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Innovative PET/CT Technology
Paving the Way for the Future of Molecular Imaging
In 2018, United Imaging revolutionized the field of
PET/CT imaging by launching the world’s first total-
body PET/CT uEXPLORER.® This ultra-high-resolution
digital PET/CT boasts a remarkable 194 cm axial PET
field of view (FOV), enabling the entire body to be
scanned in a single bed position, thus changing the
way whole-body PET/CT imaging has traditionally
been performed and enables low dose, long delay, or
fast scan times for total-body imaging.
The uEXPLORER is unmatched in its total-body
coverage and unprecedented sensitivity, enabling
the dynamic changes to radiotracer distribution to be
captured with ultra-high resolution. This innovative
technology is taking healthcare applications and
scientific research to the next level.

Drawing on insights from the development of
total-body systems, United Imaging has unveiled
uExcel UDP, a next-generation digital detector. This
cutting-edge PET detector is currently available on
the uMI Panorama™ family of systems, with long
axial FOV ranging from 35 cm to 148 cm. The uExcel
UDP improves timing resolution, reduces partial
volume effects, and provides high sensitivity. These
benefits are particularly valuable in oncology for
comprehensive cancer staging, treatment planning
for theranostics, and restaging.
Leveraging cutting-edge technologies and a firm
commitment to excellence, United Imaging is actively
shaping the future landscape of molecular imaging
with its forward-thinking approaches and state-
of-the-art solutions. We invite you to join us in this
exciting journey of innovation and discovery.

uEXPLORER uMI Panorama Family
uMI Panorama

uMI Panorama GS
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Illuminating Cardiac Function
Heinz Schelbert Talks with Heiko Sch€oder and Johannes Czernin About a Pioneering
Career in Nuclear Cardiology

Heinrich Schelbert1, Heiko Sch€oder2, and Johannes Czernin1

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

Heiko Sch€oder, MD, MBA, chief of the Molecular Imaging
and Therapy Service in the Department of Radiology at Memorial
Sloan Kettering Cancer Center and professor of radiology at Weill
Cornell Medical College (both in New York, NY), and Johannes
Czernin, MD, editor-in-chief of The Journal of Nuclear Medicine
(JNM) and a professor at the David Geffen School of Medicine at
the University of California Los Angeles (UCLA), spoke with
Heinrich (Heinz) Schelbert, MD, PhD, about his groundbreaking
career in nuclear cardiology. Dr. Schelbert is a Distinguished Pro-
fessor Emeritus of Pharmacology and Radiologic Sciences and
former chief of the Nuclear Medicine Service at UCLA.
Dr. Schelbert received his medical degree and doctorate from

the University of W€urzburg School of Medicine and completed his
residency at Fitzgerald Mercy Catholic Medical Center of South-
eastern Pennsylvania in Philadelphia. In 1976 he joined the active
and innovative early PET program at UCLA, with a personal focus
on cardiac applications of the new technology. Among his many
major research achievements has been the development and vali-
dation of noninvasive radionuclide imaging techniques for investi-
gating cardiovascular function and their application to the study of
functional and metabolic consequences of coronary artery disease.
He is credited with identifying specific patterns of blood flow and
metabolism in chronically dysfunctional myocardium that are pre-
dictive of potential reversibility and with development and valida-
tion of PET-based techniques for measuring regional myocardial
blood flow in absolute units using 13N-ammonia.
From 2004 to 2011, Dr. Schelbert served as editor-in-chief of

JNM, successfully modernizing the journal while continuing long tra-
ditions of broad inclusiveness and high editorial standards. During his
editorship, the journal’s manuscript submission and review transi-
tioned from a paper-based to an electronic process. He oversaw the
redesign of the journal and introduced online prepublication of manu-
scripts and the availability of complete past issues in an improved
online database, with consistently high annual impact factors.
Throughout his career, Dr. Schelbert has been recognized with

numerous scientific, educational, and service awards and honors,
including the Georg Charles de Hevesy Nuclear Pioneer Award for
distinguished contributions to nuclear medicine by SNMMI and the
Georg von Hevesy Prize (twice) from the World Federation of
Nuclear Medicine and Biology. In 2012, he received the Distin-
guished Lifetime Achievement Award from the American College
of Cardiology, which called him “a giant in the field of cardi-
ology,” adding that “with a plethora of seminal achievements as
a pioneer in the development and application of PET and other
nuclear cardiovascular technologies, he is a rare researcher who

can truly claim the honor of witnessing
the direct application of his experimen-
tal research to clinical care and improved
patient outcomes during his lifetime.”
Dr. Czernin: Dr. Sch€oder and I were

both students of cardiovascular imaging in
your group in the 1990s and late 1980s,
respectively. You have been a leader in
cardiovascular imaging for a long time.
Your initial training was in Germany, but
your career took off in the United States.
What prompted your move here?
Dr. Schelbert: After finishing medi-

cal school and a 1-year internship in
Germany, I wanted to see how medicine
was practiced in other countries. I ended up in the United States in a
community hospital outside of Philadelphia through an internship
program for foreign medical school graduates. After that I trained in
internal medicine, which was very intense but also very good. A Ger-
man cardiologist in Philadelphia, Otto F. M€uller, MD, made cardiol-
ogy exciting and attracted me to the field. I soon began to read
electrocardiograms and was fascinated by the amount of information
that could be derived from ECGs. I also became involved in echocar-
diography, which began to enter clinical cardiology at that time.
Before returning home, I wanted to learn something in cardiology

that would be unique in Germany. The leading cardiology group in
the United States was headed by Eugene Braunwald and John Ross,
Jr., at the NIH. I applied, was accepted, and after the group had—
unexpectedly for me—moved to San Diego, I started there in the fall
of 1968. My research tasks were to find ways to improve contractile
function in infarcted myocardium and, in another project, to explore
the possibility of myocardial perfusion imaging with radiolabeled
microspheres administered into the coronary circulation.
While I was in San Diego in 1975, UCLA had established a new

PET research program and had recruited David E. Kuhl, MD, who
had developed the first SPECT device at the University of Pennsyl-
vania, and Michael Phelps, PhD, who had built the first PET device
in St. Louis, MO, together with Edward Hoffman, PhD, and Henry
Huang, DSc. At that time, PET was applied mostly in neurology but
very little in cardiology. The UCLA group invited me to come to
explore the use of PET for cardiac applications.
Dr. Czernin: Can you talk about the environment, atmosphere,

and spirit of this group at the time? Was this team both running
the nuclear medicine clinic and doing research?
Dr. Schelbert: I was of course very excited to join this unique

group of young, aggressive, and highly resourceful investigators at
UCLA. There was a tremendous level of comradery and excitement
to explore what seemed like an unlimited potential of this new
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technology for studying human biology. The research group did not
run the nuclear medicine clinic; we had clinical appointment in nuclear
medicine. The amount of time spent in research or clinical service
depended on the amount of research support we had generated.
Dr. Sch€oder: How did you settle on 13N-ammonia as a blood

flow tracer? Was that simply because it was available, or had you
already realized that this might be the best perfusion tracer to
answer your questions?
Dr. Schelbert: Yes, because it was available. 13N-ammonia was

used for brain imaging at that time. I thought, let’s try it for the heart.
I explored this in canine experiments and found that it produced
high-quality flow images. We then worked out the tissue kinetics of
13N-ammonia, with the goal of quantifying myocardial blood flow.
Dr. Sch€oder: When and how did you translate the technique to

humans?
Dr. Schelbert: The 13N-ammonia images we obtained in dogs

were of superb diagnostic quality. We then explored effects of cor-
onary stenoses on myocardial perfusion images in chronically
instrumented dogs, which Lance Gould brought from the Univer-
sity of Wahington in Seattle to UCLA. Once we had received IRB
approval, we validated the technique against coronary angiography
in humans and confirmed its high sensitivity and specificity.
Dr. Sch€oder: You also extensively studied cardiac metabolism.

What was the hypothesis there?
Dr. Schelbert: At that time, Lionel Opie had demonstrated that

mild reductions in coronary flow produced an increase in glucose
utilization in the affected myocardium. We wondered whether this

observation could be demonstrated noninvasively with 18F-FDG
and 13N-ammonia. And indeed, we saw an increase in 18F-FDG
uptake in the region of diminished myocardial blood flow down-
stream of an experimental coronary stenosis.
We asked whether a similar flow–metabolism pattern existed in

humans and could be shown with PET. We studied a patient with
chest pain at rest as a sign of acute ischemia. In fact, we found a
perfusion defect downstream of a left anterior descending artery
stenosis that was associated with an intense increase in 18F-FDG
activity; in other words, we saw a blood flow–metabolism mis-
match that we had already seen in dogs with experimentally
induced acute ischemia. I said, “If that’s acute ischemia, then let’s
study a patient without clinical signs of ischemia. We should not
see a mismatch pattern!” We expected to now find a matching
flow–metabolism defect, but what we saw was another mismatch.
Dr. Czernin: When you initially came out with these data and

the associated publications, there was a lot of skepticism from the
cardiac SPECT community.
Dr. Schelbert: People didn’t know what to do with quantitative

myocardial blood flows. Also, PET was perceived as a direct com-
petitor of SPECT perfusion imaging. The viability issue was dif-
ferent; it had direct clinical implications and thus was accepted.
Dr. Sch€oder: You created a large and leading cardiovascular

research program. How did you recruit postdoctoral fellows from
all over the world?
Dr. Schelbert: Word got around that PET was useful not only in

brain imaging but also in cardiology. That, of course, attracted
many young people. I received applications from Europe (Germany,

Austria, Italy, The Netherlands. Denmark, Sweden, and others) and
from Asia. Our postdoctoral fellows were all highly qualified and
truly interested in and committed to research. More than 50 post-
doctoral fellows attended our research program.
Dr. Czernin: There is now a resurgence of clinical PET with

the expected commercial availability of 18F-flurpiridaz. How do
you see the future of PET myocardial perfusion imaging?
Dr. Schelbert: You asked an interesting and important question,

because the number of stress/rest perfusion imaging studies over the
past 10 years has and continues to decline. This may be for several
reasons; one is the use of appropriateness criteria. Another is referral
of high-risk patients directly to invasive coronary angiography. Also,
reimbursement for nuclear perfusion imaging studies has declined.
Most importantly, the clinical presentation of coronary artery dis-

ease has been changing from obstructive disease with acute events to
a more diffuse nonobstructive disease associated with fewer acute
events but a rise in heart failure hospitalizations. Quantitative myo-
cardial blood flows will remain important in these changing scenarios
of nonobstructive disease because the myocardial flow reserve as the
ratio of hyperemic to baseline flows provides important diagnostic
and prognostic information and will continue to be important for risk
stratification, especially in patients without perfusion defects.
Dr. Sch€oder: What do you think was the influence of the rubid-

ium generator, which obviated the need for a cyclotron for cardiac
PET imaging—an advantage or disadvantage overall?
Dr. Schelbert: Unlike the cyclotron, the generator system is

available all the time, and you can use it as many times as you

want. The diagnostic quality of rubidium perfusion images is not
as good as that of 13N-ammonia, but they are diagnostically ade-
quate. The ready availability of the rubidium generator has been a
major driver of the clinical use of PET perfusion imaging.
Dr. Sch€oder: What is the future of molecular imaging as it

relates to cardiac imaging and also to the general development of
new probes?
Dr. Schelbert: I think quantitative flow measurements will stay

with us because they’re important. Other conditions that are likely
to benefit from new and emerging molecular probes include myo-
cardial inflammation and nonischemic cardiomyopathies. This will
be especially important in patients with heart failure with pre-
served ejection fraction and in patients with inflammatory disor-
ders of the myocardium.
Dr. Sch€oder: Let’s talk about JNM for a moment. You had a

highly successful run as editor-in-chief. What prompted you to
apply for the editorship?
Dr. Schelbert: I saw an opportunity to become editor. So, I

applied; I thought this was an interesting challenge, which I wanted
to take on!
Dr. Sch€oder: You had a vision, and obviously you changed the

journal and improved the quality. How did that happen?
Dr. Schelbert: In applying for the editorship, I presented a plan

for what needed to be changed or innovated. At that time, the num-
ber of manuscript submissions to JNM had markedly declined. The
whole review system was a mess, and I proposed what I would
change and improve. I also addressed content and introduced several

`̀When I looked at what was happening in the field—the exciting imaging technologies and radiotracers, such as
those targeting prostate-specific membrane antigen—it became clear to me that the future was and is bright for

nuclear medicine.´́
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new series or types of publications that I thought would be of interest
to the JNM readership and that I believe became quite successful.
Dr. Sch€oder: We are in the era of artificial intelligence (AI)

and very different means of communication. What do you think is
the future of a traditional journal such as JNM?
Dr. Schelbert: I have no doubt that traditional journals such as

JNM will continue to exist. Yet, there will be more brief communica-
tions and letters to the editors for quickly communicating research
findings. Paper publication will disappear; everything will be online.
I do believe that social media will play a greater role although I am
concerned about the superficiality of reports and communications.
And I do think that AI will have a role, not so much in the scientific
content or its assessment but rather for quality control as well plagia-
rism and data fabrication. Although more science will be dissemi-
nated through social media (we see that at JNM), I think the basic
time-tested more rigorous format of research papers, with introduc-
tion, rationale, methods, results, and discussion, will stay with us, at
least for the most important manuscripts.
Dr. Czernin: If the data are correct and the author wants to use

an AI tool, for example, to write the paper so that it’s stylistically
sound and better, would you object to that?
Dr. Schelbert: If it is limited to style and grammar, it is OK.
Dr. Czernin: Many groups have graphic designers who provide

figures, and the figures are usually of much higher quality than
those the authors themselves could create. Isn’t that comparable
to having a manuscript written by AI?
Dr. Schelbert: I don’t know the answer to that. I agree that AI

could create figures that are much better in quality; if we allow those
we’re sort of on the border. I can’t quite tell where the border is
between creating figures and writing text. It’s a difficult area.
Dr. Sch€oder: What will be the role for investigator-initiated

versus industry-driven research, where we are basically executing
whatever a company is pushing for? Can investigator-driven
research survive in this era of company pressure?
Dr. Schelbert: Investigator-driven research will persist. The

NIH and other funding agencies reward new ideas and the devel-
opment of new concepts. I always wonder about the big trials that
are company-sponsored, but those large trials are important. When
you look at cardiology—at coronary artery or inflammatory dis-
ease, for example—you can answer effectiveness questions on
new drugs only through large trials. So, they are necessary.
Dr. Czernin: You did translational and translatable research

long before these terms existed. What do you see as your most suc-
cessfully translated and impactful research?
Dr. Schelbert: I think it is the assessment for myocardial via-

bility. The concept of chronically increased myocardial glucose
utilization was a new one. No one really knew at that time whether
chronic ischemia existed (and it still isn’t ischemia). “I would not
touch chronic ischemia with a 10-foot pole,” a colleague said
when I asked him about chronic ischemia. Today it seems more
like an adaptive change in myocardial substrate metabolism, per-
haps “a recapitulation of the fetal metabolic program,” as it has
been referred to, in the adult heart.
Dr. Czernin: We still do quite a few viability studies, so this has

staying power. Obviously, there’s a clinical need.
Dr. Schelbert: No matter what some clinical trials have con-

cluded, I believe viability assessments will persist. This is what I
hear from colleagues in nuclear medicine and nuclear cardiology
and what I see happening at UCLA at present. Our own initial
experience with viability imaging was derived from patients with

end-stage coronary artery disease considered for surgical revascu-
larization vis-!a-vis cardiac transplantation. It is, I believe, in this
very challenging clinical situation that viability testing was used at
the time we started out and still does contribute to the clinical
decision-making process.
Dr. Sch€oder: Tell us a little about your interests outside

of medicine. How did you balance these interests with your highly
successful career? What did your work/life balance look like?
Dr. Schelbert: Often when you’re very busy you do not have

time for those things you really like to do. My hobbies are classi-
cal music and, of course, reading, mostly history. At times we’re
all extremely busy writing grant applications or pursuing new
ideas. But after some time, I always go back to spending more
time with music or reading. I do believe you need to set aside time
to do what you really like and to “rebalance” yourself.
Dr. Czernin: At the time when people (including me) had dooms-

day predictions for nuclear medicine, you kept telling me that we
should not promote such defeatist attitudes and that the specialty
would survive and actually grow. You were right. What made you so
optimistic for the future of nuclear medicine?
Dr. Schelbert: When I looked at what was happening in

the field—the exciting imaging technologies and radiotracers, such
as those targeting prostate-specific membrane antigen—it became
clear to me that the future was and is bright for nuclear medicine.
Just seeing these many opportunities made me very optimistic. I
remember the time when CT arrived, prompting many to believe
that nuclear brain imaging was out (that was with CT and MRI),
and yet today we do even more brain imaging than before.
Dr. Sch€oder: My wife asked me to ask whether you would you

do it all over again? Or what would you do differently?
Dr. Schelbert: Yes, I would do it all over again. The question,

however, is, could I do it again? Could I repeat it? Probably not,
because life brings a series of opportunities, and those opportuni-
ties are not the same and change with time. Another thing is
whether one grabs those opportunities when they appear. I was
very lucky. Looking back, I would say: yes, I would repeat it, but
I’m not sure that it is repeatable.
Dr. Czernin: What kind of advice do you have for the younger

generation, the colleagues who enter the field of nuclear medicine
or medicine?
Dr. Schelbert: I think the most important element is attracting

young people to our field and stimulating our younger colleagues.
This requires presenting the field as exciting and with a future that
motivates them to research, emphasizing that it’s important to find
new things. So, I would go that way. Based on my own experi-
ence, that’s what I would do.
Dr. Czernin: As a follow-up to an initial question, who was

your most important mentor?
Dr. Schelbert: My initial mentor was Otto F. M€uller, the Ger-

man cardiologist in Philadelphia, whom I mentioned earlier. He
made cardiology exciting and brought me into it. Other mentors
who affected my professional life were Eugene Braunwald, who
introduced me to the research side, and Franz Loogen, the chief of
cardiology when I trained in clinical cardiology in D€usseldorf,
Germany, who taught me the human side of medicine. There is
also Sherman Mellinkoff, the dean of the UCLA Medical School
when I joined UCLA, whom I deeply admired for his intellect,
honesty, curiosity, kindness, and integrity.
Dr. Czernin: Thank you very much, Heinz, for all your accom-

plishments and contributions and for the time spent with us and
our readers.
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Image-based dosimetry-guided radiopharmaceutical therapy has the
potential to personalize treatment by limiting toxicity to organs at risk
and maximizing the therapeutic effect. The 177Lu dosimetry challenge
of the Society of Nuclear Medicine and Molecular Imaging consisted
of 5 tasks assessing the variability in the dosimetry workflow. The fifth
task investigated the variability associated with the last step, dose
conversion, of the dosimetry workflow on which this study is based.
Methods: Reference variability was assessed by 2 medical physicists
using different software, methods, and all possible combinations of
input segmentation formats and time points as provided in the chal-
lenge. General descriptive statistics for absorbed dose values from
the global submissions from participants were calculated, and vari-
ability was measured using the quartile coefficient of dispersion.
Results: For the liver, which included lesions with high uptake, vari-
abilities of up to 36% were found. The baseline analysis showed a var-
iability of 29% in absorbed dose results for the liver from datasets
where lesions included and excluded were grouped, indicating that
variation in how lesions in normal liver were treated was a significant
source of variability. For other organs and lesions, variability was within
7%, independently of software used except for the local deposition
method. Conclusion: The choice of dosimetry method or software
had a small contribution to the overall variability of dose estimates.

Key Words: radiopharmaceutical therapy; dosimetry; variability;
standardization; dosimetry challenge
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The field of radiopharmaceutical therapy is rapidly evolving,
and the possible roles for dosimetry in pre- and posttherapeutic
treatment planning and verification are being recognized (1,2).

Patient-specific image-based dosimetry-guided radiopharmaceuti-
cal therapies have the potential to limit damage to organs at risk
and maximize the therapeutic effect. The 177Lu dosimetry challenge
of the Society of Nuclear Medicine and Molecular Imaging (SNMMI)
is designed to quantitatively isolate and assess the variability contrib-
uted by each of the major steps in the determination of absorbed dose
(AD) by asking participants to perform 5 tasks: region-of-interest seg-
mentation, decay correction, curve fitting, time integration, and con-
version of time-integrated activities (TIAs) to ADs. In the fifth task,
both organ and lesion segmentations, as well as 3-dimensional (3D)
TIA images, were provided for 2 177Lu-DOTATATE SPECT/CT
datasets. By separating out the variability associated with segmenta-
tion, decay correction, curve fitting, and integration methods, one can
determine the remaining variability that was contributed by the actual
AD calculation method.
Different dosimetry methods with varying complexity and accu-

racy exist (3–5). MIRD pamphlets 11 and 17 (3,4) provide general
guidelines for calculating ADs at the organ or voxel level, and the
European Association of Nuclear Medicine recently published a
guideline for dosimetry for 177Lu (6). However, accurately character-
izing dose–effect relationships for both organs and tumors is critical
before effective clinical implementation of personalized dose prescrip-
tions is possible. Generation of accepted dose–effect relationships
will, in turn, be entirely dependent on the accuracy and comparability
of AD estimates. Different steps within the dosimetry workflow will
impact the final AD estimate to varying extents.
The aim of this part of the study was to understand the variabil-

ity in ADs associated with the last step of the dosimetry workflow
and to make recommendations related to the application of S
values both at the voxel level and at the organ level.

