments
All in vitro experiments (half-maximal inhibitory concentration and

internalization studies, n-octanol/phosphate-buffered saline solution
distribution coefficient at pH 7.4) were performed in analogy to a pre-
viously published procedure (supplemental materials) (6).

In Vivo Experiments
All animal experiments were approved by the General Admini-

stration of Upper Bavaria (ROB-55.2-1-2532.Vet_02-18-109), were
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completed according to a previously published protocol (6), and com-
plied with the ARRIVE (Animal Research: Reporting of In Vivo
Experiments) guidelines (supplemental materials).

Statistics
Acquired data were statistically analyzed by a Student t-test via

Excel (Microsoft Corp.) and OriginPro software (version 9.7; Origin-
Lab Corp.). Acquired P values of less than 0.05 were considered sta-
tistically significant.

RESULTS

Synthesis and Radiolabeling
Complexation with a 2.5-fold excess of TbCl3 and LuCl3 resulted

in quantitative yields. 161Tb and 177Lu labeling resulted in radio-
chemical yields and purities of more than 98% and molar activities
of 6565 GBq/mmol. Labeling with another batch of [161Tb]TbCl3
resulted in radiochemical purities of more than 95%, and 2 minor
impurities were observed (Supplemental Figs. 3A and 3B). Although
one impurity could be attributed to free 161Tb31 (Supplemental
Fig. 3C), the other was not identified. All 161Tb- and 177Lu-labeled
compounds were used without further purification.

In Vitro Characterization
nat/161Tb- and nat/177Lu-labeled AMTG and RM2 revealed compa-

rably high GRPR affinity (half-maximal inhibitory concentration,
2.2–3.5 nM; Supplemental Fig. 4), low internalization (74%–84% of
cell-associated activity membrane-bound), and favorable lipophilicity
(distribution coefficient at pH 7.4, 22.6 to 22.3) (Figs. 2A–2C;
Supplemental Table 1). Significant differences are depicted in
Figure 2.

In Vivo Characterization
A significantly higher stability was determined for the AMTG

than for the RM2 derivatives (Fig. 2D; Supplemental Fig. 5). Bio-
distribution studies demonstrated high activity levels in the tumor
for all ligands at all time points, with [161Tb]Tb-AMTG exhibiting
the highest levels (Fig. 3A). Estimates of area under the curve
(AUC) 1–72 h after injection revealed 14% higher tumor levels
for [161Tb]Tb-AMTG than for [177Lu]Lu-AMTG and 30%–45%
higher tumor levels than for either RM2 analog (Supplemental
Table 2).
Activity accumulation in the pancreas was high for all GRPR

ligands. However, more than 95% of the activity was cleared from
the pancreas within the first 24 h for all compounds (Fig. 3B).
[161Tb]Tb-AMTG displayed a 63%, 172%, and 423% higher AUC
(1–72 h after injection) for the pancreas than did [161Tb]Tb-RM2,
[177Lu]Lu-AMTG, and [177Lu]Lu-RM2, respectively. Apart from
that, low off-target accumulation was observed for all organs

(Supplemental Fig. 6; Supplemental
Tables 3–6). Activity levels in the kid-
neys and the blood were less than 4%
injected dose/g at all time points for all
analogs (Figs. 3C and 3D). Activity
levels in the liver and the spleen were
slightly elevated for both 161Tb-labeled
GRPR ligands at all time points, except
at 4 h after injection.
Further imaging studies at 1, 4, 24, 72,

and 168 h after injection in PC-3 tumor–
bearing mice (n 5 1), applying
[161Tb]Tb-AMTG and [161Tb]Tb-RM2,

confirmed the favorable tumor uptake and biodistribution pro-
files (Fig. 4).

DISCUSSION

The recent observation that antagonists do not internalize but
are bound to the cell membrane revealed an even improved
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FIGURE 1. Chemical structures of RM2- and AMTG-based radiopharmaceuticals used in this
study.
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therapeutic efficacy when labeled with Auger-electron–emitting
radionuclides. This type of result will ensure that Auger-emitting
radionuclides continue to gain attention in the field of nuclear
medicine. In view of our promising data on 177Lu-labeled GRPR
ligands (6) and the similar physical properties of 177Lu and 161Tb
(similar half-lives and b2 energies, whereas the latter additionally
emits more Auger electrons per decay (1)), we completed a com-
parative preclinical study on AMTG and RM2 labeled with both
radionuclides.
Although most 177Lu/161Tb labelings resulted in radiochemical

purities of more than 98%, labeling with 1 batch of [161Tb]TbCl3
resulted in approximately only 95% radiochemical purity, and 2

minor impurities were observed (used for
biodistribution studies at 1, 24, and 72h
after injection). Because we consider radio-
chemical purity of more than 95% sufficient
for preclinical experiments, no further inves-
tigation was conducted. The 161Tb- and
177Lu-labeled GRPR ligands revealed com-
parable in vitro properties (GRPR affinity,
lipophilicity, and membrane-bound activity;
Fig. 2). In vivo, although biodistribution
profiles similar to those of the 177Lu-labeled
analogs were observed (Supplemental
Fig. 6), higher uptake and retention were
observed for RM2 and AMTG labeled with
this [161Tb]TbCl3 batch (at 1, 24, and 72h
after injection), particularly in the liver and
the spleen, likely because of the aforemen-
tioned impurities. Notably, the compounds
used for the studies at 4 h after injection
(labeled with a different [161Tb]TbCl3 batch,
free of impurities) did not show any
enhanced uptake in these organs, which is
why this elevated uptake was likely not
caused by the compound itself.
High initial tumor and pancreas uptake

was observed for all derivatives. However,
whereas activity was retained in the tumor
for several days, more than 95% of the

initial activity (1 h after injection) was cleared from the pancreas
within the first 24 h after injection, as was also shown for the
human situation (5). Elevated pancreas uptake observed for the
161Tb-labeled ligands could be due to their slightly enhanced GRPR
affinity. In general, higher activity levels were found for the AMTG
derivatives in the tumor (except at 72h after injection), which can be
attributed to their increased in vivo stability. This led to noticeably
increased AUCs (1–72h after injection) for the tumor for the AMTG
than for the RM2 analogs. On the basis of the high therapeutic efficacy
observed for a noninternalizing, 161Tb-labeled somatostatin-2 receptor
antagonist due to yet unknown damage by Auger electrons at the cell
membrane (2), and the high percentage of membrane-bound
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[161Tb]Tb-AMTG (Fig. 2B), an improved therapeutic efficacy might
be predicted for this compound. Favorable biodistribution profiles for
[161Tb]Tb-AMTG over time were confirmed by imaging studies (Fig.
4) and were in agreement with previously reported profiles for
[177Lu]Lu-AMTG (6).
Nevertheless, AUCs (1–72h after injection) for the pancreas were

also elevated for the AMTG analogs compared with their RM2 cor-
relates, which is why a higher dose to the pancreas is expected. How-
ever, AUCs (1–72h after injection) for the tumor were 2- to 8-fold
higher than those for the pancreas for all these compounds. More-
over, other than estimates of the dose limit for the pancreas based on
external-beam radiation therapy, only limited evidence is currently
available that the pancreas is a radiation-sensitive organ (8,9). Further
studies on animals and humans must be conducted to elucidate tumor
and pancreas dose, as well as the potential damage caused.
Overall, this study delivered further evidence of the potential ther-

apeutic usability of [161Tb]Tb- or [177Lu]Lu-AMTG. Moreover,
because of the similar physical properties of 177Lu and 161Tb but
additional emission of Auger and conversion electrons by the latter,
161Tb could become a valuable addition to the armamentarium of
nuclear medicine, once its clinical availability improves. Provided
the membrane effect is accessible for noninternalizing GRPR
antagonists, a combination with short-range Auger- and a-emitters
might be applicable. A limitation of this study was the use of 161Tb-
labeled RM2 and AMTG batches that contained 2 minor impurities,
which likely caused increased activity retention in the liver and
spleen and affected the overall tumor-to-background ratios.