MATERIALS AND METHODS

Challenge Design
The challenge design and data curation are described in our first 2

installments of this series (7,8). In brief, anonymized data from 2
patients undergoing 177Lu-DOTATATE therapy were made available
publicly to participants through the Deep Blue Data repository of the
University of Michigan (9). Sharing of patient images and data was
approved by the University of Michigan Institutional Review Board,
and both patients gave written informed consent. Each patient was
imaged 4 times after administration over 1 wk. In task 5, participants
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were given access to the image data; volume-of-interest (VOI) files for
kidney, liver, spleen, and lesions; and a 3D image of the TIA. Applying
the VOIs to the TIA image gives organ TIAs without the variability
associated with segmentation, curve fitting, and integration. Participants
were asked to estimate the AD to both organs and tumors from the organ
and tumor TIAs, respectively. Participants submitted their results on pre-
formatted spreadsheets that requested details regarding their methods
and intermediate results for the various steps across the different tasks.
All submitted data spreadsheets for task 5 were concatenated into a sin-
gle data frame collected using the Python data analysis library (Pandas,
version 1.3.5) with columns corresponding to the specific variables.

Analysis of Submissions
Submissions were grouped and categorized on the basis of user-

reported values and a written description of their methodology, when
provided. The categories analyzed included dosimetry method, soft-
ware used, and voxel S value source. Commercial software (CS)
names were pseudonymized. Further data curation was performed fol-
lowing the findings of our previous publication (8).

Assessment of Variability: Baseline Data
The variability analysis was performed stepwise to establish a base-

line variability in a controlled environment, to investigate the impact
of the use of Radiotherapy Structure Sets (RTstructs) versus masks for
the VOIs (the 2 formats used to provide segmentation to participants)
and then to assess the variability in ADs from the participants.

Two medical physicists (MPs) independently performed dosimetry
using the data provided in task 5 using several dosimetry software and
methods that were available to both. Organ-level dosimetry using
organ S values (OSVs) was tested with OLINDA (version 2.2.3) (11),
IDAC-Dose (version 2.1) (11), and MIRDcalc (12). Tumors were treated
as isolated spheres with unit density (OLINDA) or choice of density
(IDAC-Dose and MIRDcalc). For the kidneys, the TIA was input to the
software for the left, right, and total kidneys separately with their corre-
sponding masses for the mass correction of the S values. S values are
derived using human anthropomorphic phantoms and can be adjusted by
multiplying by the phantom organ mass and dividing by the actual organ
mass of an individual patient. 3D dosimetry using voxel S values
(VSVs) was tested using 177Lu kernels for soft tissue that were simulated
using 108 primaries in GATE (version 9.2, based on GEANT4 11.0) fol-
lowed by CT-based density weighting per voxel (13). Density weighting
is an attempt to correct for tissue heterogeneities and uses a voxelwise
density image derived from the patient’s CT image that is multiplied by

the 3D VSV dose image. Lastly, individual patient Monte Carlo (MC)
simulations using GATE were performed (14,15). ADs were compared
per organ and per lesion between the different investigated dosimetry
approaches by each of the 2 MPs and between the submitted data of task 5.

The segmentation of organs for the SNMMI 177Lu dosimetry chal-
lenge was performed for each imaging time point separately, and small
differences could be found across the 4 SPECT/CT studies. The chal-
lenge inadvertently introduced variability through the provision of
VOIs in both RTstruct and binary-mask formats (8), leading to slightly
different VOIs because the 2 formats are interpreted differently by var-
ious software. Specifically, RTstruct files contain coordinates of the
vertices of polygonal VOIs and thus allow definition at the subvoxel
level in a way that depends on the implementation and settings of the
software used to apply VOIs to the images. On the other hand, binary
masks are digitized representations that unambiguously define the vox-
els included in the VOI. Both were provided since not all software
supports both methods. To investigate the contribution of the different
VOI formats to the variability of the calculated AD, one MP applied
all possible combinations of RTstructs and masks at all time points to
the provided TIA image of patient A and calculated the resulting ADs
using IDAC-Dose (version 2.1) to understand and report the impact of
VOI formats on observed AD variabilities.

Assessment of Variability: Participant Data
For the data from participants, general descriptive statistics (mean,

SD, quartiles) of AD were calculated for liver, spleen, kidneys, 2 pre-
specified soft-tissue tumors in patient A, and 4 prespecified tumors in
patient B. The quartile coefficient of dispersion (QCD) was calculated
as the ratio of the difference and sum of the 75th and 25th quartiles.
The QCD was used to assess the variability of AD results between
methods and software (8). The QCD was chosen in this analysis since
it is less sensitive to data outlies than is the coefficient of variation.
The QCD multiplied by 1.4826 is equal to the coefficient of variation
for a normal distribution. A statistical analysis compared the median
of the 2 distributions of ADs from voxel- and organ-level dosimetry,
and separately between commercial and non-CS, using the Mann–
Whitney U test.

RESULTS

Assessment of Variability: Baseline Data
The first part of our analysis addressed the question of how differ-

ent dosimetry methods affect variability when the same person or sim-
ilarly trained persons (2 MPs) perform dosimetry on the same input
data. Figure 1 shows the results for the ADs calculated using different
OSVs, voxelized S value kernels, and full MC simulation when the
procedure was performed by the 2 MPs. Only small variations were
found between the 2 MPS and among the 5 investigated dosimetry
approaches and software. The percentage difference in ADs reported
by the 2 MPs were between 21% and 12% for the organs and
between 22% and 11% for the lesions (Figs. 1C and 1D). These
variations are attributed to the way each MP rounded values.
The impact on variability from using either the provided VOIs

as RTstructs or masks on the TIA image of task 5 was assessed
for patient A by one MP. Furthermore, the impact on the AD esti-
mates was investigated when no mass scaling was used. Since the
liver of patient A contained lesions, we investigated the effect in
the ADs when lesions were included or excluded as part of the
liver when performing the calculation.
We noted that there were 18 combinations of how ADs could

be calculated with the provided data. Use of the 2 VOI formats
(i.e., mask and RTstruct) for each of the 4 time points, with and
without mass scaling, provided the first 16 cases. The last two used

NOTEWORTHY

! What is the contribution of the dose conversion step to the
total variability in AD estimates in radiopharmaceutical therapy
when different methods and software are used at different
centers?

! The contribution of the dose conversion step to the total
variability in AD was found to be smaller than 7% for organs
and lesions. Only healthy normal-organ tissue should be
counted in the volume for dose calculation when lesions are
present within an organ.

! The analysis of task 5 of the SNMMI 177Lu dosimetry challenge
data has demonstrated that neither dosimetry method nor
software had a larger impact on variability than other factors.
The information on sources of variability is important for
reducing variability in dose estimates and thus improving the
utility of routine dosimetry and dosimetry-based personalization
of radiopharmaceutical therapies.
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the organ mass averaged through the 4 time points for each of the
2 VOI formats. Supplemental Figure 1 shows the differences in
VOI volume over the scan time point and VOI format (supplemen-
tal materials are available at http://jnm.snmjournals.org). The AD
results per organ for all 18 combinations are given in Supplemental
Figure 2. The largest ranges in ADs were found for the liver, when
all results of scenarios that removed lesions from the healthy liver
tissue AD calculation and those that included them were combined.
The range of ADs for all organs, including the different scenarios
for how the liver was handled, are shown in Figure 2. Differences
of 0.9–1.5Gy were observed for the liver for all scenarios com-
bined, as well as for spleen and total kidney.
Figure 3 provides the QCDs for all 18 results of Figure 2, when

performed by one MP. The largest QCD, 29%, was found when
all liver results were combined—independently of whether the
liver lesions were removed. For all other organs, the QCDs ranged
between 5% and 7%, indicating that VOI format (i.e., mask vs.
RTstruct), selection of the time point to use for VOI definition,
and application or omission of mass scaling of S values result in
AD differences of up to 7%.

Assessment of Variability: Participant Data
After the data curation, there were a total of 25 submissions per

patient from 23 institutions. Table 1 provides an overview of the dif-
ferent dosimetry methods and software used by the participants as
indicated in their submissions. There were 15 non-CS and 10 CS
solutions. Overall, 13 submissions used organ-level approaches (10
OSV methods plus 3 organ-level local deposition methods), whereas
12 submissions performed voxel-level dosimetry (9 VSV methods,
plus 2 MC methods and 1 voxel-level local deposition method).
The box plots in Figures 4 and 5 represent the ADs reported for

the different dosimetry methods and software, respectively, for
each of the VOIs provided to participants. Overall, the local depo-
sition method showed the largest variability in ADs (Fig. 4), as

Ab
so

rb
ed

do
se

(G
y)

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0

Absorbed dose – all VOI formats

FIGURE 2. Range of ADs per organ for all possible combinations of VOI
formats and scan time point used for patient A. “All Liver Results” illus-
trates range of liver AD results when results from both scenarios—with
and without lesions included inside liver—were combined.

Q
C

D
(%

)

30

25

20

15

10

5

0

QCD– all VOI formats

FIGURE 3. QCD for all possible 18 combinations of VOI formats and
time points, with or without mass scaling, or using average mass for mass
scaling, used to yield ADs in Figure 2. Furthermore, combination of all liver
results—with and without lesions included—are given in “All Liver
Results.”

30

25

20

15

10

5

0

30

25

20

15

10

5

0

4

3

2

1

0

-1

-2

-3

-4

4

3

2

1

0

-1

-2

-3

-4

Ab
so

rb
ed

do
se

(G
y)

Ab
so

rb
ed

do
se

(G
y)

Pe
rc

en
ta

ge
di

ffe
re

nc
e

(%
)

Pe
rc

en
ta

ge
di

ffe
re

nc
e

(%
)

MP1-IDAC-Dosev2.1
MP1-OLINDAv2.2.3
MP1-MIRDcalc
MP1-VSV
MP1-MC
MP2-IDAC-Dosev2.1
MP2-OLINDAv2.2.3
MP2-MIRDcalc
MP2-VSV
MP2-MC

PD-IDAC-Dosev2.1
PD-OLINDAv2.2.3
PD-MIRDcalc
PD-VSV
PD-MC

BtneitaPAtneitaPA B

C D

FIGURE 1. (A and B) Dosimetry results for patients A (A) and B (B),
when performed by 2 MPs using same dosimetry methods. (C and D)
Percentage difference in ADs between 2 MPs for patients A (C) and B (D).
PD5 percentage difference.

1168 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 65 ! No. 8 ! August 2024



illustrated by the biggest dispersion of the box plots. The MC
method, with only 2 submissions, showed the smallest range in the
box plot. The comparable larger range in ADs for healthy organs
using the OSV method may be related to whether mass scaling of
the OSV was applied. The different commercial dosimetry software
yielded comparable ADs as illustrated by the comparable medians
and dispersion of the ADs in the box plot in Figure 5, respectively,

independently of the method, except for CS 2, which provides organ-
level (using OSVs) and voxel-level (using local deposition method)
dosimetry, leading to the larger range of ADs. The non-CS showed a
higher variability as indicated by the second largest range of the box
plot in Figure 5. This can be attributed to the use of multiple different
dosimetry methods when in-house solutions are used. In the baseline
analysis, we included well-known freely available and validated
dosimetry software, including IDAC-Dose and MIRDcalc.
The results of the statistical analysis between voxel- and

organ-level dosimetry are given in Table 2. For this test, all sub-
missions performing 3D dosimetry (i.e., voxel level; n 5 12)
were grouped, and all organ-level submissions (n 5 13) were
grouped and compared against each other. Statistically significant
differences (P # 0.05) were found for spleen (patient A) and right
and left kidneys (both patients). No statistically significant differ-
ences were found for lesions, liver, and total kidney.
The results of the statistical analysis between CS and non-CS

(in-house solutions, well validated software, and open-source soft-
ware) are given in Table 3. For this test, all submissions using CS
(n 5 10) were grouped, and all open-source software submissions
(n 5 15) were grouped and compared against each other. Statisti-
cally significant differences (P # 0.05) were found for most
lesions of both patients and the normal organs of patient B except
for the total kidney. No statistically significant differences were
found for the normal organs of patient A, total kidney, and lesions
1 and 3 of patient B.
Figures 6 and 7 show the QCD results between the dosimetry

methods and software. The largest QCDs, up to 36%, were found
for the liver for most dosimetry methods and software; the smal-
lest QCDs, only 1% (except for liver, with 14%), were found for
the MC dosimetry method, with only 2 submissions, followed by
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TABLE 1
Number of Submissions per Patient for Each Dosimetry

Method and Software

Parameter Submissions (n)

Dosimetry method

OSV 10

VSV 9

Local deposition (organ and voxel level) 4

MC simulation 2

Dosimetry software

Noncommercial 15

CS 1 4

CS 2 3

CS 3 2

CS 4 1
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VSVs for healthy organs with QCDs of up to 7% (liver # 31%)
and the S value approach for lesions with QCDs below 5%.
Among dosimetry software, CS 2 and the non-CS approaches
showed the largest QCDs, 25% (liver, 11%) and 7% (liver, 34%),
respectively, although different dosimetry methods were used.

DISCUSSION

This analysis focused on task 5 of the SNMMI 177Lu dosimetry
challenge based on 2 177Lu-DOTATATE patient datasets with the
aim of acquiring a better understanding of the variability and the
sources of this variability in the last step of the dosimetry work-
flow, conversion of TIAs to ADs. We evaluated the use of OSVs,
VSVs, local deposition method, and MC simulations.
We assessed the baseline variability in AD when performed by 2

independent MPs using the same set of dosimetry methods and soft-
ware. When the same corrections were applied such as mass scaling
and density weighting, the differences in ADs between methods and
software were low, ranging from 21% to 12% for healthy organs
and from 22% to 11% for the lesions (Fig. 1). This demonstrates
that consistent ADs between different experts can be obtained inde-
pendently of software and method when mass scaling and similar
VOIs (6,13) are used. Note that this analysis was limited to soft-
tissue structures, for which the impact of tissue heterogeneity is likely
to be small. We did not evaluate tissue such as lungs, bone, and (par-
ticularly) spongiosa regions relevant for bone marrow dosimetry.
A separate analysis investigated the effect on AD variability of

different formats for provision of VOIs—that is, RTstruct and binary
masks, selection of VOI time point, and use or nonuse of mass scal-
ing on OSVs. The analysis was performed only for healthy organs
of patient A. The lesions were not assessed, since the VOIs were
defined by a radiologist on the CT of a single time point and then
copied to subsequent time points, whereas for healthy organs,
CT-based segmentation was performed at each scan time point.
Overall, the up to 7% variability as assessed by QCD for kidneys

and spleen was due to the 2 VOI formats, the different VOIs per scan
time point, and the fact that S value mass scaling was not used in all
cases (Fig. 2). The largest dispersion in ADs was found for the liver,
where different scenarios with and without inclusion of the liver

lesions in the liver TIA were assessed (Fig. 2). For the liver, a QCD
of 29% was found when all AD data were combined—that is, AD
data derived from including and excluding lesions in the overall liver
VOI. The findings for the liver from the baseline variability analysis
were also observed in data from participants, where QCDs of up to
36% were found for most dosimetry methods and software, which
can likely be attributed to averaging of lesion dose with healthy liver
dose (Figs. 6 and 7). The provided VOIs in tasks 4 and 5 of the chal-
lenge did not automatically remove the lesion uptake from the liver.
A region was given for the whole liver and for individual lesions,
and the participants needed to decide whether and how to remove the
lesions in the liver. These findings indicate a strong need for a stan-
dardization on treatment of lesion uptake in normal tissues, especially
for small organs, where the effect is assumed to be larger.
There was some variability resulting from the fact that some par-

ticipants used RTstruct VOIs whereas others used binary masks.
The binary masks were generated from the RTstruct VOIs and had
no ambiguity about the SPECT voxels to be included. However,
the application of RTstructs, which are based on polygonal con-
tours, to SPECT images to sum voxel values has some ambiguity
in terms of which fraction of voxels at the edges of the VOI should
be included. How this is done is an area that would seem to be a
good target for standardization to remove this source of variability.
Furthermore, VOIs for the same organ can be different for the dif-

ferent imaging time points depending on how they are defined. It
would be beneficial for the field if recommendations could be pro-
vided as to whether individual VOIs should be obtained for each sepa-
rate time point or whether only one segmentation should be performed
and transferred to other time points (assuming good registration).
Finally, we observed that some of the variability in ADs is

caused by use or nonuse of mass scaling for OSVs. Mass scaling
is essential in obtaining accurate dose values for OSVs by adapt-
ing standard-phantom S values to patient-specific organ masses
and should always be performed. If VOIs are generated for each
time point, we recommend using a mass of the organ that is the
average of the different VOIs.
For the analysis of the submissions from participants, the

local deposition method showed the largest dispersion in ADs

TABLE 2
P Value Results of Mann–Whitney U Test Between Voxel- and Organ-Level Dosimetry

Patient Liver Spleen R kidney L kidney Total kidney Lesion 1 Lesion 2 Lesion 3 Lesion 4

A 0.29 ,0.01* 0.04* 0.01* 0.30 0.07 0.08

B 0.30 0.01* 0.05* 0.28 0.15 0.18 0.38 0.18

*Statistically significant difference (P # 0.05).

TABLE 3
P value Results of Mann–Whitney U Test Between CS and Non-CS

Patient Liver Spleen R kidney L kidney Total kidney Lesion 1 Lesion 2 Lesion 3 Lesion 4

A 0.14 0.18 0.08 0.12 0.20 0.03* 0.01*

B 0.01* 0.03* 0.02* 0.19 0.07 0.05* 0.06 ,0.01*

*Statistically significant difference (P # 0.05).
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(QCD # 36%) (Fig. 6). It is likely that this finding is due to differ-
ent values of the mean energies of the 177Lu b-emissions used by
participants (e.g., 134 vs. 147keV (6) or not specified). This clearly
requires standardization and should include the energy of the Auger
electrons that are also emitted by 177Lu. Smaller variability in ADs
was found for the VSV method (Fig. 4). The remaining dispersion
in values could potentially be attributed to the use of different
sources of VSVs, the application of density weighting, or—to a
lesser extent given that here we are dealing with soft tissue—
whether different VSVs were used for different tissue types. Two
submissions used MC simulations with different MC codes, and
the results were comparable.
The common approach of OSVs showed comparable results to

the VSV approach (Fig. 4). It is not surprising that the OSV
approach yielded the second smallest variability for the lesions,
since this approach treats lesions as isolated spheres (10–12) and
spheric S values seem to be well standardized. However, differ-
ences between ADs of lesions obtained with OSVs and voxel-
level approaches exist because the former accounts for cross dose
as well as tumor heterogeneity.
The use of commercial dosimetry software yielded comparable

results (Fig. 5), with QCDs smaller than 3% except for the liver
(Fig. 7). However, QCDs of CS 2 were larger, up to 25%, suggesting
that the end user choose between organ- and voxel-level dosimetry in
this software package, limiting the interpretation of the results for this
CS. Because of the lack of further details provided by the partici-
pants, we were unable to distinguish between organ- and voxel-
level dosimetry using this software. The use of non-CS (in-house
solutions or freely available) showed a larger range in ADs (Fig. 5).
However, this group was quite diverse in terms of the codes,

methods, and level of validation. Despite
this approach, these methods still provided
QCDs smaller than 7% (Fig. 6, except for
liver), indicating that the choice of dosime-
try method or software might not be the
largest source of variability in the dosime-
try workflow. Many of the freely available
software are extensively validated against
the literature (11,12).
Comparing voxel-level versus organ-

level dosimetry approaches, we found statis-
tically significant differences among the
ADs for healthy organs, whereas the differ-
ences among lesion ADs were not statisti-
cally significant (Table 2). These findings
are surprising, since one would expect dif-

ferences in AD for lesions when 3D methods are chosen that are
capable of accounting for cross dose, whereas organ-level approaches
rely on isolated spheres as representation for lesions. In contrast, there
were statistically significant differences for the spleen and kidneys,
even though cross dose is included in the organ-level calculation.
However, these results must be treated with caution because of the
small number of submissions (n 5 25) per patient and because not
all submissions included results for left kidney, right kidney, and total
kidney. For the comparison of CS and non-CS, statistically significant
differences in ADs were found for most lesions of both patients and
the normal organs of patient B except for the total kidney. No statisti-
cally significant differences were found for normal organs of patient
A or for total kidney and lesions 1 and 3 of patient B. This indicates
that the dosimetry software itself may not introduce statistically sig-
nificant differences in AD for all patients and organs and lesions.
Generally, we can say that the overall variability as assessed by

the QCD was below 7% for all dosimetry methods, software, and
regions except for the liver in patient A (Figs. 6 and 7), CS 2, and
the local deposition method. These findings are in concordance
with previous work that addressed the differences in ADs using
different methods and software (16–19).
The small number of submissions and the fact that only 2

patient cases were provided during the challenge are limitations of
our study. Furthermore, the organs and lesions included in the
challenge were limited to soft-tissue structures, where differences
in dosimetry methods can have a smaller impact than in heteroge-
neous tissue. We are aware that not all possible relevant patient
characteristics were covered by these 2 cases. The issue of provid-
ing VOIs in RTstruct and mask format across the multiple imaging
time points is another source of variability that is specific to this

challenge. This resulted in differences in
ADs of up to620% for the different organs.
We believe that this underlines the need
for standardization of VOI formats and
segmentation in general to avoid such dif-
ferences in volumes and therefore masses.
This analysis has shown that participants

made several choices within the dosimetry
workflow that increased the variability of
the AD results. We believe that standardiza-
tion can reduce the variability of dose calcu-
lations. We therefore recommend adoption
of the following best practices.
(1) For MIRD-style, organ-level dosime-

try, mass scaling is essential to account for
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differences between the patient’s organ mass and the mass of the styl-
ized phantoms from which S values are precalculated.
(2) For voxelized approaches other than MC dosimetry simulation,

voxel density based on registered and resampled CT images should
be used to take into account patient-specific tissue heterogeneities.
(3) We found variabilities in ADs of up to 36% for the liver

depending on whether lesions were included or excluded from the
VOIs. For 177Lu, the AD from the liver excluding lesions is likely to
be a better predictor of organ toxicity than if the lesions are included.
We thus recommend standardization that excludes lesions present in
the organ from VOIs used to estimate AD to healthy tissues using
the OSV approach. 3D dosimetry methods can account for cross
irradiation of lesions to healthy tissue, and VOIs for healthy tissue
should consequently exclude the lesion VOI to extract mean ADs
from 3D dose images.
(4) Local energy deposition methods showed high variability

because different mean energies for the 177Lu electron emissions
were used. We recommend using a mean energy of 147.1keV Bq21

s21 as specified in several guidelines (6,20).
(5) We observed significant variability when applying VOIs

given as binary masks versus polygonal contours (as RTstruct).
This could be related to differences in how polygonal masks
defined at a higher resolution (e.g., using CT images) are applied
to SPECT images with larger voxels and on how subvoxel con-
tours are in general compared against binary masks. Standardiza-
tion of the VOI format is needed for the application in dosimetry.
(6) It is imperative not just to report ADs but to also include a

detailed description of the methods used such that if discrepancies
between reported values are present, those differences can be
understood and harmonization of results pursued.
(7) Widely used software, both CS and freely available, resulted

in ADs that were comparable to each other. One explanation is
that this software is better validated. There was greater variability
in results calculated using less widely used software. Use of soft-
ware that is well validated is thus highly recommended.

CONCLUSION

The analysis of task 5 of the SNMMI 177Lu dosimetry challenge
data based on 177Lu-DOTATATE patients has demonstrated that the
contribution to variability from the dosimetry methods and software
used are small and that other possible factors such as segmentation
and curve fitting and integration have a higher impact. The contribu-
tion of the dose conversion step to the total variability in AD was
found to be smaller than 7% for lesions and organs not containing
lesions. We have made some recommendations that, if adopted widely
by the community, can further reduce variability in AD results.
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I S S U E S A N D C O N T R O V E R S I E S

Facilitating the End of the Linear No-Threshold Model Era
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The linear no-threshold (LNT) model, which asserts that any level of
ionizing radiation increases cancer risk, has been the basis of global
radiation protection policies since the 1950s. Despite ongoing endor-
sements, a growing body of evidence challenges the LNTmodel, sug-
gesting instead that low-level radiation exposure might reduce cancer
risk, a concept known as radiation hormesis. This editorial examines
the persistence of the LNT model despite evidence favoring radiation
hormesis and proposes a solution: a public, online debate between
proponents of the LNT model and advocates of radiation hormesis.
This debate, organized by a government agency like Medicare, would
be transparent and thorough, potentially leading to a shift in radiation
protection policies. Acceptance of radiation hormesis could signifi-
cantly reduce cancer mortality rates and streamline radiation safety
regulations, fostering medical innovation and economic growth.
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The linear no-threshold (LNT) model, which posits that even
minimal exposure to ionizing radiation increases cancer risk, has
been the cornerstone of global radiation protection policies since
the 1950s, driven largely by recommendations from advisory bodies
such as the National Council on Radiation Protection and Measure-
ments (1). Despite repeated endorsements from such bodies, includ-
ing the latest one by the National Council on Radiation Protection
and Measurements in its commentary 27 (2), my critical examination
of the evidence presented revealed a lack of support for the LNT
model (3). Conversely, a body of evidence (4–10) supports an alter-
native perspective known as radiation hormesis (11), suggesting that
low-level radiation exposure might actually decrease cancer risk. I
had hoped that review of such evidence would prompt a reevaluation
of the LNT model by advisory bodies, signaling the end of the LNT
model era (3). However, after more than 5y since the publication of
my article (3), and despite numerous other publications questioning
the adoption and validity of the LNT model (12,13), its widespread
recommendation (14) and application (15) persist. In this editorial, I
will explore the factors contributing to the persistence of the LNT
model era and offer a suggestion for resolving this contentious issue.
In a burgeoning scientific field, researchers naturally propose

and explore various hypotheses, even contradictory ones. However,
as time elapses and a significant body of evidence accrues, it
becomes untenable for scientists to continue supporting conflicting

hypotheses. The scientific community’s role is to scrutinize these
hypotheses rigorously, discarding those that fail to align with accu-
mulating evidence. This process is especially crucial when hypoth-
eses carry significant public health implications. It is paramount for
the scientific community to identify the correct hypothesis to guide
public policy, because adhering to erroneous hypotheses can result
in substantial harm.
Consider the long-standing use of the LNT model by the global

community since the 1950s. If evidence confirms the validity of
radiation hormesis—an opposing concept to the LNT model—
indicating that low-dose radiation exposure actually reduces can-
cer risk, the implications are profound. Data suggesting a notable
decrease in cancer risk, ranging from 20% to 40%, after exposure
to low-dose radiation (16) underscore the potential major impact.
Had the scientific community not adhered to the LNT model

but instead explored radiation hormesis in clinical trials when it
was proposed in the 1980s by Luckey (17,18), adoption of radia-
tion hormesis might have led to reduction in cancer deaths by
around 20%. This would have translated to preventing nearly 2
million cancer deaths in 2022 alone, given the staggering global
toll of 9.7 million cancer deaths that year (19). Thus, the decision
of advisory bodies to persist with the LNT model, despite pub-
lished evidence supporting radiation hormesis, may have contrib-
uted to millions of preventable cancer deaths over recent decades.
The tendency of advisory bodies to overlook or discount evi-

dence for radiation hormesis raises questions about their decision-
making processes. When I brought to the attention of the authors
of the National Council on Radiation Protection and Measure-
ments commentary the substantial evidence supporting radiation
hormesis (20), their response (21) was concerning. They argued
that much of the evidence I cited was not robust because it
involved “comparisons of risks between study cohorts and the
general population” and that “occupational cohorts tend to be
selected for good health compared with the wide range of health
status in the general population.” However, this critique does not
hold up under scrutiny. None of the studies I referenced involved
comparisons of occupational cohorts with the general population.
Instead, these studies examined cancer rates among cancer patients
(4,5), radiologists (6), tuberculosis patients (7), and residents of
apartment buildings compared with the general population (8,9).
Therefore, the authors’ criticism lacks validity.
The persistent refusal of advisory bodies to acknowledge evi-

dence supporting radiation hormesis raises questions about poten-
tial conflicts of interest that these organizations may have.
Acceptance of radiation hormesis would show that they have been
wrong for decades because of their consistent support for the LNT
model, tarnishing their reputation and diminishing their credibility,
influence, and funding. Do these factors influence the reluctance
of advisory bodies to recognize the validity of radiation hormesis?
This issue merits investigation by an impartial government agency
to ensure transparency and accountability.
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The prolonged impasse between the LNT model and radiation
hormesis stems from the refusal of the LNT proponents to
acknowledge the validity of evidence supporting radiation horm-
esis, often instead offering unfounded criticisms. To address this
deadlock, I propose a solution: a public, online debate between
supporters of the LNT model and advocates of radiation hormesis
should be organized by a government agency, such as Medicare,
which spent over $1 trillion on cancer treatments in 2023 (22).
When announcing the debate, it should be made clear that if one
side fails to participate, it would be considered the losing side.
In this debate, each side would present its most compelling evi-

dence. This would be followed by rebuttals from the opposing
side and responses from the first side. These back-and-forth rebut-
tals and responses would continue until each piece of evidence is
assessed as being valid or invalid. All the arguments and counter-
arguments would be conducted transparently in the public domain,
ensuring that interested parties can access the reasoning and evi-
dence presented and call out any invalid arguments. Once com-
pleted, this transparent process would enable rejection of invalid
evidence and establishment of the ground truth on the contentious
issue, paving the way for evidence-based decision-making in radi-
ation protection policies. If the debate concludes with validation of
the LNT model and rejection of radiation hormesis, the status quo
for radiation protection policies would continue. On the other
hand, if it results in validation of the concept of radiation horm-
esis, the debate would lead to the adoption and application of the
radiation hormesis concept to prevent cancer and could signifi-
cantly reduce Medicare’s cancer treatment expenses.
If the scientific community accepts radiation hormesis and rejects

the LNT model after such a debate, society stands to gain numerous
benefits. Embracing radiation hormesis would pave the way for
extensive research and application of low-dose radiation in cancer
prevention and treatment, potentially resulting in a significant reduc-
tion by 20% or more in cancer mortality rates. Additionally, the effi-
cacy of low-dose radiation in treating various noncancerous diseases
(23) would be further explored and used in medical practice.
Rejecting the LNT model would also lead to a reduction in radi-

ation safety regulations, simplifying operations in radiation-related
fields such as nuclear power and nuclear medicine. This would
also alleviate concerns among patients and parents regarding radi-
ation exposure from medical imaging procedures. Although there
would be a decrease in jobs related to radiation safety, the emer-
gence of new job opportunities in supporting applications of low-
dose radiation in medicine would more than offset this decline.
Overall, the adoption of radiation hormesis promises to usher in a
new era of medical innovation and improved patient care while
fostering economic growth in related industries.
It is my fervent hope that the proposed online debate takes place

soon, validates the evidence for radiation hormesis, and leads to
the end of the LNT model era so that society can benefit fully
from the many applications of radiation.
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Dose–Response Relationship in Patients with Liver
Metastases from Neuroendocrine Neoplasms Undergoing
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The benefit of multicompartment dosimetry in the radioembolization
of neuroendocrine neoplasms is not firmly established. We retrospec-
tively assessed its potential with patient outcome. Methods: Forty-
three patients were eligible. The association of mean absorbed dose
(MAD) for tumors and treatment response was tested per lesion with a
receiver operating characteristic curve analysis, and the association of
MAD with progression-free survival (PFS) and overall survival was
tested per patient using uni- and multivariate Cox regression analyses.
Results: The area under the curve for treatment response based on
MAD was 0.79 (cutoff, 196.6Gy; P , 0.0001). For global PFS, grade
(grade 2 vs. 1: hazard ratio [HR], 2.51; P 5 0.042; grade 3 vs. 1: HR,
62.44; P , 0.001), tumor origin (HR, 6.58; P , 0.001), and MAD (HR,
0.998; P 5 0.003) were significant. For overall survival, no prognostic
parameters were significant. Conclusion: In line with prior publica-
tions, a MAD of more than 200Gy seemed to favor treatment
response. MAD was also associated with PFS and may be of interest
for radioembolization planning for neuroendocrine neoplasm patients.

Key Words: radioembolization; neuroendocrine neoplasm; multicom-
partment dosimetry
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Neuroendocrine neoplasms (NENs) are metastatic at initial
diagnosis in up to 85% of patients with pancreatic NENs and 90%
of those with small-intestine NENs, with the liver being the organ
mainly affected (1), which negatively impacts survival and poten-
tially leads to hormonal excess due to a lack of hepatic first-pass
effect (2).
Radioembolization is an effective and safe treatment for primary

liver tumors (e.g., hepatocellular carcinoma) and for liver metastases
secondary to, for example, colorectal carcinoma or NENs (2–5). For
the latter, radioembolization is mentioned as a treatment option,

especially in the context of large lesions, hormonally active tumors,
and somatostatin-receptor–negative tumors (1,2,6).
In many previous trials on radioembolization in NENs, activity

was routinely calculated by use of single-compartment dosimetry,
that is, based on average values to the perfused target tissue (2).
However, in recent years, a benefit with regard to progression-free
survival (PFS) and overall survival (OS) could be shown in hepato-
cellular carcinoma patients when using multicompartment modeling,
that is, optimizing doses to the tumor and nontumor tissue by sepa-
rately assessing average doses to these 2 compartments (7). There-
fore, this approach is also recommended in the new European
Association of Nuclear Medicine guidelines on treating liver tumors
(5). The doses to each compartment are derived from pretherapeutic
99mTc-macroaggregated albumin (MAA) SPECT (5), which has
been shown to be an imperfect but moderately reliable surrogate for
90Y microsphere dose distribution.
For NENs, evidence on the association of multicompartment

dosimetry and patient outcome is scarce (8,9). In addition, safety
doses for nontumor liver tissue have not been established.
We therefore aimed to assess the association of dosimetry para-

meters derived from multicompartment dosimetry on the one hand
and patient outcome on the other hand in patients with NENs by per-
forming a retrospective analysis of patients treated in our institution.

MATERIALS AND METHODS

Patients
From June 2007 to April 2022, 99 consecutive patients were retrieved

from our radioembolization database, of whom 43 could be enrolled for
this retrospective study. The patient enrollment process is summarized in
Figure 1, and the patient characteristics are summarized in Table 1.

To be included, patients had to have undergone radioembolization
for the treatment of hepatic metastases secondary to NENs with no
other organs being affected, or with extrahepatic spread being judged
as prognostically irrelevant, or with hormone-associated symptoms
being insufficiently controlled pharmacologically. The exclusion crite-
ria were incomplete treatment records on radioembolization including
99mTc-MAA SPECT/CT and contrast-enhanced CT or enhanced MRI,
untreated liver lesions after radioembolization, and unavailable infor-
mation on the Ki-67 index of the tumor or PFS.

All analyses were performed in accordance with the principles laid
out in the Declaration of Helsinki and its later amendments and approved
by the institutional review board of the Medical Faculty of the University
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Duisburg–Essen (approval 13-5325BO). All patients gave written
informed consent for the analysis of available data.

Image Acquisition and Treatment Algorithm
A median of 150.0 MBq (range, 147.0–163.0 MBq) of 99mTc-MAA

was administered into the hepatic target vessels, and image acquisition
started within 2 h. Details regarding the acquisition protocol, image
reconstruction, and interpretation have been published previously (10).
Treatment activity was calculated using unicompartment dosimetry,
mostly aiming at a mean absorbed dose (MAD) to the perfused target
volume of between 80 and 150 Gy (5).

Dosimetry Procedure
Post hoc multicompartment dosimetry was performed by a board-

certified nuclear medicine physician and radiologist using Simplic-
it90Y (Mirada Medical).

After manual coregistration of contrast-enhanced CT or MRI and
99mTc-MAA SPECT/CT images, segmentation of whole-liver volume,
perfused target volumes, tumor tissue, and nontumor liver tissue was
performed both manually and automatically or semiautomatically by
use of the tools “Liver Segmentation” and “Region with % of Max.”
Segmentation of the whole liver volume was performed automatically,
whereas tumor lesions were segmented on 99mTc-MAA SPECT using
visually determined thresholds, since optimal coregistration with the
diagnostic CT or MRI was severely impeded in many patients because
of multifocal disease.

Most but not all tumors displayed a high tumor–to–normal-tissue ratio;
in these cases, a percentage-based threshold was placed around the
tumor to delineate the hypervascular part. In line with a round-robin
study (11), this threshold was chosen individually for each patient,
since fixed thresholds may induce systematic errors in the volumetric
assessment of lesions with different uptake levels. In the remainder,
that is, tumors with very low tumor–to–normal-tissue ratios, the delin-
eation was performed manually.

On the basis of prior publications, we measured the MAD for tumor
on a per-lesion and per-patient basis (9).

To evaluate prognostic factors for liver toxicity after radioemboliza-
tion, we calculated the MAD to the whole nontumor liver tissue using
multicompartment dosimetry (10).

Evaluation of Tumor Response to Selective Internal
Radiation Therapy

We evaluated baseline and the first follow-up contrast-enhanced CT
images using the criteria of Choi et al. (12), in consideration of prior
publications demonstrating its suitability for response assessment in

NEN patients (13). Up to 10 lesions per patient were selected, and the
anatomic location of each tumor across contrast-enhanced CT and
99mTc-MAA SPECT/CT was precisely recorded, with a preference for
bigger and well-marginated lesions to avoid individual patient bias. To
avoid the partial-volume effect, lesions smaller than 2 cm were excluded
from lesion-based analyses (14). Eight patients did not have lesions 2 cm
or larger, and the follow-up enhanced CT was not available in 7 patients.
Finally, 28 patients were eligible for this response evaluation. Lesions
were classified into the categories of complete remission (CR), partial
response (PR), stable disease (SD), and progressive disease (PD). We
also categorized the lesions as responding (CR 1 PR) or nonresponding
(SD 1 PD) (12). In the 28 patients eligible for lesion-based response
analysis, the median interval between the baseline imaging and radioem-
bolization, between radioembolization and the first follow-up imaging,
and between baseline imaging and the first follow-up imaging was 2 mo
(range, 1–5 mo), 4 mo (range, 1–6 mo), and 6 mo (range, 2–9 mo),
respectively.

Follow-up
All patients were followed up for OS and PFS (using RECIST 1.1)

until August 2023. All patients underwent cross-sectional imaging as
part of the follow-up imaging. The imaging interval was based on the
treating physician’s decision, typically every 3 mo, rarely (e.g., in
slowly growing tumors) less frequently.

In addition, 29 patients could be followed up using aspartate amino-
transferase, alanine aminotransferase, total bilirubin measurements, and
albumin for at least 12 mo. Adverse events were graded using the Com-
mon Terminology Criteria for Adverse Events (CTCAE) version 5. Rele-
vant liver toxicity was defined as a binary metric by the occurrence of
grade 31 toxicity in aspartate aminotransferase, alanine aminotransferase,
bilirubin, and albumin levels, based on prior publications identifying it as
a particularly suitable marker for liver toxicity after radioembolization (9).

Statistical Analysis
We used the Mann–Whitney U test to compare MAD among lesions

with CR, PR, SD, and PD. To determine the model fit and a cutoff
between responding and nonresponding lesions, we performed a receiver
operating characteristic curve analysis with the Youden index, as well as
the hepatic response per patient. We calculated the sensitivity, specifi-
city, positive predictive value, negative predictive value, and accuracy
for the lesion-based response and the patient-based hepatic response.

A proportional-hazards regression analysis (Cox analysis) was per-
formed for hepatic PFS, global PFS, and OS using MAD per patient;
grade 1 (G1), grade 2 (G2), and grade 3 (G3); and tumor origin (pan-
creatic vs. other origins). Prognostic factors with P values of less than
0.05 in the univariate analysis entered the multivariate analysis.

To investigate the difference in hepatic response and MAD per
patient with regard to NEN grading, we performed the x2 (Cochran–
Armitage) test for trend and the Kruskal–Wallis test, respectively.

For these analyses, we used Prism version 8 (GraphPad Software)
and MedCalc version 22.014 (MedCalc Software). A P value of less
than 0.05 was regarded as statistically significant.

RESULTS

Patients
Of 99 initially available patients, 36 were excluded because of

insufficient data (e.g.,99mTc-MAA SPECT/CT or contrast-enhanced
CT or MRI) for dosimetry. Seven patients had untreated liver lesions
after radioembolization, and 9 patients were excluded because of the
tumor histology (NEN and hepatocellular carcinoma, n 5 1; neuro-
endocrine carcinoma, n 5 8). Four patients did not have enough
clinical data for the survival analysis. Finally, 43 patients were eligi-
ble for our study.

1 patient: Insufficient data of SIRT

27 patients: 99mTc-MAA SPECT was not available

8 patients: CECT or MRI for dosimetry was not available

7 patients: Untreated liver lesion after SIRT exists

1 patient: Mixed tumor histology of liver lesion (NEN and HCC)

8 patients: Tumor histology is neuroendocrine carcinoma

3 patients: Information of Ki-67 is not available

1 patient: Information of progression-free survival is not available

99 patients were listed from Jun 2007 to Apr 2022

43 patients were finally enrolled for this analysis

FIGURE 1. Consort diagram of patient enrollment. CECT 5 contrast-
enhanced CT; HCC 5 hepatocellular carcinoma; SIRT 5 selective internal
radiation therapy.
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Of 37 patients (37/43, 86.0%) who underwent whole-liver radio-
embolization, 29 (78.4%) underwent single-session radioemboliza-
tion and 8 (21.6%) underwent sequential treatment 4–6 wk apart. In
the remaining 6 patients who underwent single-session partial-liver
radioembolization (right liver in 4 patients, right liver including seg-
ment 4 in the remainder), the median fraction of treated liver volume
was 73.0% (range, 61.4%–93.0%). In 43 of a total of 51 treatment
sessions, the microspheres were used within 7 d after calibration; in
the remainder, after more than 7 d. The median duration between
calibration and radioembolization was 4 d (range, 2–11 d).