CONCLUSION

The data from this study indicate that both [161Tb]Tb-AMTG
and [177Lu]Lu-AMTG might improve radioligand therapy because
of their high tumor retention. Ongoing treatment studies in our
laboratory will enable conclusions to be drawn on the potentially
increased therapeutic efficacy of AMTG over RM2 (due to in vivo
stability) and of 161Tb over 177Lu (due to Auger-electron emission)
and whether there are detrimental effects on the pancreas.
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KEY POINTS

QUESTION: Is it possible to improve GRPR-based radioligand
therapy (currently performed with [177Lu]Lu-RM2) using the
metabolically more stable AMTG peptide and alternative
radionuclides such as 161Tb?

PERTINENT FINDINGS: Compared with [161Tb]Tb-/[177Lu]Lu-RM2,
[161Tb]Tb-/[177Lu]Lu-AMTG revealed noticeably increased tumor
AUCs, which might be beneficial for future clinical use.

IMPLICATIONS FOR PATIENT CARE: Although the clinical value
of [161Tb]Tb-/[177Lu]Lu-AMTG and a potential dose-limiting toxicity
to the pancreas have to be elucidated, improved therapeutic
efficacy on the tumor and, thus, improved patient care are
anticipated.
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Reliable performance of PET segmentation algorithms on clinically rel-
evant tasks is required for their clinical translation. However, these
algorithms are typically evaluated using figures of merit (FoMs) that
are not explicitly designed to correlate with clinical task performance.
Such FoMs include the Dice similarity coefficient (DSC), the Jaccard
similarity coefficient (JSC), and the Hausdorff distance (HD). The
objective of this study was to investigate whether evaluating PET seg-
mentation algorithms using these task-agnostic FoMs yields interpre-
tations consistent with evaluation on clinically relevant quantitative
tasks. Methods: We conducted a retrospective study to assess the
concordance in the evaluation of segmentation algorithms using the
DSC, JSC, and HD and on the tasks of estimating the metabolic tumor
volume (MTV) and total lesion glycolysis (TLG) of primary tumors from
PET images of patients with non–small cell lung cancer. The PET
images were collected from the American College of Radiology Imag-
ing Network 6668/Radiation Therapy Oncology Group 0235 multicen-
ter clinical trial data. The study was conducted in 2 contexts: (1)
evaluating conventional segmentation algorithms, namely those based
on thresholding (SUVmax40% and SUVmax50%), boundary detection
(Snakes), and stochastic modeling (Markov random field–Gaussian
mixture model); (2) evaluating the impact of network depth and loss
function on the performance of a state-of-the-art U-net–based
segmentation algorithm. Results: Evaluation of conventional segmen-
tation algorithms based on the DSC, JSC, and HD showed that
SUVmax40% significantly outperformed SUVmax50%. However,
SUVmax40% yielded lower accuracy on the tasks of estimating MTV
and TLG, with a 51% and 54% increase, respectively, in the ensemble
normalized bias. Similarly, the Markov random field–Gaussian mixture
model significantly outperformed Snakes on the basis of the task-
agnostic FoMs but yielded a 24% increased bias in estimated MTV.
For the U-net–based algorithm, our evaluation showed that although
the network depth did not significantly alter the DSC, JSC, and HD
values, a deeper network yielded substantially higher accuracy in the
estimated MTV and TLG, with a decreased bias of 91% and 87%,
respectively. Additionally, whereas there was no significant difference
in the DSC, JSC, and HD values for different loss functions, up to a
73% and 58% difference in the bias of the estimated MTV and TLG,
respectively, existed. Conclusion: Evaluation of PET segmentation
algorithms using task-agnostic FoMs could yield findings discordant

with evaluation on clinically relevant quantitative tasks. This study
emphasizes the need for objective task-based evaluation of image
segmentation algorithms for quantitative PET.

Key Words: task-based evaluation; multicenter clinical trial; segmen-
tation; quantitative imaging; deep learning; artificial intelligence
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PET-derived quantitative metrics, such as tumor volumetric
and radiomic features, are showing strong promise in multiple
oncologic applications (1–3). Reliable quantification of these fea-
tures requires accurate segmentation of tumors on the PET images.
To address this need, multiple computer-aided image segmentation
algorithms have been developed (4), including those based on
deep learning (DL) (5–8). Clinical translation of these image seg-
mentation algorithms requires objectively evaluating them with
patient data.
Medical images are acquired for specified clinical tasks; thus, it

is important that the performance of imaging and image-analysis
algorithms be objectively assessed on those tasks. In this context,
strategies have been proposed for task-based assessment of image
quality (9–12). However, imaging algorithms, including those
based on DL, are often evaluated using figures of merit (FoMs)
that are not explicitly designed to measure clinical task perfor-
mance (11). Recent studies conducted specifically in the context of
evaluating image-denoising algorithms showed that task-agnostic
FoMs may yield interpretations that are inconsistent with evalua-
tion on clinical tasks (13–17). For example, in Yu et al. (17) a
DL-based denoising algorithm for myocardial perfusion SPECT
indicated significantly superior performance based on a structural
similarity index measure and mean squared error but did not yield
any improved performance on the clinical task of detecting myocar-
dial perfusion defects.
Similar to image denoising, algorithms for image segmentation

are almost always evaluated using FoMs that are not explicitly
designed to quantify clinical task performance (5,18–21). These
FoMs, including the Dice similarity coefficient (DSC), the Jaccard
similarity coefficient (JSC), and the Hausdorff distance (HD) (4),
quantify some measure of similarity between the predicted seg-
mentation and a reference standard such as manual delineation.
For example, the DSC measures spatial overlap between the pre-
dicted segmentation and reference standard. A higher value of
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DSC is typically used to infer more accurate performance. How-
ever, it is unclear how these task-agnostic FoMs correlate with
performance on clinically relevant tasks.
Our objective was to investigate whether evaluating PET segmenta-

tion algorithms using task-agnostic FoMs leads to interpretations that
are consistent with evaluation based on clinical task performance. Per-
forming this investigation with patient data in a multicenter setting is
highly desirable because such a study offers the ability to model vari-
abilities in both patient population and clinical scanner configurations.
Toward this goal, we conducted a retrospective study using data from
the American College of Radiology Imaging Network (ACRIN)
6668/Radiation Therapy Oncology Group (RTOG) 0235 multicenter
clinical trial (22,23). In this trial, patients with stage IIB/III non–small
cell lung cancer were imaged with 18F-FDG PET/CT studies. In the
study of non–small cell lung cancer, there is a strong interest in inves-
tigating whether early changes in tumor metabolism can help predict
therapy response (24). Although most studies have focused on SUV-
based metrics, the findings have been inconsistent (24,25), motivating
the need for new and improved metrics. In this context, metabolic
tumor volume (MTV) and total lesion glycolysis (TLG) are showing
strong promise as prognostic biomarkers in multiple studies (3,26,27).
As introduced above, computing these features requires tumor seg-
mentation. Thus, our study was designed to assess the concordance in
evaluating various image segmentation algorithms using task-agnostic
metrics (DSC, JSC, and HD) versus on the clinically relevant tasks of
estimating the MTV and TLG. Initial results of this study were pre-
sented in brief previously (28); here, we provide a detailed description
of the methods and study design, provide new findings, and conduct
comprehensive analyses of the results.

MATERIALS AND METHODS

Study Population
This retrospective study of existing data was approved by the insti-

tutional review board, which waived the requirement to obtain
informed consent. Deidentified 18F-FDG PET/CT images of 225
patients with inoperable stage IIB/III locally advanced non–small cell
lung cancer were collected from the ACRIN 6668/RTOG 0235 multi-
center clinical trial (22,23). The images were collected from The Can-
cer Imaging Archive database (29). Baseline PET/CT scans were
acquired before curative-intent chemoradiotherapy for each patient.
Demographics and clinical characteristics of the patient population are
summarized in Supplemental Table 1 (supplemental materials are
available at http://jnm.snmjournals.org). A standardized imaging pro-
tocol was detailed by Machtay et al. (23). Briefly, an 18F-FDG dose
ranging from 370 to 740 MBq was administered, with image acquisi-
tion beginning 50–70min later and including the body from the

upper–mid neck to proximal femurs. The PET images were acquired
from 12 ACRIN-qualified clinical scanners (30), including GE Health-
care Discovery LS/ST/STE/RX, GE Healthcare Advance, Philips
Allegro/Guardian, and CTI PET Systems (marketed as Siemens scan-
ners): models 1023/1024/1062/1080/1094. The image reconstruction
procedure compensated for attenuation, scatter, randoms, normaliza-
tion, decay, and dead time. Details of the reconstruction protocol for
each PET scanner are provided in Supplemental Table 2.

Data Curation
Evaluation of PET segmentation algorithms required knowledge of

true tumor boundaries or a surrogate for ground truth, such as tumor
delineations performed by an expert human reader. For this purpose, a
board-certified nuclear medicine physician with more than 10 y of
experience reading PET scans was tasked with defining the boundary
of the primary tumor for each patient (Fig. 1). The physician was
instructed to locate the primary tumor by carefully reviewing the core-
gistered PET/CT images along coronal, sagittal, and transverse planes
and then using an edge-detection tool (MIM Encore 6.9.3; MIM Soft-
ware Inc.) to obtain an initial boundary of the primary tumor. The phy-
sician was informed explicitly about potential errors in this initial
boundary and was thus advised to review this boundary carefully and
make any modifications as needed. The task of segmenting the tumors
in the whole dataset was split into multiple sessions to avoid reader
fatigue. At the end of this process, we had expert-defined segmenta-
tions for the primary tumors in the 225 PET scans in our dataset.

Consideration of Conventional Computer-Aided Image
Segmentation Algorithms

Conventional computer-aided PET segmentation algorithms are typ-
ically categorized into those based on thresholding, boundary detec-
tion, and stochastic modeling (4). We selected the algorithms of
SUVmax thresholding (SUVmax40% and SUVmax50%) (31), Snakes
(32), and Markov random field-Gaussian mixture model (MRF-GMM)
(33) from each of those categories, respectively. A detailed description
of these algorithms is provided in the supplemental materials (31–33).

Consideration of DL-Based Image Segmentation Algorithm
We next considered the evaluation of a state-of-the-art U-net–based

algorithm (5,8,34,35). A detailed description of the network architec-
ture is provided in Supplemental Figure 1. When DL-based algorithms
are developed and evaluated, common factors known to impact the
performance include the choice of network depth (36), network width
(37), loss function (38), and data preprocessing and augmentation
strategies. In this study, we focused on investigating whether evaluat-
ing the impact of network depth and loss function using the task-
agnostic FoMs yields inferences that are consistent with evaluation on
the tasks of estimating MTV and TLG.

FIGURE 1. Workflow to obtain manual segmentation of primary tumor (arrow) for each patient. MIM5 MIM Encore 6.9.3.
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Network Training. The U-net–based algorithm was implemented
to segment the primary tumor on 3-dimensional PET images on a per-
slice basis. During training, 2-dimensional PET images of 180 patients
with the corresponding surrogate ground truth (tumor delineations per-
formed by the physician) were input into the U-net–based algorithm.
The network was trained to minimize a loss function between the true
and predicted segmentations using the Adam optimization method (39).
The loss function will be specified in each experiment described below.
Network hyperparameters, including parameters of activation function
and dropout probability, were optimized via 5-fold cross-validation on
the training dataset. The final optimized U-net–based algorithm was
then evaluated on the remaining independent 45 patients from the same
cohort. There was no overlap between the training and test sets.
Configuring the U-Net–Based Algorithm with Different Net-

work Depths. We varied the network depth by setting the number of
paired blocks of convolutional layers (supplemental materials) in the
encoder and decoder to 2, 3, 4, and 5. The detailed network architec-
ture that consisted of 2 paired blocks is provided in Supplemental
Table 3. For each choice of depth, the network was trained to mini-
mize a binary cross-entropy (BCE) loss between the true and predicted
segmentations, denoted by st and sp, respectively. The number of vox-
els in the PET image is denoted by N. The BCE loss is given by

LBCEðst, spÞ52
1
N

XN
n51

½stnlog spn1ð12stnÞlogð12spnÞ$: Eq. 1

The network with each depth choice was independently trained and
cross-validated on the training dataset. After training, each network
was evaluated on the 45 test patients.
Configuring the U-Net–Based Algorithm

with Different Loss Functions. A com-
monly used loss function in DL-based segmen-
tation algorithms is the combined Dice and
BCE loss, which leverages the flexibility of
Dice loss for handling class-imbalance problems
and the use of BCE loss for curve smoothing
(36). In this loss function, the weight of BCE
loss is controlled by a hyperparameter, denoted
by l. We investigated whether evaluating the
impact of different values of l on the perfor-
mance of the U-net–based algorithm using the
task-agnostic and task-based FoMs yields con-
sistent interpretations.

The Dice loss is denoted by LDice, such
that

LDiceðst, spÞ512
23
XN

n51
stns

p
nXN

n51
stn1

XN

n51
spn
:

Eq. 2

The combined Dice and BCE losses are
defined as

Lcombðst, spÞ5lLBCE1ð12lÞLDice, Eq. 3

where the term LBCE is defined in Equa-
tion 1. In this experiment, we considered 6
different values of l ranging from 0 to 1.
We fixed the depth of the network by con-
sidering 3 paired blocks of convolutional
layers in the encoder and decoder. For each
value of l, the network was independently
trained and cross-validated on the same
training dataset. Each trained network was
then evaluated on the 45 test patients.