Lesion-Based Tumor Response Analysis
Of 28 eligible patients for the response evaluation, 21 (75.0%)

responded (CR 1 PR) in the follow-up imaging. The median
hepatic PFS, global PFS, and OS of the eligible subcohort for the
response analysis were 11mo (range, 1–73mo), 10.5mo (range,
1–73mo), and 28mo (range, 2–115mo), respectively.
In 28 eligible patients who had liver lesions 2 cm or larger, 126

lesions were available for lesion-based analyses. There were 85
responding and 41 nonresponding lesions; 14 of the latter pro-
gressed despite treatment.

TABLE 1
Patient Characteristics (n 5 43)

Clinical variable Value

Age (y) Median, 60; range, 35–77

Male/female (n) 24/19

Origin of tumor: pancreas/gastrointestinal/unknown 11/30/2

NEN grade: 1/2/3 14/26/3

Endocrine syndrome: positive/negative (n) 12/31

Liver cirrhosis: positive/negative (n) 1/42

Extrahepatic lesions: positive/negative (n) 19/24

Number of involved regions: 1/2/3/4 (n)* 12/4/2/1

Lymph node/thyroid gland/lung (n) 14/1/3

Adrenal gland/peritoneum/ovary/bone (n) 1/5/2/4

Partial-liver/whole-liver SIRT (n) 6†/37

Sessions for whole-liver SIRT: 1/2 (n) 29/8

Treated volume (mL) Median, 1,735.4; range, 828.6–6,377.3

Treated fraction (%) Median, 100; range, 61.4–100

Administered dose (GBq) Median, 3.9; range, 2.1–22.0

MIRD dose (Gy) Median, 107.1; range, 44.8–164.3

MAD (Gy) Median, 219.5; range, 48.1–1014.6

Perfused volume normal-tissue AD (Gy) Median, 96.2; range, 13.7–181.0

Whole-liver normal-tissue AD (Gy) Median, 95.3; range, 13.6–181.1

Lung shunt fraction (%) Median, 2.9; range, 0.7–29.0

PV thrombosis: Vp1–Vp3/Vp4/negative (n) 1/0/42

Prior therapy (n) 40

Number of therapies: 0/1/2/3/4/5 (n)‡ 3/9/11/11/4/5

Tumor resection: primary/liver metastasis (n) 34/8

TACE/RFA/radiotherapy (n) 5/3/1

Somatostatin/PRRT/systemic therapy (n) 29/12/13

After SIRT (n) 38

Number of therapies: 0/1/2/3/4/5 (n)‡ 5/17/14/4/2/1

Tumor resection: primary/liver metastasis (n) 1/2

TACE/RFA/radiotherapy (n) 2/0/0

Somatostatin/PRRT/systemic therapy (n) 28/16/18

Additional SIRT ($6mo later) (n) 3

*Number of involved regions per patient.
†Four and 2 patients underwent radioembolization for right lobe and right lobe plus medial segment, respectively.
‡Number of therapies per patient.
SIRT 5 selective internal radiation therapy; AD 5 absorbed dose; PV 5 portal vein; TACE 5 transarterial chemoembolization; RFA 5

radiofrequency ablation. PRRT 5 peptide receptor radionuclide therapy; systemic therapy 5 mammalian target of rapamycin inhibitor or
chemotherapy.
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Median values for responding versus nonresponding lesions
were 237.6Gy (range, 52.7–1178.0Gy) and 120.2Gy (range,
29.9–424.9Gy) for MAD (area under the curve, 0.79; cutoff,
196.6Gy; P , 0.0001). The sensitivity, specificity, positive pre-
dictive value, negative predictive value, and accuracy were 64.7%
(55/85), 85.4% (35/41), 90.2% (55/61), 53.8% (35/65), and 71.4%
(90/126), respectively.
Median values for patient-based hepatic response versus lack

thereof were 268.7Gy (range, 52.7–1,014.6Gy) and 148.1Gy
(range, 78.8–284.6Gy) for MAD (area under the curve, 0.78; cut-
off, 175.0Gy; P 5 0.003). The sensitivity, specificity, positive
predictive value, negative predictive value, and accuracy were
66.7% (14/21), 71.2% (5/7), 87.5% (14/16), 41.7% (5/12), and
67.9% (19/28), respectively.
The results including Mann–Whitney test and receiver operating

characteristic analyses are summarized in Figures 2 and 3.

Survival Analysis
The median follow-up period was 34mo (range, 2–151mo). Dur-

ing this period, 35 of 43 (81.4%) patients died, 33 patients (76.7%)
experienced global disease progression, and 24 patients (55.8%) expe-
rienced hepatic disease progression. The median hepatic PFS, global
PFS, and OS of the entire cohort was 15mo (range, 1–151mo),
12mo (range, 1–151mo), and 34mo (range, 2–151mo), respectively.
The median MAD in all enrolled patients was 219.5Gy (range,

48.1–1014.6Gy).
In the univariate analysis for hepatic PFS, NEN grade (G2 vs. G1:

hazard ratio [HR], 4.02; 95% CI of HR, 1.31–12.32; P 5 0.015)
and tumor origin (HR, 2.66; 95% CI of HR, 1.05–6.76; P 5 0.040)
were significant prognostic factors, whereas MAD was not. In the
multivariate analysis, grade (G2 vs. G1: HR, 3.90; 95% CI of HR,
1.26–12.07; P 5 0.018) and tumor origin (HR, 2.65; 95% CI of
HR, 1.01–6.93; P 5 0.048) were significant prognostic factors for
shorter hepatic PFS. The results are shown in Table 2.
In the univariate analysis for global PFS, grade (G2 vs. G1: HR,

2.49; 95% CI of HR, 1.04–5.96; P 5 0.040; G3 vs. G1: HR,
36.53; 95% CI of HR, 6.71–198.93; P , 0.001), tumor origin
(HR, 2.47; 95% CI of HR, 1.14–5.33; P 5 0.021), and MAD (HR,
0.998; 95% CI of HR, 0.997–1.000; P 5 0.0498) were significant
prognostic factors. In the multivariate analysis, grade (G2 vs. G1:

HR, 2.51; 95% CI of HR, 1.04–6.09; P 5 0.042; G3 vs. G1: HR,
62.44; 95% CI of HR, 9.96–391.48; P , 0.001), tumor origin
(HR, 6.58; 95% CI of HR, 2.50–17.36; P , 0.001), and MAD
(HR, 0.998; 95% CI of HR, 0.996–0.999; P 5 0.003) were signifi-
cant. These results are summarized in Table 2.
In the univariate Cox analysis for OS, grade (G3 vs. G1: HR,

3.88; 95% CI of HR, 1.03–14.63; P 5 0.045) and MAD (HR,
0.998; 95% CI of HR, 0.996–1.000; P 5 0.049) were significant
prognostic factors. In the multivariate analysis for OS, no prognostic
factors were significant. These results are summarized in Table 2.
Differences in hepatic response and MAD per patient with

regard to NEN grading were not statistically significant (P . 0.99
and P 5 0.078, respectively).

Liver Toxicity After Radioembolization
Laboratory data were fully available for 29 patients for 12mo after

the radioembolization. During this interval, CTCAE grade 0, 1, 2,
and 31 liver toxicity was observed in 3, 23, 2, and 1 cases, respec-
tively, based on elevated aspartate aminotransferase; in 10, 17, 1, and
1 cases, respectively, based on elevated alanine aminotransferase; in
17, 4, 7, and 1 cases, respectively, based on hyperbilirubinemia; and
in 28, 0, 0, and 1 cases, respectively, based on hypoalbuminemia.
One patient experienced CTCAE grade 31 hyperbilirubinemia

and hypoalbuminemia within 6mo after partial-liver radioemboli-
zation, and another patient experienced CTCAE grade 31 elevated
aspartate aminotransferase and alanine aminotransferase within
6mo after whole-liver radioembolization. The nontumor liver tis-
sue doses and the perfused normal-liver absorbed doses were
107.7 and 125.2Gy in the former patient and 181.1 and 181.0Gy
in the other, respectively. Treatment after radioembolization con-
sisted of somatostatin analogs in both patients, with 1 patient addi-
tionally receiving temozolomide 6–12mo after radioembolization.

DISCUSSION

Our study showed a significant association between treatment
response and absorbed doses in NEN patients treated with radio-
embolization. After excluding lesions smaller than 2 cm to reduce
partial-volume effects, we could show that higher absorbed doses
increased the likelihood of treatment response, with an MAD of
196.6Gy per lesion and 175.0Gy per patient being the most accu-
rate predictor of treatment response. This threshold is in line with
previously published target doses (9) and may serve for orientation
in radioembolization planning in NENs; with the optimal cutoff
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FIGURE 2. Lesion-based (A) and patient-based (B) comparisons of MAD
for tumors among groups with CR, PR, SD, and PD. Horizontal line
embedded in scatterplot is median value of each group. No CR response
per patient was observed. There were no significant differences among
PR, SD, and PD groups per patient. *P , 0.01; each value was compared
using Mann–Whitney test.
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FIGURE 3. Receiver operating characteristic comparison of tumor
response to radioembolization in terms of MAD for tumors to classify
responder group vs. nonresponder group per lesion (A, 126 lesions) and
per patient (B, 28 patients).
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for MAD (196.6Gy) in our study, a response was noted in 55 of
61 (90.2%) lesions and 14 of 16 (87.5%) patients.
Higher tumor doses on a per-patient basis were also associated

with longer global PFS despite not being a significant prognostic
factor for hepatic PFS and OS. A possible explanation for this dis-
crepancy lies in the considerable heterogeneity in our cohort, which
included well-, intermediate-, and poorly differentiated NENs. As
the degree of differentiation has been shown to be a significant pre-
dictor of both hepatic and global PFS in our cohort, this likely con-
stitutes a confounding variable alongside other factors not accounted
for in the multivariate analysis. In addition, patients may experience
a significant overall reduction in hepatic tumor burden after radioem-
bolization while still meeting the criteria for hepatic disease progres-
sion, for example, due to the occurrence of new lesions, thus
potentially influencing results.
To our knowledge, so far only 2 other publications have assessed

the association between tumor-absorbed dose and patient outcome
in NEN patients (8,9) using multicompartment dosimetry. Ebbers
et al. investigated the dose–response relationship after radioemboli-
zation with 90Y glass microspheres using multicompartment dosim-
etry (9). For prediction of treatment response, they determined an
optimal cutoff of 135Gy for MAD, whereas 200Gy predicted
response with a higher specificity (9). Importantly, Ebbers et al.
used 90Y PET/CT for multicompartment dosimetry, which allows
for an optimized assessment of the dose–response relationship, as it
takes into account the doses administered during radioemboliza-
tion, whereas pretherapeutic dose calculations by use of 99mTc-
MAA have been shown to be inaccurate in a considerable fraction
of patients (9). On the other hand, at least in the context of 90Y
microspheres, 99mTc-MAA is the only modality that enables prether-
apeutic assessment of absorbed doses, thereby influencing dosing
strategies more profoundly. In addition, because of the hypervascular

nature of most NEN tumors, it seems likely that 99mTc-MAA can
accurately predict posttreatment dose distribution, making the pre-
therapeutic dosimetry fairly reliable (8).
In our cohort, only 2 patients experienced CTCAE grade 31 liver

toxicity within 6mo after radioembolization, with relatively high
doses to the nontumor liver tissue and the perfused normal liver. As
neither patient underwent hepatotoxic treatment within 6mo after
radioembolization, the hepatotoxicity was possibly caused by high
absorbed doses to healthy liver tissue. Ebbers et al. reported grade
31 liver toxicity in 3 of 30 patients in their cohort (9). A significant
relationship between the absorbed dose in nontumor liver tissue and
any biochemical toxicity of grade 31 in logistic regression analysis
could not be established (9). In addition, there are growing concerns
among practitioners that radioembolization can lead to durable
chronic hepatotoxicity and sometimes can be severely toxic (15).
Currie et al. demonstrated that 4 of 28 patients (14%) experienced
solely radioembolization-induced chronic hepatic toxicity, occurring
at a median of 2.3 y (range, 6mo to 5 y) after radioembolization
(15). In the future, more studies with a longer follow-up duration
may be warranted.
One limitation of our study was its retrospective nature. Other

limitations were the heterogeneity of the population and follow-up
imaging, lack of safety data due to the low number of events, and
insufficient statistical power due to the low sample size. Further-
more, the follow-up of 12mo may be insufficient to fully capture
late-onset hepatotoxicity, previously described in the literature (15).
As most patients were treated within the first week after calibration,
our results may not be applicable to treatments performed in the sec-
ond week after calibration. Also, not all patients were enrolled in the
evaluation of tumor response because some patients did not have
tumors 2 cm or larger. Finally, 99mTc-MAA SPECT/CT was used
for dosimetry; although this currently is the most accurate approach

TABLE 2
Uni- and Multivariate Cox Proportional Hazards Regression Analyses for Hepatic and Global PFS and OS

Survival type Grade

Univariate Multivariate

HR P HR P

Hepatic PFS NEN grade

Grade 2 vs. 1 4.02 (1.31–12.32) 0.015 3.90 (1.26–12.07) 0.018

Grade 3 vs. 1 3.74 (0.67–20.97) 0.13 4.43 (0.78–25.35) 0.094

Tumor origin 2.66 (1.05–6.76) 0.040 2.65 (1.01–6.93) 0.048

MAD 0.999 (0.997–1.001) 0.29

Global PFS NEN grade

Grade 2 vs. 1 2.49 (1.04–5.96) 0.040 2.51 (1.04–6.09) 0.042

Grade 3 vs. 1 36.53 (6.71–198.93) ,0.001 62.44 (9.96–391.48) ,0.001

Tumor origin 2.47 (1.14–5.33) 0.021 6.58 (2.50–17.36) ,0.001

MAD 0.998 (0.997–1.000) 0.0498 0.998 (0.996–0.999) 0.003

OS NEN grade

Grade 2 vs. 1 1.82 (0.85–3.86) 0.12 1.81 (0.84–3.87) 0.13

Grade 3 vs. 1 3.88 (1.03–14.63) 0.045 3.15 (0.82–12.12) 0.095

Tumor origin 1.93 (0.88–4.22) 0.099

MAD 0.998 (0.996–1.000) 0.049 0.998 (0.997–1.0002) 0.072

Data are for 43 patients and for 24, 33, and 35 events for hepatic PFS, global PFS, and OS, respectively. Data in parentheses are 95%
CIs. Prognostic parameters with P , 0.05 in univariate analysis entered multivariate analysis.
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for pretherapeutic dose assessment, it may not always accurately
reflect intratherapeutic dose distribution.

CONCLUSION

The results of our study indicate a higher response rate and lon-
ger global PFS in NEN patients in whom higher tumor doses could
be achieved, implying that a higher tumor-absorbed dose may be
critical to achieve a treatment response.
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Eczacıbaşı Monrol (speaker), and Abx (speaker), outside the submit-
ted work. Ken Herrmann reports personal fees from Bayer, SIRTEX,
Adacap, Curium, Endocyte, IPSEN, Siemens Healthineers, GE
Healthcare, Amgen, Novartis, ymabs, Aktis Oncology, Theragnostics,
and Pharma 15; personal fees and other fees from Sofie Biosciences;
nonfinancial support from ABX; and grants and personal fees from
BTG, outside the submitted work. Manuel Weber reports personal
fees from Boston Scientific, Terumo, Advanced Accelerator Applica-
tions, IPSEN, and Eli Lilly, outside the submitted work. No other
potential conflict of interest relevant to this article was reported.

KEY POINTS

QUESTION: Are tumor doses derived from multicompartment
dosimetry predictive of treatment response, PFS, OS, and liver
failure in patients with NEN undergoing radioembolization?

PERTINENT FINDINGS: Higher absorbed tumor doses are
associated with treatment response and global PFS but not with
hepatic PFS and OS. Higher mean doses to the nontumor liver
tissue may carry an increased risk of liver decompensation.

IMPLICATIONS FOR PATIENT CARE: Dosimetric parameters
derived from multicompartment dosimetry may be helpful to
maximize treatment efficacy and safety in NEN patients
undergoing radioembolization.
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Head and neck squamous cell carcinoma (HNSCC) remains a malig-
nancy with high rates of locoregional recurrence and poor prognosis
for recurrent cases. Early detection of subclinical lesions is challenging
but critical for effective patient management. Imaging surveillance
after treatment, particularly 18F-FDG PET/CT, has shown promise in the
diagnosis of HNSCC recurrence. The aim was to evaluate the diagnos-
tic performance of 18F-FDG PET/CT according to delay after treatment
in detecting subclinical recurrence (SCR) in HNSCC patients.Methods:
In this retrospective study, all 18F-FDG PET/CT scans were performed
at a single center. All adults with histologically proven HNSCC who
were treated with curative intent between January 1, 2006, and Decem-
ber 31, 2021, were included. They had a normal clinical examination
before each scan. Patients who underwent an intensive follow-up strat-
egy after treatment had 18F-FDG PET/CT with an intravenous contrast
agent at 3–6mo and annually thereafter for 5y. The primary endpoint
was diagnostic performance (positive and negative predictive values,
sensitivity, specificity, and accuracy). Results: In total, 2,566 18F-FDG
PET/CT scans were performed among 852 patients, with an average of
3 scans per patient. The overall diagnostic performance measures were
as follows: positive predictive value (88%), negative predictive value
(98%), sensitivity (98%), specificity (89%), and accuracy (93%). There
were no significant differences in diagnostic performance over time.
The scans detected 126 cases of SCR (14.8%) and 118 cases of meta-
chronous cancer (13.8%). The incidence of SCR decreased over time,
with the highest detection rate in the first 2y after treatment. Positive
predictive value improved over time, reaching 90% for the digital Vision
600 system (third period) compared with 76% for the analog Gemini
GXLi system (first period, P , 0.001). Multivariate analysis identified
advanced stage, high body mass index, and initial PET/CT upstaging
as predictive factors for detection of SCR. Conclusion: Our study
demonstrates that 18F-FDG PET/CT has high diagnostic performance
in detecting SCR during follow-up after treatment of HNSCC, especially
in the first 2y. Advanced tumor stage, initial PET/CT upstaging, and
high body mass index were associated with a higher likelihood of SCR
detection. The routine use of 18F-FDG PET/CT during follow-up seems
justified for patients with HNSCC.
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Head and neck squamous cell carcinoma (HNSCC) is the
sixth most common malignancy worldwide, with approximately
800,000 new cases annually (1). Despite recent advances in curative-
intent treatments, locoregional recurrence occurs in approximately
40%–50% of patients with advanced-stage disease, mostly within
the first 2 y after treatment (2). Furthermore, the prognosis for patients
with recurrent HNSCC remains poor, with a median survival of less
than 1y (3). However, a metanalysis of 1,080 patients with recurrent
HNSCC demonstrated the benefit of salvage surgery by improving
their median 5-y survival to 39% (4). These findings highlight that
early detection of small subclinical lesions remains a major challenge
to guide clinicians in patient management.
According to the guidelines, standard follow-up is based mainly

on iterative clinical examinations and less on imaging (5,6). In this
context, imaging surveillance after treatment may have a role to
play in the diagnosis of HNSCC subclinical recurrence (SCR).

18F-FDG PET/CT is recommended for HNSCC after treatment
to resolve doubt if recurrence is clinically suspected and to look for
distant metastasis if recurrence is confirmed (6,7). Although several
studies have already demonstrated its high performance in diagnos-
ing disease SCR during routine patient follow-up (8–10), 18F-FDG
PET/CT is still optional and concerns only patients with locally
advanced disease at diagnosis. Its usefulness remains controversial
(11), mainly because the cost-effectiveness ratio is debated (12,13),
the prognostic impact has rarely been studied, and there is no con-
sensus on the frequency and duration of the imaging schedule.
A metanalysis of 7 studies and 907 patients found a global detec-

tion rate of 14.2% for HNSCC SCR using 18F-FDG PET/CT, with
pooled sensitivity and specificity of 89% and 92% (14), respectively;
however, results were not subanalyzed by delay after treatment. Only
data from 2 prospective series provide estimates of detection rates at
6mo (18.9%) and 1y (32.9%) after treatment (8,9), and a multicenter
randomized prospective trial is ongoing to assess the value of per-
forming imaging every 6mo for 3 y (15).
The aim of this study was to evaluate the diagnostic perfor-

mance of 18F-FDG PET/CT according to delay after treatment for

Received Jan. 31, 2024; revision accepted May 13, 2024.
For correspondence or reprints, contact Jean-Christophe Lecl!ere (leclere.

jean-christophe@hotmail.fr).
Published online Jul. 11, 2024.
COPYRIGHT! 2024 by the Society of Nuclear Medicine andMolecular Imaging.

18F-FDG PET/CT IN HNSCC AFTER TREATMENT ! Clement et al. 1181



the detection of SCR in a large retrospective single-center cohort
of HNSCC patients.