Evaluation FoMs
Task-Agnostic FoMs. The widely used task-agnostic FoMs of DSC,

JSC, and HD were used in this study. The DSC and JSC, as defined in
Taha and Hanbury (40), measure the spatial overlap between the true and
predicted segmentations. The values of both DSC and JSC lie between 0
and 1, and a higher value implies a more accurate performance. The HD
quantifies the shape similarity between the true and predicted segmenta-
tions, and a lower value implies a more accurate performance. The values
of DSC, JSC, and HD are reported as mean and 95% CI. Paired sample
t-tests were performed to assess whether significant differences exist.
Task-Based FoMs. An essential criterion in validating algorithms

to extract quantitative imaging metrics such as MTV and TLG is that
the measurements obtained with the algorithm are accurate (41,42),
because an algorithm that yields biased measurements would not cor-
rectly reflect the underlying pathophysiology. In a population, the bias
can often vary on the basis of the true value and thus should be quanti-
fied over the entire measurable range of values to provide a more com-
plete measure of accuracy (43). Ensemble normalized bias, defined as
the bias averaged over the distribution of true values, helps address this
issue and provides a summarized FoM for accuracy (44,45). This FoM
was thus used in this study. Detailed definitions of the ensemble nor-
malized bias are provided in the supplemental materials (41,42,44,45).

RESULTS

Evaluation of Conventional Computer-Aided Algorithms
Figures 2A and 2B present the quantitative assessment of con-

ventional computer-aided segmentation algorithms over the 225

FIGURE 2. Quantitative assessment of concordance in evaluation of considered conventional PET
segmentation algorithms using task-agnostic FoMs of DSC, JSC, and HD (A) and on tasks of esti-
mating MTV and TLG of primary tumor (B). Comparisons of segmentations yielded by SUVmax40%
vs. SUVmax50% (C) and MRF-GMM vs. Snakes (D) were provided for 2 representative patients. ens.
norm.5 ensemble normalized; abs. norm.5 absolute normalized.
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patients using the task-agnostic and task-based FoMs. On the basis
of DSC and JSC, SUVmax40% significantly outperformed
SUVmax50% (P , 0.05). However, we observed that SUVmax40%
yielded increased ensemble normalized bias in the estimated MTV

and TLG of 51% and 54%, respectively,
indicating a much less accurate perfor-
mance on the clinically relevant quantita-
tive tasks. Similarly, the MRF-GMM
significantly outperformed Snakes on the
basis of the DSC, JSC, and HD (P , 0.05)
but revealed a 24% increased ensemble
normalized bias in the estimated MTV.
Figure 2C shows the visual comparison

of segmentations yielded by SUVmax40%
versus SUVmax50% for a representative
patient. We observed that both algorithms
yielded very similar DSC, JSC, and HD
values. However, SUVmax40% yielded
substantially higher absolute normalized
error (aNE) in the estimated MTV and
TLG. For another representative patient
shown in Figure 2D, the MRF-GMM
yielded higher DSC and JSC and lower
HD values. However, this algorithm
yielded less accurate estimates of MTV
and TLG, as indicated by the higher aNEs.

Evaluating the U-Net–Based Algorithm
Impact of Network Depth Choice.

Figure 3A shows the impact of varying net-
work depth on the performance of the
U-net–based algorithm, as evaluated using
both the task-agnostic and the task-based

FoMs on the 45 test patients. No significant difference was detected
among any of the considered network depths on the basis of the DSC,
JSC, and HD (P , 0.05). However, deeper networks yielded more
accurate performance on the tasks of estimating MTV and TLG. Parti-

cularly, compared with the shallower net-
work with 2 paired blocks of convolutional
layers, the deeper network with 4 paired
blocks yielded substantially lower absolute
ensemble normalized bias in the estimated
MTV and TLG, with a decrease of 91% and
87%, respectively. Segmentations of the shal-
lower and deeper networks are shown for 1
representative test patient in Figure 3B. We
observed that the deeper network yielded
lower DSC and JSC and higher HD values
but actually outperformed the shallower net-
work on the tasks of estimating the MTV
and TLG.
Impact of Loss Function Choice. Figure

4A shows the assessment of concordance
between task-agnostic versus task-based
FoMs in evaluating the impact of varying
loss functions on the performance of the
U-net–based algorithm. On the basis of
the DSC, JSC, and HD, there was no sig-
nificant difference among any values of the
hyperparameter, l. However, we observed
substantial variations in the tasks of estimat-
ing MTV and TLG, with up to a 73% and
58% difference between the highest and low-
est ensemble normalized bias in the estimated
MTV and TLG, respectively. Figure 4B

FIGURE 3. (A) Quantitative assessment of concordance between task-agnostic and task-based
FoMs in evaluating impact of varying network depth on performance of U-net–based algorithm. (B)
Comparison of segmentations yielded by deeper and shallower network for 1 representative test
patient. abs. ens. norm.5 absolute ensemble normalized; abs. norm.5 absolute normalized.

FIGURE 4. (A) Quantitative assessment of concordance between task-agnostic and task-based
FoMs in evaluating impact of loss function on performance of U-net–based algorithm. (B) Comparison
of segmentations yielded by U-net–based algorithm configured with 2 loss functions for 1 representa-
tive test patient. abs. ens. norm.5 absolute ensemble normalized; abs. norm.5 absolute normalized.
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compares the segmentations obtained with a l of 0 versus a l of 0.8
for a representative test patient. For this patient, whereas the values of
DSC, JSC, and HD were similar, a l of 0 yielded lower aNEs in the
estimated MTV and TLG.

DISCUSSION

Reliable performance on clinically relevant tasks is crucial for
clinical translation of image segmentation algorithms. A key task for
which image segmentation is often conducted in oncologic PET is
quantifying features such as MTV and TLG. However, these seg-
mentation algorithms are almost always evaluated using FoMs that
are not explicitly designed to measure clinical task performance. In
this study, we investigated whether evaluating PET segmentation
algorithms with the widely used task-agnostic FoMs leads to inter-
pretations that are consistent with evaluation on clinically relevant
quantitative tasks.
Results from Figure 2 indicate that evaluation of conventional

computer-aided PET segmentation algorithms based on task-agnostic
FoMs of DSC, JSC, and HD could yield discordant interpretations

compared with evaluation on the tasks of esti-
mating MTV and TLG of the primary tumor.
When evaluating the SUVmax thresholding
algorithm, initial inspection based on the
task-agnostic FoMs implied that the intensity
threshold of 40% SUVmax yielded a signifi-
cantly superior performance. However, fur-
ther investigation showed that SUVmax50%
provided substantially more accurate perfor-
mance on estimating MTV and TLG. This
discordance was also observed when compar-
ing the MRF-GMM and Snake algorithms.
Thus, these results demonstrate the limited
ability of the DSC, JSC, and HD to evaluate
image segmentation algorithms on clinically
relevant tasks.
The limitation in task-agnostic FoMs was

again observed in evaluating the impact of
network depth and loss function on the per-
formance of a state-of-the-art U-net–based
image segmentation algorithm. In Figure 3,
we observed initially that the deeper net-
works yielded DSC, JSC, and HD values
statistically similar to those in the shallower
networks. Considering the requirement for
computational resources when training DL-
based algorithms, this may motivate the
deployment of shallower networks in clinical
studies. However, our task-based evaluation
showed that a deeper network yielded sub-
stantially higher accuracy in the estimated
MTV and TLG. Similarly, we observed
from Figure 4 that based on the task-
agnostic FoMs, the performance of the
U-net–based algorithm was insensitive to the
choice of l (the hyperparameter controlling
the weight of BCE loss in the cost function).
However, differences up to 73% and 58%
could exist between the highest and lowest
ensemble normalized bias in the estimated
MTV and TLG, respectively.

To gain further insights into the observed discordance between
task-agnostic and task-based FoMs, we performed secondary
analyses on a per-patient basis. In Figure 5A, for each of the
225 patients, we first calculated the difference (D) in DSC, JSC,
and HD between SUVmax50% and SUVmax40% (e.g., DDSC5
DSC½SUVmax50%$ 2 ½DSC½SUVmax40%$). Next, we obtained the
difference in the aNE (supplemental materials; Eq. 2) in the esti-
mated MTV and TLG (e.g., MTV DaNE5MTV aNE½SUVmax

50%$2MTV aNE½SUVmax40%$). We then studied the relationship
between DDSC (and DJSC and DHD) versus DMTV aNE (and
DTLG aNE) via scatter diagrams. For 36 patients, a negative value
of DDSC=DJSC was observed, implying that SUVmax50% was
inferior to SUVmax40%. However, for these patients, SUVmax50%
actually yielded better estimates of MTV, as indicated by the
lower aNEs. Similarly, it was observed that interpretations
obtained with DHD could be discordant with those based on
DMTV aNE=DTLG aNE. Additionally, even for minor changes in
DSC, JSC, and HD (i.e., DDSC=DJSC=DHD# 0; close to the ver-
tical dashed line in the scatter diagram), we observed substantial
variations in the DMTV aNE=DTLG aNE values. This indicates

FIGURE 5. Quantitative assessment of concordance between interpretations obtained with task-
agnostic vs. task-based FoMs on per-patient basis for considered computer-aided PET segmenta-
tion algorithms. Each point in scatter diagram represents individual patient. Horizontal position of
each point indicates difference in DSC, JSC, and HD between SUVmax50% vs. SUVmax40% (A) and
MRF-GMM vs. Snakes (B). Similarly, vertical position indicates difference in aNEs in estimated MTV
and TLG. abs. norm.5 absolute normalized.
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that these task-agnostic FoMs could be insensitive to even dra-
matic changes in quantitative task performance. This trend was
again observed when comparing MRF-GMM versus Snakes
(Fig. 5B) and evaluating the impact of network depth and loss
function on the performance of the U-net–based algorithm (Fig. 6).
The findings of this study are not meant to suggest that the task-

agnostic metrics, including the DSC, JSC, and HD, are not helpful.
In fact, initial development of segmentation algorithms may not be
associated with a specific task, and thus, task-agnostic FoMs are
valuable for assessing the promise of these algorithms. However,
for clinical application, it is important to further assess the perfor-
mance of these algorithms on clinical tasks for which imaging is
performed, as also emphasized in the best practices for evaluation of
artificial intelligence algorithms for nuclear medicine (RELAINCE
guidelines) (44). Results from our study further confirm the need for
this task-based evaluation.
Our task-based evaluation focused on assessing the accuracy of

image segmentation algorithms in quantifying features from PET
images. In clinical studies, other criteria to evaluate the quantifica-
tion performance could include precision, when repeatability or
reproducibility are required for clinical decision-making. When

the segmentation is required for radiother-
apy planning, the relevant criterion is ther-
apeutic efficacy—for example, the task of
improving the probability of tumor control
while minimizing the chances of normal-
tissue complications. For this task, Barrett
et al. proposed the use of an area under the
therapy operating characteristic curve (46)
for evaluating the segmentation algorithms.
In all of these evaluation studies, clinicians
(radiologists, nuclear medicine physicians,
and disease specialists) have a crucial role
in defining the clinically most relevant task
and corresponding FoMs for the evaluation
of image segmentation algorithms (11).
Evaluating PET segmentation algorithms

on quantification tasks required knowledge
of true quantitative values of interest. How-
ever, such ground truth is often unavailable
in clinical studies. To circumvent this chal-
lenge, we considered quantitative values
obtained using expert human-reader–defined
manual delineations as surrogate ground
truth. However, we recognize that this surro-
gate may be erroneous. To address the issue
of a lack of ground truth in task-based evalu-
ation of quantitative imaging algorithms, no-
gold-standard evaluation techniques have
been developed (47–50). These techniques
have demonstrated promise in evaluating
PET segmentation algorithms on clinically
relevant quantitative tasks (51–53). As these
techniques are validated further, they could
provide a mechanism to perform objective
task-based evaluation of segmentation algo-
rithms with patient data. The findings from
this study motivate further development and
validation of these no-gold-standard evalua-
tion techniques.
Other limitations of this study include

the fact that the PET scanners used in the ACRIN 6668/RTOG
0235 multicenter clinical trial were relatively old and did not have
time-of-flight capability. Thus, these scanners could yield substan-
tially lower effective sensitivity compared with modern PET scan-
ners. Conducting the proposed study with newer-generation
scanners could provide further insights into the potential discor-
dance between task-agnostic and task-based FoMs with more
modern technologies. Additionally, the U-net–based algorithm
was trained to segment tumors on a per-slice basis. As shown
by Leung et al. (5), this strategy helped alleviate the requirement
for large amounts of training data and the demand for computa-
tional resources. Results from this study motivate expanding
the evaluation of 3-dimensional fully automated DL-based
algorithms.
As a final remark, the purpose of this study was not to compare

DL-based algorithms with conventional computer-aided algo-
rithms. Although we observed that the considered U-net–based
algorithm yielded substantially improved performance compared
with conventional algorithms based on the task-agnostic and task-
based metrics, this study does not intend to suggest that DL-based
algorithms are preferable over conventional algorithms.

FIGURE 6. Quantitative assessment of concordance between interpretations obtained with task-
agnostic vs. task-based FoMs on per-patient basis when evaluating impact of network depth (A) and
loss function (B) on performance of U-net–based algorithm. abs. norm.5 absolute normalized.
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CONCLUSION

Our retrospective analysis with the ACRIN 6668/RTOG 0235 mul-
ticenter clinical trial data shows that evaluation of PET segmentation
algorithms based on widely used task-agnostic FoMs could lead to
findings that are discordant with evaluation on clinically relevant
quantitative tasks. The results emphasize the important need for objec-
tive task-based evaluation of image segmentation algorithms for quan-
titative PET.
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KEY POINTS

QUESTION: Are widely used metrics such as DSC, JSC, and
HD sufficient to evaluate image segmentation algorithms for their
clinical applications?