MATERIALS AND METHODS

Population
Our retrospective study included 852 adult patients with newly

diagnosed HNSCC who received curative treatment between 2006 and
2021 (Fig. 1). All patients underwent 18F-FDG PET/CT scans 3–6 mo
after completion of treatment and annually for 5 y thereafter, replacing
annual chest CT. They were required to have a normal clinical exami-
nation before each scan. Patient demographics, treatment information,
and follow-up data were collected from electronic medical records.

The primary objective of our study was to evaluate the diagnostic
performance of 18F-FDG PET/CT in detecting SCR of HNSCC accord-
ing to delay after treatment. The secondary objectives were to analyze
its efficacy according to disease stage, treatment modality, and PET
system used and to search for predictive factors for the detection of
SCR using 18F-FDG PET/CT.

The study was approved by the Institutional Ethics Committee
(29BRC22.0040), and all patients gave written informed consent. The
study complied with the French General Data Protection Regulation.

Follow-up
All patients follow-ups consisted of a conventional work-up according

to guidelines (6), including clinical examinations every 2 mo during the
first year, every 3 mo during the second year, every 4 mo during the
third year, every 6 mo during the fourth and fifth years, and then annu-
ally. As recommended, 18F-FDG PET/CT was performed 3 mo after
radiotherapy for patients with node-positive disease to assess the neces-
sity of neck dissection (16). All imaging studies were reviewed and
interpreted by a panel of experienced nuclear medicine physicians.
SCR was defined as lesions detected on 18F-FDG PET/CT that were
not clinically or radiographically apparent at the time of imaging. A
qualitative criterion was used to identify recurrence, that is, any non-
physiologic uptake above the surrounding background noise (Fig. 2).
Because of the rapidly progressive nature of this type of cancer, if a
lesion was detected by 18F-FDG PET/CT within 3 mo of the examina-
tion, the result was considered false-negative. However, if the lesion
was detected more than 3 mo later, it was considered undetectable and
the result was classified as true-negative. Suspected recurrence or
synchronous cancer was confirmed by histologic sampling or, if not

possible, by morphologic or metabolic progression on subsequent
imaging within 3 mo.

18F-FDG PET/CT Imaging
The examinations were performed on several consecutive PET/CT

hybrid scans as follows: from 2006 to 2012 on an analog Gemini
GXLi (Philips Healthcare) system, from 2012 to 2018 on an analog
Biograph-mCT (Siemens) system, and from 2019 to 2021 on a digital
Vision 600 (Siemens) system. PET/CT imaging was performed 1 h
after an intravenous injection of 3–5 MBq/kg of 18F-FDG (IBA
Molecular Imaging). The detailed parameters of the PET/CT imaging
are available in the supplemental materials (supplemental materials are
available at http://jnm.snmjournals.org).

Statistical Analysis
Statistical analysis was performed using SPSS software (version

25.0; IBM). Descriptive statistics were used to summarize the demo-
graphic and clinical characteristics of the patient cohort.

The overall diagnostic performance of 18F-FDG PET/CT was evalu-
ated using sensitivity, specificity, positive predictive value (PPV), nega-
tive predictive value (NPV), and accuracy. Subanalyses were performed
in subgroups as follows: interval after treatment (3–6, 7–12, 13–24, 25–
36, and $37 mo), treatment modality (surgery only and with radiother-
apy), disease stage (early stage I/II and advanced stage III/IV), and PET
system (first period [P1] Gemini, 2006–2011; second period [P2] Bio-
graph, 2012–2017; and third period [P3] Vision, 2018–2022),

For univariate analysis, a Mann–Whitney test was used for continu-
ous variables and a Fisher exact test for categoric variables. Predictive
factors found to be associated with subclinical detection were then
entered into a multivariable logistic regression model. A P value of
less than 0.05 was considered statistically significant.

RESULTS

Patient Characteristics
Among the 852 patients included, 2,566 18F-FDG PET/CT

scans were performed, with an average of 3 scans per patient.
Clinical characteristics are shown in Table 1.

Patients with head and neck squamous cell carcinoma (2006-2021)
(n = 1,291)

Curative treatment
(n = 1,157)

Patients included
(n = 852)

18F-FDG PET/CT before treatment

Palliative treatment
(n = 134)

No systematic 18F-FDG PET/CT during follow up
(n = 305)

No
(n = 95)

Yes
(n = 757)

FIGURE 1. Flowchart.

FIGURE 2. 18F-FDG PET/CT performed 18mo after surgical treatment
of T2N0M0 left tonsillar squamous cell carcinoma showing, in coronal (top
left), sagittal (top right), and axial (lower left) views, recurrence of squa-
mous cell carcinoma (circle). This was confirmed by CT-guided biopsy
(lower right). B5 background; SUV-bw5 body-weight SUV; T5 tumor.
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Patients were predominantly men (695/852, 82%), with a median
age of 62y (range, 32–94y). Of the included patients, 161 (19%)
had a previous history of cancer and 58 (7%) had HNSCC from
another primary site. The most common tumor site was the orophar-
ynx (292/852, 34%). With regard to the distribution of the main
curative treatments, slightly more patients received initial radiother-
apy than surgery (458/852 vs. 394/852, respectively).

Diagnostic Performance of PET for SCR
Of the 852 patients, 26% (221/852) had a recurrence of head

and neck cancer, of which 57% (126/221) were detected by 18F-
FDG PET/CT. The overall detection rate of SCR by 18F-FDG
PET/CT was 14.7% (126/852). It was 4.8% (40/830) at 3–6mo,

10.3% (45/435) at 7–12mo, 3.5% at 13–24mo (21/596), 2.6% at
25–36mo (9/343), and 3.1% at more than 37mo (11/358).
The overall diagnostic performance of 18F-FDG PET/CT for

SCR (n 5 126) was 88%, 98%, 98%, 89%, and 93% for PPV,
NPV, sensitivity, specificity, and accuracy, respectively. For the
subgroup of 95 patients without pretherapeutic 18F-FDG PET/CT
imaging, the diagnostic accuracy of the first follow-up 18F-FDG
PET/CT scan (92%, 98%, 97%, 95%, and 93% for PPV, NPV, sen-
sitivity, specificity, and accuracy, respectively) was quite similar to
that of patients with pretherapeutic 18F-FDG PET/CT imaging.
Per Interval After Treatment. The diagnostic performance of

18F-FDG PET/CT at different time intervals after curative treat-
ment is summarized in Table 2.
Excluding cancers detected at the initial work-up, 18F-FDG

PET/CT identified 118 metachronous cancers in 13% (113/852) of
patients. Of these, 5 patients developed 2 metachronous cancers
during follow-up. The most common sites were the lung (54%,
61/113), colon or rectum (11%, 12/113), head and neck (10%,
11/113), and esophagus (8%, 9/113).
The incidence of SCR decreased over time, with 67% (85/126)

detected in the first year and 84% (106/126) detected in the first
2 y. Curative treatment of recurrences detected during follow-up
increased over time, from 42% before 13mo to 83% after 13mo.
Overall, 56% (70/126) of patients who had SCR during follow-up
received curative treatment.
The incidence of asymptomatic metachronous cancers was

slightly higher in the first year but tended to remain stable over
time, around 20 per year. Similarly, the rate of curative treatment
increased only slightly over time, from 81% to 96%.
Per PET System. There was an improvement in PPV over time,

from 76% to 84% and then 90% from P1 (Gemini) to P2 (Bio-
graph) and then P3 (Vision, P , 0.001); all results are shown in
Supplemental Table 1. In particular, there was improvement in the
characterization of tumor recurrence from P1 to P2–P3, from 76% to
90% (P , 0.001). For nodal status, there was an increase from 90%
to 93% and then 97% from P1 to P2 and then P3 (P 5 0.004), and
for synchronous cancer detection, there was an increase from 60%
to 70% and then 90% from P1 to P2 and then P3 (P , 0.001). The
results for NPV and sensitivity were similar over time, with excellent
values ranging from 98% to 100%. Specificity decreased from
88% to 81% and then increased to 93% from P1 to P2 and then P3
(P 5 0.008). Accuracy increased from P3 to reach the best overall
value of 95%.
Per Disease Stage. There was no significant difference in diag-

nostic performance according to initial disease stage (Supplemen-
tal Table 2). PPV ranged from 84% to 87%, NPV and sensitivity
ranged from 99% to 100%, specificity ranged from 88% to 89%,
and accuracy remained constant at 93%.
Per Initial Treatment Modality. There was no significant differ-

ence in diagnostic performance, according to initial treatment
modality (Supplemental Table 3). PPV ranged from 85% to 86%,
NPV and sensitivity ranged from 99% to 100%, specificity ranged
from 88% to 89%, and accuracy remained constant at 93%.

Predictive Factors for SCR
The analysis of predictive factors for SCR is detailed in Table 3.
In univariate analysis, several factors predicted the detection of

recurrence by systematic 18F-FDG PET/CT: body mass index
of less than 22 (odds ratio [OR], 0.738; 95% CI, 0.579–0.941;
P 5 0.010), advanced stage (III or IV; OR, 1.904; 95% CI, 1.282–
2.826; P 5 0.002), upstaging by 18F-FDG PET/CT (PETup) at the

TABLE 1
Patient Characteristics (n 5 852)

Characteristic n %

Male 695 82

Median age 6 s (y) 62 8

Cancer history 161 19

HNSCC history 58 7

Smoking . 10 pack-years 797 94

Alcohol . 3 drinks/d 327 38

Primary location

Oral cavity 198 23

Oropharynx 292 34

HPV1 oropharynx 56 19

HPV2 oropharynx 236 81

Larynx 205 24

Hypopharynx 132 15

CUP 25 3

Initial 18F-FDG PET/CT 757 89

Stage

Early 209 25

I 124 15

II 85 10

Advanced 633 74

III 133 16

IV 500 59

Treatment

Surgery 394 46

Alone 213 25

Plus RT 91 11

Plus CRT 90 10

RT 458 54

Alone 151 18

Plus chemotherapy 307 36

Median year of treatment 2016

Median follow-up (mo) 31 28

HPV 5 human papilloma virus; CUP 5 carcinoma unknown
primary; RT 5 radiotherapy; CRT 5 chemoradiotherapy.
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initial assessment (OR, 1.481; 95% CI, 1.141–1.922; P 5 0.005),
and oral primary site (OR, 2.002; 95% CI, 1.233–3.253; P 5 0.006)
or oropharynx primary site (OR, 1.292; 95% CI, 1.06–1.575;
P 5 0.016). In multivariate analysis, 3 factors (advanced stage,

body mass index , 22, and PETup) remained significantly associ-
ated with the detection of SCR (OR, 2.810; 95% CI, 1.061–7.440;
P 5 0.038; OR, 0.277; 95% CI, 0.116–0.658; P 5 0.004; and OR,
25.582; 95% CI, 7.939–82.34; P , 0.001, respectively).

TABLE 2
Overall Diagnostic Performance of 18F-FDG PET/CT and by Time Interval After Treatment

Parameter

18F-FDG PET/CT Subclinical recurrence Metachronous cancer

PPV (%) NPV (%) Se (%) Sp (%) Acc (%) n Cur. treatment n Cur. treatment

Range

3–6mo, n 5 830 88 98 98 88 93 40 16 (40) 28 (82)

7–12mo, n 5 435 84 99 99 85 91 45 20 (44) 16 13 (81)

13–24mo, n 5 596 91 99 98 93 95 21 17 (81) 25 21 (84)

25–36mo, n 5 343 90 98 97 95 95 9 7 (78) 20 19 (95)

$37mo, n 5 358 84 98 97 86 91 11 10 (91) 23 22 (96)

Anatomic site

All, n 5 2,566 88 98 98 89 93 126 70 (56) 118 103 (87)

All T 88 100 99 96 96

All N 94 100 99 99 99

All lung M 95 100 99 99 99

All other M 97 100 95 100 100

All metachronous cancer 79 100 97 97 97

Se 5 sensitivity; Sp 5 specificity; Acc 5 accuracy; T 5 tumor; N 5 node; M 5 metastasis; Cur. treatment 5 curative treatment.
Cur. treatment data are number, with percentage in parentheses.

TABLE 3
Analysis of Predictive Factors for 18F-FDG PET/CT Recurrence Detection in Patients with Proven SCR

Risk factor

Univariate analysis Multivariate analysis

P OR 95% CI P OR 95% CI

Age , 62 y old 1 0.989 0.755

Male 0.70 1.142 0.614–2.124

Smoking . 10 pack-years 0.26 0.957 0.896–1.022

Alcohol . 3 drinks/d 0.30 1.207 0.881–1.654

HNSCC history 0.51 1.196 0.748–1.915

Body mass index , 22 0.010 0.738 0.579–0.941 0.004 0.277 0.116–0.658

Primary location

Oral cavity 0.006 2.002 1.233–3.253 0.879 1.179 0.142–9.775

Oropharynx 0.016 1.292 1.06–1.575 0.258 3.366 0.412–27.522

Larynx 0.41 0.927 0.78–1.103

Hypopharynx 0.11 1.093 0.995–1.2

CUP 0.68 0.984 0.933–1.038 1

Synchronous cancer 1 1.004 0.938–1.075

Initial PETup 0.005 1.481 1.141–1.922 0.001 25.582 7.939–82.34

Advanced stage III/IV 0.002 1.904 1.282–2.826 0.038 2.810 1.061–7.440

Initial treatment* 0.013 1.493 1.107–2.013 0.319 0.627 0.251–1.569

*Surgery.
CUP 5 carcinoma unknown primary.
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DISCUSSION

Our study showed that 18F-FDG PET/CT was highly effective
in detecting 126 SCRs and 118 metachronous cancers during sys-
tematic surveillance of 852 HNSCC patients, corresponding to an
occult event rate of 9.5% (244/2,566 scans). To our knowledge,
this is the largest study evaluating the diagnostic performance of
18F-FDG PET/CT in this indication. We found good results, with
PPV, NPV, sensitivity, specificity, and accuracy estimated at 88%,
98%, 98%, 89%, and 93%, respectively. These findings are consistent
with several previous series investigating the usefulness of 18F-FDG
PET/CT for the detection of SCR, with sensitivity of 88%–100%,
specificity of 43%–95%, PPV of 51%–89%, NPV of 91%–100%,
and accuracy of 81%–97%, regardless of anatomic site (tumor, node,
or metastasis) or the delay after treatment (8,9,17–21).
In addition, the rate of curative treatment for SCR is higher than

reported in the literature (23%–46%) (22–26). It has been known for
several years that early management of recurrence can improve qual-
ity of care and overall survival (23,27). Recently, a cohort study of
HNSCC patients demonstrated a probable protective role of imaging-
based follow-up with 18F-FDG PET/CT (hazard ratio, 0.29) (28). A
single-center retrospective case-control study of 782 patients with
18F-FDG PET/CT imaging showed similar results (OR, 0.71) (29).
Considering these elements, and given the excellent performance of
18F-FDG PET/CT, its use in routine settings seems justified.
We chose to include only patients with a normal clinical exami-

nation at least 3mo after completion of treatment for 2 reasons.
First, it is difficult to distinguish true SCR from residual disease
after treatment. Second, it is well known that there is an increased
risk of false-positives because of inflammatory changes occurring
less than 3mo after treatment, especially with radiotherapy (30).
In a retrospective study, Risør et al. (31) showed that the diagnos-
tic accuracy of 18F-FDG PET/CT in the follow-up of 279 HNSCC
patients improved mainly between the 0- to 3-mo and the 3- to
6-mo intervals after treatment, with a significant decrease in equiv-
ocal results (26.3% and 8.4%, respectively; P5 0.03). In our
series, the diagnostic accuracy of 18F-FDG PET/CT in follow-up
after treatment was stable (91%–95%), regardless of the time
interval after 3mo (32).
In our study, the incidence of disease recurrence decreased over

time (67% in the first year and 84% in the first 2 y), corresponding
to a detection rate of SCR by 18F-FDG PET/CT of 4.8% at 3–6mo,
10.3% at 7–12mo, and 3.5% at 13–24mo (21/596). These findings
are also consistent with the literature. Ho et al. (33) highlighted
that PET/CT detection rates in clinically occult patients were 9%
(15/175) at 12mo and 4% (3/77) at 24mo. Furthermore, in a retro-
spective study of 388 patients who underwent 18F-FDG PET/CT
every 3mo, Beswick et al. (34) concluded that 18F-FDG PET/CT is
not useful after 2 y, because 95% of recurrences occur within this
period. However, we found a slightly higher incidence of asymptom-
atic metachronous cancers in the first year, which then stabilized
over time at a rate of 4.5% per year. This is in agreement with the
retrospective study of 302 patients by L$eon et al. (32), which showed
a relatively constant incidence of metachronous cancers of 4% per
year over a 10-y follow-up period.
With regard to our analysis per PET system, we found improve-

ment in diagnostic performance, especially in terms of PPV from P1
(Gemini) to P2 (Biograph) and P3 (Vision, P , 0.001) and in terms
of accuracy, with a best overall value calculated at 95% (P 5 0.014).
This makes sense because the advances in PET technology (i.e.,
point spread function 1 time-of-flight image reconstruction from P1

to P2 and digital detector implementation from P2 to P3) over
the last decade have allowed improvement in lesion detectability
(35–38), as well as increased physician expertise. Using P1 versus
P2, in a study comparing the ordered-subset expectation maximiza-
tion algorithm with or without the point spread function and time
of flight, Akamatsu et al. (39) showed that the combination of point
spread function and time of flight increased SUVmax by 43.3% in
41 lymph node metastases and improved detection of small lesions.
Using P2 versus P3, Delcroix et al. (40) showed in a series of
98 patients significant improvement in image quality (noise and
sharpness) and lesion detectability with the digital PET/CT dataset
compared with the analoglike one.
Our study found no significant difference in performance based

on initial treatment type or disease stage. The changes associated
with the type of initial treatment suggest that rearrangements in
tissues treated by surgery or radiotherapy do not affect this meta-
bolic imaging. Although recurrences are less frequent and rearran-
gements are less significant in early stages, this does not alter the
performance of PET/CT during follow-up.
In our series, multivariate analysis identified PETup at initial

work-up (OR, 25.58; P , 0.001) and advanced stage disease III or
IV (OR, 2.810; P5 0.038) as independent prognostic factors for sub-
clinical events after treatment detected by 18F-FDG PET/CT, regard-
less of the initial stage. To date, 18F-FDG PET/CT is recommended
only for HNSCC in advanced III or IV staging before treatment for
distant extension (7). Nevertheless, several studies have shown its
usefulness for restaging as an adjunct to conventional work-up at any
stage (41–43). In a retrospective study of 477 HNSCC patients,
Lecl!ere et al. (42) found that 18F-FDG allowed PETup of disease
after conventional work-up from stage I or II to advanced stage III or
IV in 42 of 130 patients (32.3%). They showed that these changes
were mainly related to lymph node status (38.2%) and significantly
affected 3-y overall survival compared with patients whose conven-
tional work-up and 18FDG PET/CT results were concordant (54.8
vs. 82.6%, P 5 0.001). These findings highlight the importance of
functional imaging in the initial assessment of head and neck can-
cer, because it allows greater accuracy in determining lymph node
involvement. In a metanalysis of 32 studies including 1,236
patients, Kyzas et al. (44) showed sensitivity of 79% and specificity
of 86% for 18F-FDG PET/CT in the diagnosis of lymph node
extension in HNSCC. They also reported better sensitivity (82%
vs. 74%) and specificity (82% vs. 76%) of PET than of CT in 16
studies and better specificity (85% vs. 80%) for equivalent sensitiv-
ity of PET than of MRI in 9 studies. Advanced stages are associ-
ated with a higher risk of recurrence, particularly in the lymph
nodes (45). The improved diagnostic performance of 18F-FDG
PET/CT over CT alone in the initial assessment of lymph node
extension—the region most prone to recurrence—supports the use
of PET/CT during follow-up to maximize the likelihood of detect-
ing SCR. In a recent review, You et al. (46) highlighted that 18F-
FDG PET/CT is a valuable tool for detecting nodal recurrences
that may be missed by routine clinical examination or conventional
imaging, with implications for patient management. In addition, a
body mass index of less than 22 was found to be a protective factor
for SCR of cancer in our results (OR, 0.277; P 5 0.004). This ten-
dency likely results from the increased feasibility of detecting
recurrent squamous cell carcinoma in the neck by clinical palpation
because of the reduced volume of adipose tissue. In addition, in
patients with a body mass index of at least 22, the lower contrast
because of fat may also limit the sensitivity or specificity of
18F-FDG PET/CT.
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Our study had several limitations. First, its retrospective single-
center design requires validation by multicenter randomized pro-
spective studies to limit selection bias. Such a trial is under way to
evaluate the value of PET-based follow-up up to 3y after treatment
(15). Second, our population included a high proportion of advanced
stage disease (74%), which may have artificially increased the inci-
dence of SCR or metachronous disease compared with an unselected
population. Nevertheless, this was a real-life study, so this rate is con-
sistent with the available data in our region over the last 20 y. Third,
some patients (only 11%) did not undergo pretherapeutic 18F-FDG
PET/CT, which may have led to an underdiagnosis of asymptomatic
synchronous cancers and thus slightly increased our rate of subse-
quent metachronous cancers. Fourth, data on human papilloma virus
status were missing for two thirds of the patients, because this was
not recommended in the early years of the inclusion period. Fifth,
18F-FDG PET/CT imaging was performed with iodinated contrast
agents unless contraindicated, a practice that may not be widespread
in all centers. The use of contrast agents has been shown to improve
the differentiation between anatomic structures and pathologic abnor-
malities, thus improving the diagnostic accuracy of PET/CT scans
(47–49). This may explain the sensitivities and specificities observed
in this study. Sixth, 56 patients were positive for human papilloma
virus. The performance of 18F-FDG PET/CT is better in patients with
cancers related to human papilloma virus (50), probably in part
because the risk of recurrence is lower. Finally, during the long inclu-
sion period (13y), there has been a remarkable evolution in treatment
methods and medical imaging techniques. This time interval may
also have affected the PET analysis, depending on the learning curves
of the nuclear medicine physicians.

CONCLUSION

In a large cohort of 852 asymptomatic patients, we have shown
that 18F-FDG PET/CT has high diagnostic performance in detect-
ing subclinical HNSCC recurrence, as well as metachronous can-
cers throughout follow-up after treatment. Several factors may
predict the likelihood of a positive result, including advanced
tumor stage (III or IV), PETup at initial work-up, and tumor loca-
tion outside the oral cavity. Considering these performance results
and recent studies showing the protective role of imaging-based
follow-up, the routine use of 18F-FDG PET/CT during follow-up
seems justified for patients with HNSCC.
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KEY POINTS

QUESTION: What is the diagnostic performance of 18F-FDG
PET/CT during follow-up in clinically asymptomatic patients
treated for HNSCC?

PERTINENT FINDINGS: In this retrospective study that included
852 adults, 2,566 18F-FDG PET/CT scans were conducted. The
overall diagnostic performance measures were as follows: PPV
of 88%, NPV of 98%, sensitivity of 98%, specificity of 89%, and
accuracy of 93%.

IMPLICATIONS FOR PATIENT CARE: 18FDG PET/CT had excellent
performance when used for the follow-up of asymptomatic patients
treated for HNSCC.
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The fibroblast activation protein (FAP) is highly expressed in tumor
and stromal cells of mesothelioma and thus is an interesting imaging
and therapeutic target. Previous data on PET imaging with radiola-
beled FAP inhibitors (FAPIs) suggest high potential for superior tumor
detection. Here, we report the data of a large malignant pleural
mesothelioma cohort within a 68Ga-FAPI46 PET observational trial
(NCT04571086). Methods: Of 43 eligible patients with suspected or
proven malignant mesothelioma, 41 could be included in the data
analysis of the 68Ga-FAPI46 PET observational trial. All patients under-
went 68Ga-FAPI46 PET/CT, contrast-enhanced CT, and 18F-FDG
PET/CT. The primary study endpoint was the association of 68Ga-
FAPI46 PET uptake intensity and histopathologic FAP expression.
Furthermore, secondary endpoints were detection rate and sensitivity,
specificity, and positive and negative predictive values as compared
with 18F-FDG PET/CT. Datasets were interpreted by 2 masked read-
ers. Results: The primary endpoint was met, and the association
between 68Ga-FAPI46 SUVmax or SUVpeak and histopathologic FAP
expression was significant (SUVmax: r 5 0.49, P 5 0.037; SUVpeak:
r 5 0.51, P 5 0.030).68Ga-FAPI46 and 18F-FDG showed similar sensi-
tivity by histopathologic validation on a per-patient (100.0% vs. 97.3%)
and per region (98.0% vs. 95.9%) basis. Per-region analysis revealed
higher 68Ga-FAPI46 than 18F-FDG specificity (81.1% vs. 36.8%) and
positive predictive value (87.5% vs. 66.2%). Conclusion: We confirm
an association of 68Ga-FAPI46 uptake and histopathologic FAP

expression in mesothelioma patients. Additionally, we report high
sensitivity and superior specificity and positive predictive value for
68Ga-FAPI46 versus 18F-FDG.

Key Words: mesothelioma; cancer imaging; FAPI; fibroblast activation
protein; thoracic cancer
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Malignant mesothelioma is a relatively rare solid malignancy
of soft tissue, most frequently affecting the pleura, and is associ-
ated with poor survival (1). Because of late detection, mesothelio-
mas are often diagnosed in unresectable, advanced stages,
emphasizing the need for accurate imaging methods to identify
suspected lesions (2). In recent years, the fibroblast activation pro-
tein (FAP) has become an interesting target for novel molecular
probes because of its high expression in tumor cells of mesenchy-
mal origin and in carcinoma-associated fibroblasts in stromal tis-
sue of various solid tumors (3,4). Carcinoma-associated fibroblasts
influence tumor cells by producing mediators and can promote
tumor angiogenesis, migration, and proliferation (5), and FAP over-
expression in solid tumors has been linked with poor outcome
and is distinctively overexpressed in tumor tissue compared with
normal tissue (4). Especially, mesothelioma has been shown to
highly express FAP on tumor tissue in all histopathologic subtypes
(3). Therefore, FAP-targeted therapies are of interest for future
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treatments, and experimental and phase I clinical trials for anti-
FAP CAR T-cell therapy have already been evaluated (6,7). In
terms of diagnostic approaches, imaging is still focused on radio-
logic examinations such as contrast-enhanced CT (Ce-CT), MRI,
and 18F-FDG PET, but novel FAP-targeted radiotracers have
shown promising tumor uptake in mesothelioma patients (8–10).
In 2018, novel FAP-targeted radiotracers were introduced for

diagnostic and therapeutic purposes and showed promising diag-
nostic value for multiple entities, including mesenchymal cancers
such as malignant pleural mesothelioma, but have not been inves-
tigated in depth (11,12).
We initiated a prospective, single-center, observational FAP

inhibitor (FAPI) PET trial to investigate the association of histo-
pathologic FAP expression and 68Ga-FAPI46 PET uptake intensity
in various tumor entities (13). We further aimed to analyze the
68Ga-FAPI46 PET/CT sensitivity, specificity, positive and negative
predictive values, and detection rates of this new methodology in
comparison to established imaging modalities (18F-FDG PET/CT
and Ce-CT).

MATERIALS AND METHODS

Study Design and Patients
This was a subgroup analysis of an ongoing 68Ga-FAPI46 PET

observational trial (NCT04571086), and the detailed study protocol
has been published before (14,15).

Briefly, adult patients scheduled for 68Ga-FAPI46 PET/CT for
staging or restaging of proven or suspected mesothelioma as part of
clinical workup or routine were enrolled and underwent follow-up
prospectively for at least 6 mo after enrollment. In that period, avail-
able histopathology specimens, images (CT, MRI, PET/CT, etc.),
change-of-management questionnaires, and other clinical data were
collected and then analyzed. Correlation of 68Ga-FAPI46 uptake
intensity and histopathologic FAP expression was defined as the pri-
mary endpoint (Spearman correlation for ordinal data). Secondary
endpoints were detection rate and sensitivity, specificity, positive
predictive value (PPV), negative predictive value (NPV), and accu-
racy confirmed by histopathology per patient and per region or by a
composite reference standard (pathology and imaging-based lesion
follow-up).

The study was initiated, planned, conducted,
analyzed, and published by the Department of
Nuclear Medicine of University Hospital Essen.
No financial support was received from com-
mercial entities. All reported investigations
were conducted in accordance with the Decla-
ration of Helsinki and with national regulations.
This observational trial was registered on
clinicaltrails.gov (NCT04571086) and approved
by the local Ethics Committee (permits 19-
8991-BO and 20-9485-BO). All patients pro-
vided their informed consent.

Figure 1 illustrates the patient flow and
the inclusion and exclusion of patients and
respective cohorts for the respective end-
points (Fig. 1).

Imaging and Image Analysis
PET scans were performed in the cranio-

caudal direction on a Vereos (Philips), Bio-
graph mCT (Siemens Healthineers), or
Biograph mCT VISION (Siemens Healthi-
neers) device. All 68Ga-FAPI46 PET scans

were performed as PET/CT (including low-dose CT). The mean
injected activity of 68Ga-FAPI46 was 124 6 32 MBq, and that of
18F-FDG was 260 6 71 MBq. 68Ga-FAPI46 PET/CT images were
acquired approximately 10–60 min (mean, 24 6 19 min) after injec-
tion, and 18F-FDG PET/CT images were acquired approximately
60 min (mean 74 6 19 min) after injection. Diagnostic Ce-CT (stan-
dard protocol: 80–100 mA, 120 kV with iodinated contrast medium),
and 18F-FDG PET/CT images were available for all enrolled patients
and were included in the image analysis if performed within 2 wk of
68Ga-FAPI46 PET/CT and no relevant therapeutic changes occurred
in that time frame (e.g., surgery, chemotherapy, or radiation).

For image analysis, tumor regions were defined as local (pleura),
locoregional lymph nodes, and metastatic lesions, as previously pub-
lished (14). For each scan, the number of lesions per region and per
patient and the size and uptake of the lesion with the highest uptake
were recorded. Any focal uptake higher than the surrounding back-
ground and not physiologic was considered suggestive of malignancy.
SUVs (i.e., SUVmax and SUVpeak) were measured with a region-
growing algorithm with a threshold of 40% of the maximal uptake
(Syngo.via software; Siemens Healthcare) for the lesion with the high-
est uptake in the respective tumor region. Images were reported
independently by 2 masked expert readers (experience with .500
68Ga-FAPI46 PET/CT scans, .1,000 18F-FDG PET/CT scans, and
.2,000 Ce-CT scans). Readers were aware of previous surgeries.
Divergent findings were discussed and reported in a separate consen-
sus session between readers.

Lesion Detection and Validation
The detection rate was defined as the number and proportion of

patients with PET-positive results overall, per region, and per patient,
independently of the reference standard or validation (16). On CT
imaging, lesions were defined according to RECIST 1.1 and mRE-
CIST 1.1 for pleural mesothelioma (e.g., organ lesions . 10 mm;
lymph nodes . 15 mm in the short-axis dimension).

Patients were subjected to histopathologic examination and, when
feasible, FAP immunohistochemistry for subsequent evaluation.
Lesions and tumor regions were validated either by available histopa-
thology from surgeries or biopsies (e.g., endobronchial ultrasound–
guided transbronchial fine-needle aspiration) within a 4-wk period of
68Ga-FAPI46 PET or a composite reference standard that combined
histopathology and available imaging follow-up (e.g., time point

FIGURE 1. Enrollment flowchart. IHC5 immunohistochemistry.
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response, progression, or cross validation). Validation was performed
by local investigators, adhering to the study protocol criteria and rely-
ing on images and reports. Lesions were validated for 68Ga-FAPI46
PET/CT and 18F-FDG PET/CT separately.

Immunohistochemistry
Available histopathologic specimen were stained with standard

hematoxylin and eosin and for FAP immunohistochemistry and evalu-
ated as previously described (14,17). In short, immunohistochemistry
samples were visually and semiquantitatively scored as 0 (negative),
1 (1%–10% FAP-positive cells), 2 (11%–50% FAP-positive cells), or
3 (.50% FAP-positive cells).

Statistical Analysis
PET uptake and tissue FAP expression were compared by Pearson

correlation for continuous data and Spearman correlation for ordinal
data. In addition, uptake and expression data were compared descrip-
tively for each score, uptake, or expression range. Sensitivity, specificity,
PPV, NPV, and accuracy on a per-patient and per-region basis for 68Ga-
FAPI46 PET and 18F-FDG PET detection of tumor location as con-
firmed by histopathology, biopsy, or the composite reference standard
were calculated and reported along with the corresponding 2-sided 95%
CIs. To compare the frequency of detected lesions, contingency testing
using the Fisher exact test or x2 test was used. The CIs were constructed
using the Wilson score method. Uptake measurements of tumor regions
were tested for statistical differences using the nonparametric Mann–
Whitney U test. All statistical analyses were performed using SSPS soft-
ware (version 28.0; IBM) or Prism (version 9.1.1; GraphPad Software).

RESULTS

Patient Characteristics
From April 2020 till August 2023, 43 patients with suspected or

proven malignant mesothelioma were enrolled in the 68Ga-FAPI46
PET observational trial, of whom 41 were included in the analysis
(2 were excluded because of additional cancer disease or missing
clinical data) (Fig. 1). For all patients, 18F-FDG PET/CT and Ce-CT
were available within 14 d of 68Ga-FAPI46 PET/CT. In no patient
was a therapeutic change made in the interval between 68Ga-
FAPI46, 18F-FDG, and Ce-CT. Table 1 details the clinical character-
istics of the included patients. No adverse events were reported.

Primary Endpoint: Correlation of 68Ga-FAPI46 PET Uptake with
FAP Expression
Histopathologic specimens of 22 patients were available for

FAP immunohistopathology, of which 18 were of adequate quality
for histopathologic evaluation and scoring. No negative immuno-
histochemistry was reported in this cohort (score 1, n 5 3; score
2, n 5 9; and score 3, n 5 6); representative immunohistochemis-
try images are depicted in Figure 2A. 68Ga-FAPI46 SUVmax and
SUVpeak showed a moderate, significant linear relationship with
the established immunohistochemical scoring system (n 5 18)
(SUVmax: r 5 0.49, P 5 0.04; SUVpeak: r 5 0.51, P 5 0.03)
(Fig. 2B). 68Ga-FAPI46 and 18F-FDG showed comparably high
uptake for all tumor regions (e.g., local SUVmax: 14.66 8.8
for 68Ga-FAPI46 vs. 12.46 7.4 for 18F-FDG), with a significant
difference only in SUVpeak for local tumor (68Ga-FAPI46,
10.96 6.3; 18F-FDG SUVpeak, 8.16 4.9; P 5 0.02) (Supplemental
Table 1; supplemental materials are available at http://jnm.
snmjournals.org).

Secondary Endpoints: Diagnostic Performance
On a per-patient basis, validation by histopathology was possi-

ble in all 41 (100%) patients. Lesions were validated in 87 regions

by histopathology and in 137 regions by the composite reference
standard. The detailed diagnostic performance and CI on a per-
patient and per-region basis are shown in Table 2. 68Ga-FAPI46
and 18F-FDG showed similar sensitivity by histopathologic valida-
tion on a per-patient (100.0% vs. 97.3%) and per-region (98.0%
vs. 95.9%) basis. But per-region analysis revealed a distinct
difference in diagnostic performance between 68Ga-FAPI46 and
18F-FDG, with higher specificity (81.1% vs. 36.8%) and PPV
(87.5% vs. 66.2%) for 68Ga-FAPI46 by histopathologic validation.
Further validation by the composite reference standard showed
excellent performance for 68Ga-FAPI46 on a per-region basis in
all 4 parameters (sensitivity, 96.6%; specificity, 90.3%; PPV,
90.0%; and NPV, 97.1%) compared with 18F-FDG (sensitivity,
92.2%; specificity, 57.5%; PPV, 65.6%; and NPV, 89.4%).
Regardless of the type of validation, 68Ga-FAPI46 showed better
diagnostic accuracy than 18F-FDG (Table 2) and especially higher
specificity and PPVs. This result is explained by more false-
positive regions (68Ga-FAPI46, n 5 7, vs. 18F-FDG, n 5 31) and
false-negative regions (68Ga-FAPI46, n 5 2, vs. 18F-FDG, n 5 5)
for 18F-FDG.

TABLE 1
Patient Characteristics (n 5 41)

Characteristic Data

Age (y)

Mean 6 SD 71.86 8.6

Median 73.0

Range 49.0–87.0

Sex

Male 34 (82.9%)

Female 7 (17.1%)

Diagnosis

Malignant pleural mesothelioma 35 (85.4%)

Malignant peritoneal mesothelioma 2 (4.9%)

Benign 4 (9.7%)

Histologic subtype mesothelioma

Epitheloid 27 (72.9%)

Biphasic 4 (10.8%)

Sarcomatoid 4 (10.8%)

Pleomorphic 2 (5.4%)

UICC stage, initial

IA 2 (4.8%)

IB 14 (34.1%)

II 5 (12.2%)

III 1 (2.4%)

IV 10 (24.4%)

Not applicable/missing 9 (22.0%)

Cancer risk factors

Asbestosis/metal working 24 (58.5%)

Smoking 14 (34.1%)

UICC 5 Union for International Cancer Control.
Data are number, except for age.
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Detection Rate
Detection rates for 68Ga-FAPI46 versus 18F-FDG versus Ce-CT

(n 5 41) are summarized in Table 3. Overall, 252 lesions were
detected by any modalities combined. 18F-FDG PET/CT had a sig-
nificantly higher lesion detection rate than 68Ga-FAPI46 and
Ce-CT (18F-FDG [n 5 219], 86.8%, vs. 68Ga-FAPI46 [n 5 144],
57.1%, vs. Ce-CT [n 5 128], 50.8%; P , 0.0001). No significant
difference in detection was observed on a per-patient (P 5 0.3) or
per-region (P 5 0.06) basis. But especially in the local nodal
region, more PET-positive results were reported for 18F-FDG
(18F-FDG [n 5 27], 65.9%, vs. 68Ga-FAPI46 [n 5 13], 31.7%, vs.
Ce-CT [n 5 21], 51.2%) but with a large proportion of false-
positive results for 18F-FDG (i.e., 18F-FDG, 31/137 false-positive
results; 68Ga-FAPI46, 7/137 false-positive results). Figure 3 shows
a case example of discordant imaging findings, with false-positive
mediastinal lymph nodes on 18F-FDG. Endobronchial ultrasound–
guided transbronchial fine-needle aspiration ruled out metastatic
lymph nodes and diagnosed nodal anthracosis.

DISCUSSION

We established this single-center, prospective, observational
trial to investigate the diagnostic value of novel FAP-targeted radi-
oligands and to explore the relationship between 68Ga-FAPI46
uptake and FAP expression levels. Furthermore, we report on the
diagnostic performance of 68Ga-FAPI46 in a large group of meso-
thelioma patients for, what is to our knowledge, the first time.
In line with findings for other tumor entities, we found a moder-

ate association of 68Ga-FAPI46 uptake with immunohistochemical
FAP expression, proving our hypothesis that 68Ga-FAPI46 PET is
a noninvasive tool for FAP measurement in malignant mesotheli-
oma. Measuring FAP expression is a prerequisite for FAP-targeted
treatment, and our results therefore indicate that 68Ga-FAPI46
PET is a suitable tool for noninvasive measurement. Theranostic
approaches with 68Ga- and 177Lu-/90Y-FAPI have not, to our
knowledge, been investigated in mesothelioma patients but could

A B

FIGURE 2. Primary endpoint. (A) DAB immunohistochemical staining of
FAP-a in pleural mesothelioma specimen and respective positive scores.
No negative sample was reported in this cohort. (B) Spearman correlation
shows moderate association between 68Ga-FAPI46 PET uptake intensity
and FAP immunohistochemistry score for available malignant pleural
mesothelioma specimen (n 5 18) (SUVmax: r 5 0.49, P 5 0.037; SUVpeak:
r5 0.51, P5 0.030).
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enable novel cancer treatment strategies targeting both tumor cells
and the microenvironment simultaneously in other mesenchymal
tumor entities (18,19).
However, the degree of correlation of immunohistochemical

FAP expression and 68Ga-FAPI46 PET signal may be constrained
by factors such as specimen heterogeneity and the limited sample
size in this study. Consequently, our findings must be interpreted
with caution. Aside from that, we demonstrated 68Ga-FAPI46
PET/CT to have high diagnostic performance by histopathologic
and composite reference validation. Sensitivity was similar for
68Ga-FAPI46 and 18F-FDG PET. However, 68Ga-FAPI46 showed
substantially higher specificity and PPV than did 18F-FDG (e.g.,
sensitivity of 90.3% vs. 57.5% and PPV of 90.0% vs. 65.6%). Pos-
sible reasons for this discrepancy are reactive lymph nodes,
anthracosis, or inflammation, which results in false-positive find-
ings on 18F-FDG PET/CT (20). These are known general pitfalls
in 18F-FDG PET, with, however, high relevance in patients with
mesothelioma, who often have other underlying inflammatory

disease such as asbestosis or other pneumoconiosis (21,22). Inde-
pendently of validation and reference standard, 18F-FDG had
higher detection rates with an overall mediocre specificity, PPV,
and NPV, which reflects these findings. In this setting, 68Ga-
FAPI46 PET/CT provides better discrimination between unspeci-
fic or reactive processes and actual tumor manifestations. Chronic
inflammation accompanying fibrotic or granulomatous changes
might demonstrate increased FAPI accumulation (20,23,24). How-
ever, in the context of malignant mesothelioma, inflammation-
induced microscopic fibrotic changes in lymph nodes might be too
subtle to produce relevant FAPI uptake.
Because of the variety of common histopathologic subtypes of

mesothelioma, different tracers might prove beneficial for selected
subtypes. Studies suggest lower 18F-FDG uptake in epitheloid and
nonpleomorphic mesothelioma, but differences in diagnostic perfor-
mance have not been established so far. A recent study suggested a
significantly higher SUVmax for

68Ga-FAPI than for 18F-FDG—a find-
ing that could only partially be verified in our cohort (25). Still, there
are no reliable data comparing imaging tracers by subtype, a compari-
son that appears challenging because of the rarity of some subtypes.
This trial was limited by its observational, single-center character

and by a recruited cohort that reflects a real-life patient population
rather than a controlled and randomized study population. Accord-
ingly, some patients were pretreated, and specimens for histopatho-
logic evaluation could not be acquired in all cases. Furthermore, a
minority of patients underwent follow-up imaging or treatment else-
where. Nonetheless, the 68Ga-FAPI46 PET data show robust high
diagnostic performance as compared with histopathologic and com-
posite reference validation. Although Ce-CT remains the proposed
standard imaging method, the superior diagnostic efficacy of 18F-
FDG for mesothelioma led us to select it as the primary comparator
for 68Ga-FAPI46 (26). In this cohort, we investigated the detection
rates of only Ce-CT and 68Ga-FAPI46, but future investigations
should also assess the advantages over conventional imaging methods.