PERTINENT FINDINGS: Our retrospective analysis with the
ACRIN 6668/RTOG 0235 multicenter clinical trial data shows
that evaluating PET segmentation algorithms on the basis of the
DSC, JSC, and HD FoMs could lead to interpretations that are
discordant with evaluation on the clinically relevant quantitative
tasks of estimating the MTV and TLG of primary tumors in patients
with non–small cell lung cancer.

IMPLICATIONS FOR PATIENT CARE: Objective task-based
evaluation of new and improved image segmentation algorithms
is important for their clinical application.
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Medullary thyroid cancer (MTC), a neuroendocrine tumor
arising from the parafollicular cells of the thyroid gland, accounts
for approximately 1%–2% of all thyroid cancers (1). Only recently
was cholecystokinin-2 receptor (CCK2R) identified as a suitable
target for PET/CT imaging of MTC (2,3).
We report on a 74-y-old man with a history of locally advanced

MTC who had undergone tumor debulking including a hemithyroid-
ectomy and lymph node dissection on the right side. Informed con-
sent was obtained from the patient, and the project was approved by
the institutional ethics committee of Ludwig-Maximilians-Universit€at
M€unchen, Munich, Germany (permit 23-0627).
Postoperative [18F]F-3,4-dihydroxyphenylalanine (DOPA) PET/CT

detected residual local tumor as well as cervical and upper mediastinal

lymph node metastases, prompting additional external-beam radiother-
apy. After treatment, serum calcitonin levels decreased (from 5,300
to 720pg/mL) but remained significantly elevated. Thus, another re-
staging with [18F]F-DOPA PET/CT (201 MBq) was performed.
To assess the possibility of CCK2R-directed radioligand ther-

apy, the patient additionally underwent PET/CT with [68Ga]Ga-
DOTA-CCK-66 (150 MBq; time interval between scans, 16 d), a
novel CCK2R-directed tracer. It was well tolerated and demon-
strated a favorable biodistribution with only physiologic uptake
in the stomach and renal tracer excretion. In concordance with
[18F]F-DOPA, [68Ga]Ga-DOTA-CCK-66 detected an identical
number of MTC lesions composing the still viable local tumor
(SUVmax of 7.4, vs. 7.0 for [18F]F-DOPA), as well as multiple

FIGURE 1. Maximum-intensity projections and axial sections of [68Ga]Ga-DOTA-CCK-66 (A) and [18F]F-DOPA (B) PET/CT. White stars indicate local
tumor in left thyroid bed. Arrows indicate lymph node metastasis in right upper mediastinum. Intensity scale bars are SUV.
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cervical and mediastinal lymph node metastases (SUVmax of 9.5,
vs. 8.7 for [18F]F-DOPA) (Fig. 1).
CCK2R-directed PET imaging with [68Ga]Ga-DOTA-CCK-66 is

feasible. Given the possibility of receptor-directed radioligand ther-
apy using its 177Lu- or 225Ac-labeled analog, this new compound
might prove a valuable addition to the theranostic armamentarium
in MTC. Further research with a special focus on kidney doses,
which have been a relevant issue for therapeutic CCK2R ligands
regarding the amount of administered activity, is warranted.

DISCLOSURE

A patent application on CCK2R-targeted compounds was filed
by Thomas G€unther, Nadine Holzleitner, Hans-J€urgen Wester, and

Constantin Lapa. No other potential conflict of interest relevant to
this article was reported.

REFERENCES

1. Wells SA Jr, Asa SL, Dralle H, et al. Revised American Thyroid Association
guidelines for the management of medullary thyroid carcinoma. Thyroid. 2015;
25:567–610.

2. Reubi JC, Waser B. Unexpected high incidence of cholecystokinin-B/gastrin recep-
tors in human medullary thyroid carcinomas. Int J Cancer. 1996;67:644–647.

3. von Guggenberg E, Kolenc P, Rottenburger C, Mikolajczak R, Hubalewska-
Dydejczyk A. Update on preclinical development and clinical translation of
cholecystokinin-2 receptor targeting radiopharmaceuticals. Cancers (Basel). 2021;
13:5776.

494 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 65 ! No. 3 ! March 2024



L E T T E R S T O T H E E D I T O R

Commentary on “Radioactive Iodine:
A Living History”

TOTHE EDITOR: An article was recently published in Thyroid to
commemorate the discovery and use of radioiodine for the
management of patients with thyroid disease (1). Although
“Radioactive Iodine: A Living History” is overall an excellent
review, there are some errors of fact in the historical record that we
would like to correct. The reason for these errors is unclear, as is
the reason the editors of the journal did not feel the need to correct
them or provide an erratum. When selling great art, it is important
to know the provenance of that art. Ideally, you want a paper trail
from the artist to the present owner. In medicine, that provenance is
normally provided by a series of published papers available on search
engines such as PubMed. However, the attestation of a particular idea
may not be fully provided in scientific papers alone. Thus, to identify
the provenance of radioiodine and ensure the correct attestation of
ideas, it may be necessary to look at sources other than just published
papers. We now have access to primary-source verification. In the
case of the discovery and development of radioiodine in thyroid dis-
ease by Saul Hertz, one must look at Hertz’s correspondence with
other important players, such as Karl Compton, James Means, and
the Markle Foundation. Fortunately, Hertz’s daughter has already
done much of this work, which was published in an article in the
World Journal of Nuclear Medicine (2). However, when the
primary-source data are consulted, it is evident that the article con-
tains several factual errors, particularly in the attestation of the gene-
sis and implementation of the use of radioiodine. In this letter, we aim
to identify and correct these errors.
The first use of 131I to treat hyperthyroidism (Graves disease) was

on March 31, 1941, not in January 1941. In honor of this first radio-
iodine therapy, we now celebrate Saul Hertz World Theranostics
Day on March 31 (2).
On Nov. 12, 1936, Karl Compton, president of the Massachusetts

Institute of Technology, presented a guest lecture entitled, “What
Physics Can Do for Biology andMedicine,” as part of a weekly lun-
cheon lecture seriesat theMassachusettsGeneralHospital.At the end
of the lecture, Saul Hertz solely conceived and spontaneously asked
the seminal question “Could iodine bemade radioactive artificially?”
Compton was uncertain and said he would look into it. He wrote to
Hertz on December 15, 1936, apologizing for the delayed response
and replying that “Iodine can be made artificially radioactive.” In
fact, Enrico Fermi had produced 128I in 1934. Letters between Hertz
andComptonmake it clear that the idea of using radioactive isotopes
tostudymetabolismcame fromHertz (2–5).Thefact that itwassolely
Hertzwho conceived and asked the questionwas confirmed by James
Means, chief ofmedicine at theMassachusetts General Hospital, in a
letter to the Markle Foundation (Fig. 3 in (3)) in which he stated
“…when it becameapparent that theremight be radioactive isotopes
of iodine, it at once occurred toHertz that wemightmake use of them
to solve a problem we were already working on.”
The summary at the beginning of the article in Thyroid states, “In

1936, Karl Compton… in a lecture attended by Massachusetts Gen-
eral Hospital physicians, suggested that artificially radioactive

isotopes might be useful for studying metabolism.” (1). On page
2, it is stated that Robley Evans suggested discussing “artificially
radioactive isotopes” and their potential for studying metabolism.
We think it highly unlikely that either Evans or Compton, who
were physicists, made that suggestion. This idea actually was con-
ceived by Hertz.
The Thyroid article erroneously states, “Hertz and Evans demon-

strated uptake of iodine in rabbit thyroids…” (1). However, the evi-
dence supports that it was Hertz and Roberts who demonstrated
uptake of iodine in rabbit thyroids (4,5). Actually, Evans, who was
chief of medical physics at the Massachusetts Institute of Technol-
ogy, never participated in any of the studies, according to a letter
by Arthur Roberts to John Stanbury in 1991 (6). However, Evans
demanded credit (i.e., as a coauthor) because of his supervisory
position.
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[18F]FDG and Lymphomas: Still a Winning
Golden Couple in the Era of FAPI-Based
Radiotracers

TO THE EDITOR: We were greatly intrigued by the article titled
“Fibroblast Activation Protein and Glycolysis in Lymphoma Diag-
nosis: Comparison of 68Ga-FAPI PET/CT and 18F-FDG PET/CT”
by Chen et al. in The Journal of Nuclear Medicine (1). This article
highlights the distinctive and well-established role of [18F]FDG
PET/CT in the management of lymphoma patients for determining
disease extent, prognosis, and treatment response as exemplified by
the Deauville score. In lymphoma patients, the superiority of
[18F]FDG over fibroblast activation protein inhibitor (FAPI)–based
tracers, a new class of radiopharmaceuticals that have otherwise shown
higher diagnostic performance than [18F]FDG in various oncologic set-
tings (2), raises important questions.COPYRIGHT! 2024 by the Society of Nuclear Medicine andMolecular Imaging.
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The paper’s results are thought-provoking, particularly consider-
ing the crucial role of the tumor microenvironment in lymphoma sur-
vival and growth (3). Notably, there has already been significant
uptake of FAPI-based agents targeting the tumor microenvironment
in lymphoma (4). In the study by Chen et al. (1), immunohistochem-
istry analysis revealed significantly lowerfibroblast activation protein
expression cell densities than hexokinase 2 and glucose transporter 1
in most lymphoma subtypes (P , 0.001).
Although [18F]FDG PET/CT plays a pivotal role in lymphoma

management, a gray zone exists in which its diagnostic performance
declines, notably in cases of indolent lymphomas or those with low
[18F]FDG avidity. It is intriguing to explore whether a FAPI-based
radiotracer could complement or serve as an alternative to
[18F]FDG for these specific lymphoma subtypes. However, Chen
et al. (1) did not thoroughly address this aspect, mainly because of
the limited number of patients with indolent or low-avidity lympho-
mas. Additionally, their patient population is highly heterogeneous,
encompassing various histopathologic patterns and clinical settings
for the examinations. To address this limitation, a prospective study
with a homogeneous group of patients and a well-defined study
design would be desirable.
Another crucial consideration is the evolving landscape of lym-

phoma treatment. The current standard of care is chemoimmunother-
apy, with salvage high-dose chemotherapy and autologous stem cell
transplantation serving as the second-line treatments for patients
with relapsed or refractory lymphomas (5). However, only a few
patients achieve a cure with this intensive approach, and its applica-
bility is restricted by comorbidities and advanced age (6). Recent
advancements in immunotherapy involve CD19 chimeric antigen
receptor T cells, which are autologous T cells genetically reengi-
neered and approved for the treatment of relapsed or refractory
aggressive B-cell lymphomas (7). Nonetheless, despite the high effi-
cacy of chimeric antigen receptor T-cell therapy, a significant num-
ber of patients do not respond or experience relapses (8). In this
context, FAPI-based radiotracers could be explored in a theranostic
context, addressing the molecular target with appropriately radiola-
beled agents, similar to current practices in the treatment of neuroen-
docrine tumors and prostate cancer. However, the role of the FAPI
agent in refractory lymphoma patients still remains unexplored.
In conclusion, there is still much to discover regarding the role of

FAPI-based radiotracers in hematology. We eagerly await the avail-
ability of commercially accessible radiopharmaceuticals to explore
the advantages and potential limitations of this class of agents in var-
ious clinical settings, laying the foundation for innovative cancer
monitoring strategies.
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REPLY:We thank Dr. Guglielmo and Dr. Evangelista for the great
summary and thoughtful comments regarding our paper (1). We
agree that there is still much to discover regarding the role of fibro-
blast activation protein (FAP) inhibitor (FAPI)–based radiotracers in
hematology—for example, the relationship between FAPI avidity
and prognosis and the correlation of heterogeneous and relapsed
or refractory lymphomas.
Several recent studies have revealed the distribution of fibrosis in

nodular sclerosis Hodgkin lymphoma, follicular lymphoma, and dif-
fuse large B-cell lymphoma (2–4). We accidentally found that pri-
mary gastric lymphoma could accumulate 68Ga-labeled FAPI,
which highlighted that 68Ga-FAPI is not cancer-specific (5). Most
aggressive lymphomas were FAPI-avid, whereas indolent non-
Hodgkin lymphoma lesions showed weak FAP staining and mild
tomoderate 68Ga-FAPI uptake (6). These results are partially consis-
tent with the result of Tataroglu et al., which provided quantitative
information about the amount of fibrosis in lymphoma lesions (2).
The focus is now to determine which is the superior method,
68Ga-FAPI PET/CT or 18F-labeled FDG PET/CT in indolent
lymphoma. Compared with FAP expression in stromal cells, glyco-
lytic markers with high cell density were overexpressed in tumors
and the tumor microenvironment, resulting in higher rates of detect-
ing lymphoma lesions. However, our result was not very convincing
because of the limited number and heterogeneity of patient popula-
tion, especially the indolent type.
The ability to detect fibrosis before and after treatment with 68Ga-

FAPI PET/CT could be the basis for planning prospective studies
compared with treatment with 18F-FDG PET/CT. A prospective
study showed that the presence of tumor sclerosis was significantly
associatedwith poor overall survival of patientswith advanced-stage
nodal follicular lymphoma (7). As Dr. Guglielmo and Dr. Evangel-
ista suggested, a large-scale, well-defined, prospective study should
be designed in a homogeneous group to explore the potential role of
68Ga-FAPI PET/CT and the relationship between PET performance,
heterogeneity, and prognostic value before and after treatment.
Malignancy theranostics is a novel approach that combines diag-

nostic imaging and radionuclide therapy. Only a few proof-of-
concept studies have been published for FAP-targeted radioligand
therapies, radiolabeledwith 131I, 90Y, and 177Lu,which showedmixed
responses (8–10). It is valuable to explore the role of FAP-targeted
radionuclide therapy in refractory lymphoma patients, especially in
aggressive lymphomas. Also, combination therapies of FAP-
targeted radionuclide therapy and immunotherapy could be explored
in relapsed or refractory aggressive non-Hodgkin lymphoma.
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Overall, FAPI-based imaging and theranostics have been a highly
vibrant research field over the past few years and have been the van-
guard of personalized medicine. Beforehand, future larger-scale
studies should be conducted to explore the diagnostic and therapeu-
tic value of FAPI-targeted imaging and theranostics in hematology.
We hope that our study arouses some interest in this research field.