CONCLUSION

This prospective observational study demonstrated an associa-
tion between target FAP expression levels and 68Ga-FAPI46
uptake. 68Ga-FAPI46 PET for mesothelioma imaging revealed
specificity and PPV higher than—as well as sensitivity similar
to—that of 18F-FDG PET. 68Ga-FAPI46 PET is a valuable diag-
nostic tool in patients with mesothelioma. The therapeutic potential
of radiolabeled FAPIs should be investigated in the future.

TABLE 3
Detection Rates Compared for 68Ga-FAPI46 vs. Ce-CT vs. 18F-FDG

PET-positive results or CT lesions

Parameter 68Ga-FAPI46 Ce-CT 18F-FDG P (x2)

Total lesions (n 5 252) 144 (57.1) 128 (50.8) 219 (86.8) 0.0001

Per-patient basis (n 5 41) 40 (97.6) 39 (95.1) 39 (95.1) 0.3

Per-region basis (n 5 123) 69 (71.9) 79 (82.3) 87 (90.6) 0.06

Primary 40 (97.6) 39 (95.1) 38 (92.7)

Local nodal 13 (31.7) 21 (51.2) 27 (65.9)

Metastatic 16 (39.0) 19 (46.3) 22 (53.7)

Data are number, with percentage in parentheses.

FIGURE 3. Male patient with suspected pleural mesothelioma before sur-
gical biopsy. Ce-CT shows pleural mass and nodular thickening of left
pleura with no morphologic signs of local nodal involvement (lymph nodes
, 10mm). 18F-FDG shows high circular uptake in pleura (SUVmax, 11.4) and
additionally positive lymph nodes (SUVmax, 5.5) in levels 4 R/L, 5, 7, and
10L (red arrows), whereas 68Ga-FAPI46 shows only high uptake in pleura
(SUVmax, 8.7). Thoracic lymph node levels are determined by International
Associate for the Study of Lung Cancer. R 5 right; L 5 left. Endobronchial
ultrasound–guided transbronchial fine-needle aspiration ruled out meta-
static diseases of respective lymph node levels and revealed nodal anthra-
cosis. MIP5maximum-intensity projection.
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KEY POINTS

QUESTION: Is there an association between FAPI uptake intensity
and FAP expression in malignant mesothelioma, and what is the
diagnostic performance of FAPI PET in mesothelioma patients?

PERTINENT FINDINGS: The SUVmax and SUVpeak of
68Ga-FAPI46

were significantly associated with immunohistochemical
FAP expression, and the overall diagnostic performance of
68Ga-FAPI46 PET compared well with that of 18F-FDG.

IMPLICATIONS FOR PATIENT CARE: We established the
diagnostic utility of 68Ga-FAPI46 PET in patients with malignant
mesothelioma, with implications for FAP-targeted therapies.
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This study aimed to evaluate the prognostic value of 18F-FDG PET/CT
qualitative assessment in terms of recurrence-free survival (RFS),
colostomy-free survival (CFS), and overall survival (OS) after radiation
therapy (RT) of squamous cell carcinoma of the anus (SCCA). Second-
ary objectives were to evaluate the prognostic value of baseline and
posttherapeutic quantitative 18F-FDG PET/CT parameters in terms of
RFS, CFS, and OS. Methods: We included all consecutive patients
from the French multicentric cohort FFCD-ANABASE who had under-
gone 18F-FDG PET/CT at baseline and 4–6mo after RT or chemora-
diotherapy for a localized SCCA. Qualitative assessments separated
patients with complete metabolic response (CMR) and non-CMR.
Quantitative parameters were measured on baseline and posttreat-
ment 18F-FDG PET/CT. RFS, CFS, and OS were analyzed using the
Kaplan–Meier method. Associations among qualitative assessments,
quantitative parameters, and RFS, CFS, and OS were analyzed using
univariate and multivariate Cox regression. Results: Among 1,015
patients treated between January 2015 and April 2020, 388 patients
(300 women and 88 men) from 36 centers had undergone 18F-FDG
PET/CT at diagnosis and after treatment. The median age was 65y
(range, 32–90y); 147 patients (37.9%) had an early-stage tumor and
241 patients (62.1%) had a locally advanced-stage tumor; 59 patients
(15.2%) received RT, and 329 (84.8%) received chemoradiotherapy.
The median follow-up was 35.5mo (95% CI, 32.8–36.6mo). Patients
with CMR had better 3-y RFS, CFS, and OS, at 84.2% (95% CI,
77.8%–88.9%), 84.7% (95% CI, 77.2%–89.3%), and 88.6% (95% CI,
82.5%–92.7%), respectively, than did non-CMR patients, at 42.1%
(95% CI, 33.4%–50.6%), 47.9% (95% CI, 38.1%–56.8%), and 63.5
(95% CI, 53.2%–72.1%), respectively (P, 0.0001). Quantitative para-
meters were available for 154 patients from 3 centers. The following
parameters were statistically significantly associated with 3-y RFS:
baseline SUVmax (primitive tumor [T]) (hazard ratio [HR], 1.05 [95% CI,
1.01–1.1; P 5 0.018]), SUVpeak (T) (HR, 1.09 [95% CI, 1.02–1.15; P 5

0.007]), MTV 41% (T) (HR, 1.02 [95% CI, 1–1.03; P 5 0.023]), MTV
41% (lymph node [N]) (HR, 1.06 [95% CI, 1.03–1.1; P , 0.001]), MTV
41% (T 1 N) (HR, 1.02 [95% CI, 1–1.03; P 5 0.005]), and posttreat-
ment SUVmax (HR, 1.21 [95% CI, 1.09–1.34; P, 0.001]). Conclusion:
Treatment response assessed by 18F-FDG PET/CT after RT for SCCA
has a significant prognostic value.18F-FDG PET/CT could be useful for

adapting follow-up, especially for patients with locally advanced-stage
tumors. Quantitative parameters could permit identification of patients
with a worse prognosis but should be evaluated in further trials.

Key Words: anal cancer; squamous cell carcinoma of the anus;
chemoradiotherapy; 18F-FDGPET/CT; PET
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Squamous cell carcinoma of the anus (SCCA) is considered a
rare tumor, accounting for about 2,000 new cases per year in France
(1). Its incidence is rising, but the age at diagnosis is decreasing,
allowing for an earlier diagnosis, mostly at a localized stage. Only
5% of cases are diagnosed at a metastatic stage (2).
The standard of care for patients with localized disease is radia-

tion therapy (RT) associated with chemotherapy, including mito-
mycin C and 5-fluorouracil with curative intent (3). Surgery is a
salvage treatment in cases of locoregional relapse.

18F-FDG PET/CT is recommended for the initial staging of
SCCA in the French guidelines (4,5) and is considered an option
by the European Society of Medical Oncology (6). Indeed, pro-
spective and retrospective studies have shown good performance
for 18F-FDG PET/CT, especially in lymph node staging (7,8),
modifying the TNM classification in 15%–40% of cases (9,10).
Thus, identifying pathologic lymph nodes can modify the RT plan
and can be useful for target volume delineation (11,12). Moreover,
some metabolic parameters measured by baseline 18F-FDG PET/CT,
such as metabolic tumor volume (MTV) or total lesion glycolysis
(TLG), could have prognostic value (13–16). Studying these para-
meters could allow identification of patients with a high risk of
relapse or treatment failure. During follow-up after treatment, the
role of 18F-FDG PET/CT is not clearly defined. 18F-FDG PET/CT is
recommended when relapse is suspected (4) but could also be useful
to assess treatment response.
This study aimed to evaluate the prognostic value of 18F-FDG

PET/CT assessment in terms of recurrence-free survival (RFS),
colostomy-free survival (CFS), and overall survival (OS) after RT of
SCCA. We studied the prognostic value of qualitative response on
18F-FDG PET/CT performed 4–6mo after RT or chemoradiotherapy,
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and we identified prognostic factors among quantitative parameters
measured on 18F-FDG PET/CT.

MATERIALS AND METHODS

Patients treated for SCCA between January 2015 and April 2020
were included in the cohort for French Federation of Digestive Oncol-
ogy (FFCD)-ANABASE, which is a prospective multicentric observa-
tional study conducted by the FFCD. This study aimed to evaluate
clinical practice, treatments, and oncologic outcomes for SCCA in
France, and the main results have been published (17). The ethics
committee (CCTIRS-15.698) and the Commission National de l’Infor-
matique et des Libert$es (authorization 915622) approved this retro-
spective study, and the requirement to obtain written informed consent
was waived. All patients received written information and provided
oral informed consent.

Among the patients included in the FFCD-ANABASE cohort, we
focused in this study on those who had undergone 18F-FDG PET/CT
at baseline and again at 4–6mo after the end of RT or chemoradiother-
apy. The main objectives were to evaluate the prognostic value of
18F-FDG PET/CT qualitative response to treatment in terms of RFS,
CFS, and OS. Secondary objectives were to identify prognostic factors
among quantitative parameters measured on baseline and posttreat-
ment 18F-FDG PET/CT in terms of RFS, CFS, and OS.

Image Acquisition and Interpretation
The following data were collected prospectively and entered into

the database by the physicians of each center: SUVmax and presence
of significant 18F-FDG uptake for baseline 18F-FDG PET/CT, and
SUVmax and global qualitative evaluation for posttreatment 18F-FDG
PET/CT.

A complete metabolic response (CMR) was defined as the visual
absence of residual 18F-FDG uptake or the presence of nonpathologic
minimal residual uptake (left at the discretion of each nuclear medi-
cine physician). A partial metabolic response was defined as any per-
sistent pathologic uptake in the lesions visible on the baseline image.
Stability was defined as findings similar to those on the baseline scan.
Progressive disease was defined as an increase in uptake because of
tumor growth or new pathologic uptake because of the development
of a new site of disease.

Moreover, we decided to further analyze the 18F-FDG PET/CT data
of patients from 3 large inclusion centers accredited by European
Association Research Ltd., which is an accreditation program devel-
oped in collaboration with the European Organization for Research
and Treatment of Cancer with the aim of providing a common stan-
dard for harmonizing the acquisition and interpretation of PET/CT.

Quantitative 18F-FDG PET/CT parameters were collected retrospec-
tively by 2 pairs of physicians (an RT resident and a nuclear medicine
senior) by reviewing the native 18F-FDG PET/CT images. These para-
meters were measured using a volume of interest placed by the physi-
cians over the primary tumor and each involved lymph node. SUVmax

and SUVpeak were, respectively, defined as the maximum voxel inten-
sity and the average SUV within a 1 cm3 volume of interest centered
on the hottest area of the tumor or lymph node. Metabolic tumor vol-
ume (MTV) 41% was defined as the hypermetabolic tissue volume
with a cutoff greater than 41% of SUVmax. SUVmean was defined as
the mean of SUV of all voxels within the MTV.

The following data were collected on baseline 18F-FDG PET/CT
(where T indicates primitive tumor and N indicates lymph nodes):
SUVmax (T), SUVpeak (T), SUVmean (T), and MTV 41% (T). Total
lesion glycolysis (TLG) (T) was calculated (SUVmean [T] 3 MTV
41% [T]). MTV 41% (N) and SUVmean (N) were collected for zero to
10 lymph nodes. TLG (N) was calculated for each lymph node (SUVmean

[N] 3 MTV 41% [N]). Sums were realized to obtain MTV 41% ([total]
N), TLG ([total] N), MTV 41% (T1 N), and TLG (T1 N).

A quantitative evaluation was realized on posttreatment 18F-FDG
PET/CT with a measure of posttreatment SUVmax, allowing calcula-
tion of change in SUVmax ([pretreatment SUVmax – posttreatment
SUVmax]/pretreatment SUVmax 3 100).

Statistical Analysis
RFS was defined as the time between the start of treatment and the

first recurrence or death (from any cause). CFS was defined as the
time between the start of treatment and the first colostomy or death
(from any cause). Alive patients without recurrence or colostomy were
censored at the date of the last follow-up. OS was defined as the time
between the start of treatment and death (from any cause). Alive
patients were censored at the date of the last follow-up.

Descriptive analyses were performed for each 18F-FDG PET/CT
parameter. RFS, CFS, and OS were analyzed using the Kaplan–Meier
method and described using medians with 2-sided 95% CIs. Log-rank
tests were used to compare rates and event-time distributions with a
95% CI. Univariate and multivariate analyses were done to evaluate
the association between qualitative response to treatment on 18F-FDG
PET/CT; other parameters linked to 18F-FDG PET/CT and clinical para-
meters; and RFS, CFS, and OS using Cox proportional hazards regres-
sion reporting hazard ratios (HRs) and 95% CI. A receiver operating
characteristic curve was used to determine a discriminative threshold
value of posttreatment SUVmax in terms of RFS, CFS, and OS.

RESULTS

Patient Characteristics
Among 1,015 patients who received first-line RT or chemora-

diotherapy for nonmetastatic SCCA between January 2015 and
April 2020, 388 from 36 centers underwent 18F-FDG PET/CT at
baseline and 4–6mo after treatment (Fig. 1). There were 88
(22.7%) men and 300 (77.3%) women. The median age was 64 y
(range, 32–90 y). Patient and tumor characteristics are presented in
Table 1.
Fifty-nine patients (15.2%) received RT, and 329 (84.8%) received

chemoradiotherapy, with concurrent mitomycin-5-fluorouracil for
286 patients (86.9%) and cisplatin-5-fluorouracil for 14 patients
(4.3%). The median RT dose was 60Gy on the tumor volume and
45Gy on the pelvis. Among patients previously described, 154
patients from 3 main recruiter centers had a secondary analysis
with quantitative evaluation of baseline and posttreatment 18F-FDG
PET/CT.

FIGURE 1. Flowchart. CRT5 chemoradiotherapy.
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Outcomes
Median follow-up was 35.5mo (95% CI, 32.8–36.6). The 3-y

RFS, CFS, and OS for the whole population were 68.0% (95% CI,
62.5–72.9), 70.5% (95% CI, 64.8–75.5), and 79.2% (95% CI,
73.8–83.7), respectively. Among the 242 patients with CMR, 213
(88%) were free of recurrence at 3 y. Among the 146 patients with
non-CMR, 77 (52.7%) had a recurrence at 3 y.
The 3-y RFS was 84.2% (95% CI, 77.8–88.9) for patients with

CMR, compared with 42.1% (95% CI, 33.4–50.6) for patients
without CMR (P , 0.0001) (Fig. 2). Similarly, the 3-y CFS was
84.7% (95% CI, 78.2–89.3) for patients with CMR and 47.9%

(95% CI, 38.1–56.8) for patients without CMR (P , 0.0001)
(Fig. 3). The 3-y OS was 88.6% (95% CI, 82.5–92.7) for patients
with CMR and 63.5 (95% CI, 53.2–72.1) for patients without
CMR (P , 0.0001) (Fig. 4).
Qualitative response to treatment on 18F-FDG PET/CT was sta-

tistically significantly associated with better RFS, CFS, and OS on
both univariate and multivariate analysis (Table 2). A descriptive
analysis of quantitative 18F-FDG PET/CT parameters analyzed on
154 patients is presented in Table 3.
The results of univariate analysis between 18F-FDG PET/CT

parameters and RFS, CFS, and OS are presented in Table 4. An

TABLE 1
Patient and Tumor Characteristics

Characteristic Category Data

Sex (n 5 388) Male 88 (22.7)

Female 300 (77.3)

Age (y) (n 5 388) 65 (32–90)

OMS status (n 5 383) 0 258 (67.4)

1 112 (29.2)

2 9 (2.3)

3 4 (1)

4 0 (0)

Smoking (n 5 336) Yes 189 (56.3)

No 147 (43.8)

HIV status (n 5 385) Positive 33 (8.6)

Negative 178 (42.6)

Unknown 174 (45.2)

Tumor size (cm) (n 5 372) 4.16 (0.5–15.5)

T-stage (n 5 388) T1 42 (10.8)

T2 203 (52.3)

T3 82 (21.1)

T4 61 (15.7)

N-stage (n 5 388) N0 177 (45.6)

N1 211 (54.4)

Stage (n 5 388) Early: T1–2, N0 147 (37.9)

Locally advanced: T3–4 or N1 241 (62.1)

P16 staining* (n 5 384) Positive 225 (58.6)

Negative 12 (3.1)

Unknown 147 (38.3)

Baseline imaging (n 5 388)

CT Yes 212 (54.6)

No 176 (45.4)

MRI Yes 260 (67)

No 128 (33)

Echoendoscopy Yes 111 (28.6)

No 277 (71.4)

OMS 5 Organisation Mondiale de la Sant$e.
Qualitative data are number and percentage; continuous data are median and range.

1196 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 65 ! No. 8 ! August 2024



increase of 1 unit of baseline SUVmax (T), SUVpeak (T), MTV
41% (T), MTV 41% (N), MTV 41% (T 1 N), and posttreatment
SUVmax was significantly associated with a poor RFS, CFS, and
OS. There was no statistically significant prognostic impact of
TLG and change in SUVmax.
By using a receiver operating characteristic curve, we found

that a threshold of 5 for posttreatment SUVmax separates patients
into prognostic groups. The recurrence rate was 35% for patients
with a posttreatment SUVmax of more than 5 and 18.4% for
patients with a posttreatment SUVmax 5 or less (HR, 0.44 [95%
CI, 0.22–0.87]; P 5 0.018). Similarly, the colostomy rate was
35% for patients with a posttreatment SUVmax of more than 5 and
14.68% for patients with a posttreatment SUVmax of 5 or less
(HR, 0.30 [95% CI, 0.14–0.61]; P 5 0.001). OS did not signifi-
cantly differ between these 2 groups (HR, 0.47 [95% CI, 0.2–1.08];
P5 0.075).

DISCUSSION

The purpose of this study was to determine the prognostic value
of posttreatment 18F-FDG PET/CT in patients treated with RT or
chemoradiotherapy for nonmetastatic SCCA. To our knowledge,
our study, with a population of 388 patients, is one of the largest
that aimed to assess the predictive value of 18F-FDG PET/CT
response to treatment. We confirmed the significant prognostic
value of 18F-FDG PET/CT qualitative response to treatment in
terms of RFS, CFS, and OS.
Several studies have previously examined the value of treatment

response assessed by 18F-FDG PET/CT and showed that a CMR
is highly associated with better progression-free survival, OS
(18,19), and cause-specific survival (20). Interestingly, metabolic
response to treatment has even been found to be a more significant
predictor factor of progression-free survival than pretreatment
tumor size (based on physical examination) and nodal status in a
study of 53 patients (21). Finally, it has also been shown that post-
treatment 18F-FDG PET/CT has a high negative predictive value
and could be used to rule out residual or recurrent disease (22).
Regarding quantitative 18F-FDG PET/CT parameters, we identi-

fied several significant prognostic factors: MTV, pretreatment
SUVpeak and SUVmax, and posttreatment SUVmax. These results
are consistent with literature regarding MTV, assessed in 6 differ-
ent studies (13–16,23,24), but also regarding pretreatment SUVpeak

and posttreatment SUVmax, which have not been frequently
assessed (16,25). Literature regarding pretreatment SUVmax

showed more conflicting results, with a study of 77 patients
showing its prognostic value (26) but also studies showing nega-
tive results (13,23,24,27).
By using thresholds to separate patients into prognostic groups,

we found that a posttreatment SUVmax of 5 or less was predictive
of better RFS. A posttreatment SUVmax of less than 6.1 has
already been shown to be associated with reduced local recurrence
and increased OS (25). In the literature, an MTV 35% threshold at
40 cm3 was shown to be the best cutoff to discriminate a low from
a high risk of recurrence (15).
In this study, we have shown 18F-FDG PET/CT to have major

prognostic value regarding qualitative treatment response. Even if
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FIGURE 2. RFS curves of CMR patients and non-CMR patients.
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FIGURE 3. CFS curves of CMR patients and non-CMR patients.
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FIGURE 4. OS curves of CMR patients and non-CMR patients.