REFERENCES

1. Chen X, Wang S, Lai Y, et al. Fibroblast activation protein and glycolysis in
lymphoma diagnosis: comparison of 68Ga-FAPI PET/CT and 18F-FDG PET/CT.
J Nucl Med. 2023;64:1399–1405.

2. Tataroglu C, Sarioglu S, Kargi A, Ozkal S, Aydin O. Fibrosis in Hodgkin and
non-Hodgkin lymphomas. Pathol Res Pract. 2007;203:725–730.

3. Lohneis P, Wienert S, Klauschen F, Anagnostopoulos I, J€ohrens K. Fibrosis in low-
grade follicular lymphoma: a link to the TH2 immune reaction. Leuk Lymphoma.
2017;58:1190–1196.

4. FukushimaH,OhsawaM, IkuraY, et al.Mast cells in diffuse largeB-cell lymphoma:
their role in fibrosis. Histopathology. 2006;49:498–505.

5. WangG, JinX, ZhuH, et al. 68Ga-NOTA-FAPI-04 PET/CT in a patient with primary
gastric diffuse large B cell lymphoma: comparisons with 18F-FDG PET/CT. Eur J
Nucl Med Mol Imaging. 2021;48:647–648.

6. Jin X, Wei M, Wang S, et al. Detecting fibroblast activation proteins in lymphoma
using 68Ga-FAPI PET/CT. J Nucl Med. 2022;63:212–217.

7. Klapper W, Hoster E, R€olver L, et al. Tumor sclerosis but not cell proliferation or
malignancy grade is a prognostic marker in advanced-stage follicular lymphoma:
theGermanLowGradeLymphomaStudyGroup. JClinOncol. 2007;25:3330–3336.

8. MaH, Li F, Shen G, et al. Synthesis and preliminary evaluation of 131I-labeled FAPI
tracers for cancer theranostics.Mol Pharm. 2021;18:4179–4187.

9. Rathke H, Fuxius S, Giesel FL, et al. Two tumors, one target: preliminary experience
with 90Y-FAPI therapy in a patient with metastasized breast and colorectal cancer.
Clin Nucl Med. 2021;46:842–844.

10. Ballal S, Yadav MP, Moon ES, et al. First-in-human results on the biodistribution,
pharmacokinetics, and dosimetry of 177Lu-DOTA.SA.FAPi and 177Lu-DOTA-
GA.(SA.FAPi)2. Pharmaceuticals (Basel). 2021;14:1212.

Xuetao Chen
Xuejuan Wang*

Peking University Cancer Hospital and Institute
Beijing, China

*E-mail: xuejuan_wang@hotmail.com

Published online Feb. 1, 2024.
DOI: 10.2967/jnumed.123.266989

LETTERS TO THE EDITOR 497



I N M E M O R I A M

Aruna Bodapati Gambhir, 1962–2023

Aruna Bodapati Gambhir passed
away at the age of 61 on Wednesday,
November 29, 2023, after a long battle
with breast cancer. Preceded in death
by her husband, Sam, and their son,
Milan, she was the last remaining
member of the very special Gambhir
family. Aruna is survived by her nieces
and her nephew: Deepika, Sandhya,
and Sunil Bodapati.

Aruna was born on February 4,
1962, in Bangalore and moved with
her family to the United States in
1975 after spending 10years in
England. She received a bachelor’s
degree in biochemistry at the Univer-
sity of California, Berkeley, a master’s
degree in computer science at Santa Clara University, and an MBA from
UCLA. She had a successful career in software development and executive
leadership, including her role as chief executive officer of CellSight, a com-
pany focused on commercializing PET imaging tracers to visualize the
immune status of patients.

There were many facets of the Aruna we knew.
There was the brilliant, witty, and immensely compassionate woman who

perfectly matched her husband’s intellect and passion for life, people, and
purpose. In Sam’s most memorable moments, Aruna was there not only as
an inspiration for him but as a force of nature in her own right. It was always
Sam and Aruna, Aruna and Sam. They were brilliant together, and we loved
her as much as we loved and admired him. She was a tower of strength, a
change agent, a sharp thinker, and an incredibly genuine person with a sassy
sense of humor. She had a bold way of living—a characteristic that inspired
and energized those around her. If you went to Aruna with a problem,
whether it was about science, business, or life, she would get straight to the
heart of the matter without wasting a moment. She wouldn’t hold back, espe-
cially if the issue was one most people would be afraid to call out or tackle.
She operated from a place of urgency to find solutions for the people she
cared about and to make progress in medicine.

Then there was the Aruna after Milan passed away. The unimaginable loss
of a child, an extraordinary child, transformed Aruna’s wicked sense of humor
and joie de vivre into a sadder, wry, and darker reflection of life. Her purpose
was redirected to understanding “why” and how to make sure no other parent
ever lost a child to cancer again. It was a testimony to her strength and intelli-
gence that she had great success, of her own volition, in understanding this
question, though at times it seemed that it may have come at the expense of
her light and love for life.

And finally, there was the Aruna after Sam. She was still purposeful but was
dealingwith somuch loss and heartache. As her health deteriorated, it was almost
as though the longing to be with the great loves of her life—Sam andMilan—
slowly took her away from us. Incredibly, even in this stage of her life, she
put her own unfathomable grief aside to support Sam’s former lab members
(his “kids”), trainees, and colleagues. During what one could only imagine
as the darkest of days, Aruna would tirelessly call each lab member individ-
ually to check on them, listen, and see how she could help. She provided
honest advice and practical help on the next steps in their careers and sup-
ported them through their sadness while, in some cases, cooking them a
dosa in her Portola Valley home.

Not only was Aruna a woman of action when it came to helping Sam’s lab
members find jobs and make tough decisions to improve the quality of their
lives, but she also did everything she could to ensure that her late husband’s
vision and wishes were fulfilled. She built a house that Sam designed while he
was ill. Importantly to our Stanford community, Aruna also did everything in
her power to ensure that the second cyclotron and the expansion of the radio-
chemistry program went ahead. She met with countless people, learned about
every detail of what was planned and what needed to be done, and didn’t take
no for an answer. Without Aruna’s determination, Sam’s vision for this sec-
ond facility, and all the research and discoveries that will emerge as a result of
its completion, would not have seen the light of day.

We are forever indebted to Aruna for her courageous, bold, and selfless
acts. We thank her for always reminding us to get busy living and, without
delay, to do the things that matter the most to us.

Although we miss her dearly, we will forever be inspired by her strength,
her love for her family, her resilience, her ability to care and fight for others and
help so many around her no matter what she was going through. She was truly
a unique human being who has left an indelible mark on all who knew her.

We all love the Gambhir family. We all love Aruna. Aruna, Milan, and
Sam are together now.We hope she has regained that smile that could light
up a room, that throaty chuckle that infected us with laughter.

Aruna, we hope you have found peace.
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and networking event in nuclear medicine
and molecular imaging, the SNMMI Annual
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scientists with an indepth view of the latest
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