18F-FDG PET/CT ASSESSMENT IN ANAL CANCER ! Combet-Curt et al. 1197



qualitative evaluation is subjective and is physician-dependent,
this study still proves its reliability. Moreover, this study included
patients from 36 centers in France with as many physicians, show-
ing reproducibility and confidence in this evaluation.
Finally, we have shown that posttreatment SUVmax was signifi-

cantly associated with RFS, CFS, and OS. It is the main parameter
used in 18F-FDG PET/CT interpretation and analysis and is easy
to measure.
Our study had some limitations. Patients were included from 36

centers, potentially leading to heterogeneity in patient management
and 18F-FDG PET/CT assessment. The 36 centers could have differ-
ent 18F-FDG PET/CT equipment. Assessment of CMR was left to
the discretion of the nuclear medicine physician of each center. We
selected patients with 18F-FDG PET/CT at baseline and 4–6mo
after treatment, but all centers did not have the same follow-up pol-
icy after RT or chemoradiotherapy of SCCA. 18F-FDG PET/CT
could have been done systematically 4–6mo after treatment or only
when relapse was suspected. Concerning the quantitative parameter
study, 18F-FDG PET/CT was performed at 3 different centers, and
different PET/CT scanners can have variable quantification of 18F-
FDG uptake. Moreover, the images were reviewed retrospectively
by 2 physicians, and the analysis was univariate.
Currently, 18F-FDG PET/CT is recommended in cases of

relapse or suspicion of treatment failure (4). By showing the major
prognostic value of treatment response as assessed by 18F-FDG
PET/CT, this study encourages a systematic evaluation by
18F-FDG PET/CT. We know that patients with early-stage tumors
(T1–2, N0) and patients with locally advanced-stage tumors (T3–4
or N1) have different prognoses. Disease-free survival at 3 y is

around 85% for patients with early-stage SCCA but 66% for
patients with locally advanced SCCA (17,28). The 3-y CFS and
OS are 86% and 92%, respectively, in the early-stage group com-
pared with 67% and 78% in the locally advanced group (17). Pre-
sent research about SCCA focuses on more personalized treatment
and management according to tumoral stages. Modalities of evalu-
ation and follow-up after treatment could be adapted too. Patients
with early-stage tumors have a low risk of local or metastatic
relapse. Most relapses are local and can be detected by clinical
evaluation. Surveillance can rely on clinical examination, which
seems to be reliable, whereas 18F-FDG PET/CT could be useful
in suspected recurrence. On the other hand, patients with locally
advanced-stage tumors still present a poor prognosis with a
high risk of local and distant recurrence. Moreover, locally
advanced tumors frequently involve adjacent organs or deep
lymph nodes that cannot be accurately assessed by physical
evaluation.
During follow-up, an evaluation by thoracoabdominopelvic CT

is recommended once a year during the first 3 y according to the
French and European guidelines (4,6). Pelvic MRI is recom-
mended before salvage surgery (4). Despite past studies showing
its value, 18F-FDG PET/CT is currently not included in guidelines
for systematic follow-up of patients. By confirming its importance
in this large-scale study, we suggest that 18F-FDG PET/CT could
be recommended at 4–6mo after the end of chemoradiotherapy for
patients with locally advanced-stage tumors. Modalities of follow-
up could be adapted according to the response on 18F-FDG
PET/CT, since it is known that a CMR is highly predictive of a
good outcome.

TABLE 2
Association Between 18F-FDG PET/CT Qualitative Treatment Response and RFS, CFS, and OS

Event HR

Response n % Univariate analysis Multivariate analysis*

RFS

CMR 29/242 11.98 Reference Reference

PMR 27/91 29.67 2.85 (1.69–4.82), P , 0.001 2.64 (1.51–4.62), P 5 0.001

Stability 7/12 58.33 6.80 (2.97–15.54), P , 0.001 5.97 (2.42–14.68), P , 0.001

Progression 43/43 100 68.09 (37.69–122.99), P , 0.001 56.46 (29.62–107.61), P , 0.001

CFS

CMR 27/242 11.16 Reference Reference

PMR 28/91 30.77 3.13 (1.84–5.31), P , 0.001 3.03 (1.73–5.32), P , 0.001

Stability 6/12 50.00 6.12 (2.52–14.87), P , 0.001 5.71 (2.09–15.63), P 5 0.001

Progression 28/43 65.12 11.23 (6.53–19.31), P , 0.001 7.69 (4.18–14.14), P , 0.001

OS

CMR 20/242 8.26 Reference Reference

PMR 13/91 14.29 1.83 (0.91–3.68), P 5 0.090 1.49 (0.73–3.06), P 5 0.278

Stability 4/12 33.33 5.41 (1.84–15.9), P 5 0.002 3.53 (1.11–11.8622), P 5 0.032

Progression 22/43 51.16 11.27 (6.06–20.96), P , 0.001 8.03 (4.18–15.4), P , 0.001

*Analysis with sex, OMS status, tumor stage.
PMR 5 partial metabolic response.
Data in parentheses are 95% CIs.

1198 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 65 ! No. 8 ! August 2024



TABLE 3
Descriptive Analysis of 18F-FDG PET/CT Parameters

Parameter Category Data

Baseline 18F-FDG PET/CT (total n 5 154)

SUVmax (T) n 150

Mean 13.95 (SD, 6.00)

Median 12.87

Q1–Q3 10.08–16.35

Min–max 3.22–41.36

SUVpeak (T) n 130

Mean 10.89 (SD, 5.14)

Median 9.94

Q1–Q3 7.41–13.70

Min–max 2.36–28.35

SUVmean (T) n 132

Mean 8.72 (SD, 5.98)

Median 7.67

Q1–Q3 5.86–9.99

min–max 1.85–61.07

MTV 41% (T) (cm3) n 131

Mean 15.57 (SD, 19.42)

Median 8.63

Q1–Q3 4.06–17.29

Min–max 1.83–115.80

TLG (T) (g) n 131

Mean 143.68 (SD, 222.56)

Median 54.33

Q1–Q3 24.95–157.79

Min–max 3.00–1,453.29

MTV 41% (N) (cm3) n 134

Mean 3.07 (SD, 5.94)

Median 0.00

Q1–Q3 0.00–4.00

Min–max 0.00–38.00

TLG (N) (g) n 134

Mean 15.69 (SD, 48.05)

Median 0.00

Q1–Q3 0.00–11.00

Min–max 0.00–352.00

MTV 41% (T 1 N) (cm3) n 134

Mean 18.11 (SD, 21.55)

Median 10.00

Q1–Q3 4.11–21.90

Min–max 0.93–125.29

TLG (T 1 N) (g) n 134

Mean 156.16 (SD, 229.53)

Median 60.70

Q1–Q3 27.00–183.00

Min–max 2.14–1,471.65

(continued)
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CONCLUSION

Metabolic treatment response assessed by 18F-FDG PET/CT
after RT or chemoradiotherapy for nonmetastatic SCCA has sig-
nificant prognostic value in terms of RFS, CFS, and OS. 18F-FDG

PET/CT could be useful to assess treatment response and adapt
follow-up, especially for patients with locally advanced-stage
tumors. Quantitative parameters measured on 18F-FDG PET/CT
could permit identification of patients with the worst prognosis but
should be evaluated in further trials.

TABLE 4
Association Between 18F-FDG PET/CT Parameters and OS, RFS, and CFS (Univariate Analysis)

HR

Parameter Category OS RFS CFS

Baseline
18F-FDG PET/CT

SUVmax (T) 1.06 (1–1.12),
P 5 0.038

1.05 (1.01–1.1),
P 5 0.018

1.06 (1.01–1.11),
P 5 0.019

SUVpeak (T) 1.09 (1.01–1.17),
P 5 0.022

1.09 (1.02–1.15),
P 5 0.007

1.09 (1.02–1.16),
P 5 0.010

SUVmean (T) 1.02 (0.97–1.07),
P 5 0.385

1.02 (0.98–1.06),
P 5 0.333

1.02 (0.98–1.06),
P 5 0.342

MTV 41% (T) 1.03 (1.01–1.05),
P 5 0.001

1.02 (1–1.03),
P 5 0.023

1.02 (1.01–1.04),
P 5 0.002

TLG (T) 1.00 (1–1),
P , 0.001

1.00 (1–1),
P 5 0.009

1.00 (1–1),
P 5 0.001

MTV 41% (N) 1.06 (1.02–1.1),
P 5 0.002

1.06 (1.03–1.1),
P , 0.001

1.06 (1.02–1.1),
P 5 0.001

MTV 41% (T 1 N) 1.03 (1.01–1.04),
P , 0.001

1.02 (1–1.03),
P 5 0.005

1.02 (1.01–1.04),
P 5 0.001

TLG (N) 1.01 (1–1.01),
P 5 0.025

1.01 (1–1.01),
P 5 0.001

1.01 (1–1.01),
P 5 0.029

TLG (T 1 N) 1.00 (1–1),
P , 0.001

1.00 (1–1),
P 5 0.004

1.00 (1–1),
P , 0.001

Posttreatment
18F-FDG PET/CT

SUVmax 1.30 (1.14–1.49),
P , 0.001

1.21 (1.09–1.34),
P , 0.001

1.32 (1.19–1.48),
P , 0.001

Both Change in SUVmax 1.00 (0.98–1.02),
P 5 0.889

1.00 (0.99–1.02),
P 5 0.888

1.00 (0.98–1.01),
P 5 0.487

Data in parentheses are 95% CIs.

TABLE 3
Descriptive Analysis of 18F-FDG PET/CT Parameters (cont.)

Parameter Category Data

Posttreatment 18F-FDG PET/CT (total n 5 154)

SUVmax n 149

Mean 4.77 (SD, 2.46)

Median 3.94

Q1–Q3 3.30–5.20

Min–max 2.06–16.40

Change in SUVmax (%) n 150

Mean 62.07 (SD, 25.91)

Median 69.75

Q1–Q3 53.14–78.39

Min–max 260.00–100.00

Min–max 5 minimum to maximum; Q1–Q3 5 first quartile to third quartile.
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KEY POINTS

QUESTION: Could PET/CT be useful in assessing treatment
response after RT of SCCA?

PERTINENT FINDINGS: This prospective cohort study showed
PET/CT to have statistically significant prognostic value in
assessing treatment response in terms of RFS, CFS, and OS.

IMPLICATIONS FOR PATIENT CARE: PET/CT could be useful to
assess treatment response and to adapt follow-up, especially for
patients with locally advanced-stage tumors.
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Patients Treated with Metastasis-Directed Therapy (the
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Metastasis-directed therapy (MDT) has been tested in clinical trials as a
treatment option for oligorecurrent prostate cancer (PCa). However,
there is an ongoing debate regarding the impact of using different imag-
ing techniques interchangeably for defining lesions and guiding MDT
within clinical trials. Methods: We retrospectively identified oligorecur-
rent PCa patients who had 5 or fewer nodal, bone, or visceral metasta-
ses detected by choline or prostate-specific membrane antigen
(PSMA) PET/CT and who underwent MDT stereotactic body radiother-
apy with or without systemic therapy in 8 tertiary-level cancer centers.
Imaging-guided MDT was assessed as progression-free survival (PFS),
time to systemic treatment change due to polymetastatic conversion
(PFS2), and overall survival predictor. Propensity score matching was
performed to account for clinical differences between groups. Results:
Of 402 patients, 232 (57.7%) and 170 (42.3%) underwent MDT guided
by [18F]fluorocholine and PSMA PET/CT, respectively. After propensity
score matching, patients treated with PSMA PET/CT–guided MDT
demonstrated longer PFS (hazard ratio [HR], 0.49 [95% CI, 0.36–0.67];
P , 0.0001), PFS2 (HR, 0.42 [95% CI, 0.28–0.63]; P , 0.0001), and

overall survival (HR, 0.39 [95% CI, 0.15–0.99]; P , 0.05) than those
treated with choline PET/CT–guided MDT. Additionally, we matched
patients who underwent [68Ga]Ga-PSMA-11 versus [18F]F-PSMA-
1007 PET/CT, observing longer PFS and PFS2 in the former sub-
group (PFS: HR, 0.51 [95% CI, 0.26–1.00]; P , 0.05; PFS2: HR, 0.24
[95% CI, 0.09–0.60]; P, 0.05).Conclusion: Diverse imaging methods
may influence outcomes in oligorecurrent PCa patients undergoing
MDT. However, prospective, head-to-head studies, ideally incorporat-
ing a randomized design, are necessary to provide definitive evidence
and facilitate the practical application of these findings.

Key Words: oligorecurrent prostate cancer; metastasis-directed
therapy; choline; prostate-specific membrane antigen; PET
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Primary treatment for advanced prostate cancer (PCa) involves
androgen deprivation therapy (ADT) (1). However, the effective-
ness of ADT is limited and often accompanied by significant side
effects (2,3). Consequently, when metastases are limited in num-
ber and location, metastasis-directed therapies (MDTs) using ste-
reotactic body radiotherapy become valuable options, potentially
delaying ADT initiation and treatment-related adverse events.
MDT has demonstrated potential in this space in 2 phase II

trials (4–6). However, the consistency of these data is debated (7)
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because imaging technologies were used interchangeably for defining
oligometastatic lesions and guiding MDT (4,5). In this framework,
although for many years [18F]fluorocholine and [11C]C-choline
PET/CT have been recommended for PCa restaging, prostate-specific
membrane antigen (PSMA)–targeted tracers have recently emerged
as more sensitive (1). It is reasonable to expect that more precise
disease identification through advanced imaging could increase the
proportion of patients receiving comprehensive MDT, poten-
tially leading to improved oncologic outcomes. However, pro-
spective randomized clinical trials evaluating the benefits of
treating oligometastases identified by different imaging approaches
are still lacking.
Simultaneously, there is increasing debate about which PSMA

radiotracer should be preferred. Although [68Ga]Ga-PSMA-11 is
among the most extensively studied PSMA-targeted ligands, the
emergence of several other PSMA ligands, including [18F]F-
PSMA-1007, has diversified the options available. Recent reports,
however, suggest that the higher incidence of unspecific bone
uptake associated with [18F]F-PSMA-1007 might result in false-
positive findings, potentially compromising its accuracy (8,9).
Considering these aspects, our study was designed to assess the

impact of different imaging modalities on guidance of MDT and
their effects on oncologic outcomes within a multiinstitutional,
real-world cohort of patients with oligorecurrent PCa.

MATERIALS AND METHODS

Study Population and Data Collection
We retrospectively analyzed oligorecurrent hormone-sensitive PCa

or castration-resistant PCa (CRPC) patients who underwent imaging-
guided MDT across 8 Italian tertiary-level cancer centers between July
2012 and May 2023. The inclusion criteria were a histologically con-
firmed diagnosis of PCa, detection of pelvic or extraregional nodal
relapse (M1a) or of bone or visceral metastases (M1b or M1c, respec-
tively) by either choline or PSMA PET/CT, identification of up to 5
metastases by imaging before MDT, treatment with stereotactic body
radiotherapy (with or without systemic therapy), and a minimum of
6 mo of clinical follow-up after MDT. The study adhered to the guide-
lines of the Declaration of Helsinki and was approved by the local ethi-
cal committee (registration number 5/2023–DB id 12914). All subjects
gave written informed consent.

Imaging-Guided MDT and Follow-up
PET/CT scans were performed following

current guidelines (1,10). Because of the
study’s retrospective design, PET/CT studies
were acquired on different scanners, as detailed
in Supplemental Table 1 (supplemental mate-
rials are available at http://jnm.snmjournals.
org). Patients were managed according to cur-
rent international guidelines (11). After MDT,
patients underwent short-term clinical follow-
up according to each institutional protocol,
with clinical evaluation and a prostate-specific
antigen (PSA) blood test every 3–6 mo. Resta-
ging with PET/CT was performed in cases of
biochemical progression after MDT. Further
MDT was proposed if patients showed oligo-
progression after MDT (with ,5 new lesions
detected outside the irradiated field). Systemic
treatments were administered in cases of poly-
metastatic disease progression, defined as the
appearance of more than 5 metastases. Patients

with disease progression were followed up for survival status as part of
the long-term follow-up.

Statistical Analysis
Continuous data are expressed as the mean 6 SD. Categoric variables

were compared using the x2 test, and continuous variables were analyzed
using a 1-way ANOVA. When appropriate, post hoc analyses were per-
formed with the Bonferroni method to adjust for multiple comparisons.
Statistical significance was set at a P value of less than 0.05. To compare
treatment groups, we calculated a propensity score using multivariable
logistic models, including the type of PET tracer used as the independent
variable and factors widely reported to influence outcomes as dependent
variables. These variables included age at MDT, International Society of
Urological Pathology grade group at baseline, CRPC status, PSA level at
the time of MDT, concurrent systemic treatment at the time of MDT, and
number of metastases. The resulting propensity score aimed to balance
these covariates across treatment groups, thereby reducing selection bias
and enabling a more accurate comparison of outcomes. Propensity match-
ing was then applied to create comparable cohorts on a one-to-one basis
based on nearest-neighbor matching with a calibration of 0.01. This pro-
cedure matches participants from one group to participants from the other
group according to the absolute difference between their propensity
scores, which must result in the smallest difference to establish a match.
Propensity score matching was performed between patients who under-
went choline versus PSMA PET/CT–guided MDT and between
patients who underwent [68Ga]Ga-PSMA-11 versus [18F]F-PSMA-
1007 PET/CT. Progression-free survival (PFS) was defined as a com-
posite endpoint, as described previously (5,6). Briefly, it included any
of the following criteria: a rise in PSA level of at least 2 ng/dL and
25% above the nadir; radiologic progression; clinical progression; initi-
ation of ADT for any reason; or mortality (5,6). PFS2 was defined as
the interval between imaging time and the systemic treatment change
due to polymetastatic conversion. Overall survival (OS) was measured
from the initial imaging time to the date of death from any cause. PFS,
PFS2, and OS are expressed in months. The Kaplan–Meier method,
using the log-rank test, was used to explore differences in PFS, PFS2,
and OS among the matched cohorts. A sensitivity analysis using the
inverse probability of treatment weighting (12) was applied to confirm
the results. A dedicated temporal analysis, conducted via univariate
Cox regression, was undertaken to assess the impact of the year of
MDT on the study’s endpoints, ensuring our findings’ temporal integ-
rity. Statistical analysis was conducted using SPSS software version 26
(IBM) and MedCalc version 19.4 (MedCalc Software).

FIGURE 1. Study design and flowchart of patient selection and matching. ISUP 5 International
Society of Urological Pathology; SBRT5 stereotactic body radiotherapy.
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RESULTS

Patients’ Clinical Characteristics and Imaging Findings
We retrospectively selected 402 patients, as detailed in Figure 1.

Their clinical characteristics, imaging findings, and MDT para-
meters are summarized in Table 1. CRPC status was available for

75 patients (18.6%). In most cases (97.8%), patients had 3 or fewer
metastases at the pre-MDT imaging. Nodes and bones represented
the most frequent metastatic sites. Of 402 patients, 232 (57.7%)
and 170 (42.3%) underwent MDT guided by choline and PSMA
PET/CT, respectively. All patients who underwent choline PET/CT

TABLE 1
Clinical, Imaging, and Treatment Characteristics of Patients

Parameter Data

Preimaging clinical characteristics

Age (y) 72.6066.81

Initial AJCC stage

I 16 (3.98%)

II 91 (22.64%)

III 241 (59.95%)

IV 54 (13.43%)

ISUP grade

1 62 (15.53%)

2 87 (21.58%)

3 102 (25.26%)

4 59 (14.74%)

5 92 (22.89%)

Primary treatment

Surgery 322 (80.05%)

Radiotherapy (6ADT) 70 (17.46%)

Medical therapy 10 (2.49%)

CRPC at time of MDT 75 (18.66%)

PSA at time of MDT (ng/mL) 3.2164.47

Imaging findings

Imaging-guided MDT

[18F]fluorocholine PET/CT 232 (57.71%)

PSMA PET/CT 170 (42.29%)

Number of metastatic lesions

1 278 (69.15%)

2 88 (21.89%)

3 27 (6.72%)

4 6 (1.49%)

5 3 (0.75%)

Site of metastases

Lymph node 283 (70.40%)

Bone 117 (29.10%)

Visceral 2 (0.50%)

MDT parameters and clinical follow-up

MDT total dose (per lesion) 33.2864.85

MDT BED (per lesion) 117.67626.03

Concurrent systemic treatment in addition to MDT 167 (41.54%)

PSA nadir after MDT (ng/mL) 2.0767.32

AJCC 5 American Joint Committee on Cancer; ISUP 5 International Society of Urological Pathology; BED 5 biologically effective
dose.

Qualitative data are number and percentage; continuous data are mean 6 SD (n 5 402).
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(n 5 232) were scanned with [18F]fluorocholine, whereas patients
who underwent PSMA PET/CT (n 5 170) were scanned with
either [68Ga]Ga-PSMA-11 (n 5 91, 53.5%) or [18F]F-PSMA-1007
(n 5 79, 46.5%).

Clinical Outcome After MDT According to Imaging Modality
After propensity score matching, a cohort of 120 patients who

underwent choline PET/CT–guided MDT was compared with an

equal cohort of 120 patients who underwent PSMA PET/CT–guided
MDT. A well-calibrated and discriminative balance between these
matched cohorts was documented by the lack of significant differ-
ences in any variables across the 2 groups (Table 2). After MDT,
patients were clinically and biochemically followed up for a median
of 31mo (95% CI, 28.3–36.2mo). The median PFS was 17.9mo
(95% CI, 15.2–76.1mo). Of the 163 (67.9%) patients who experi-
enced progression after MDT, progressors were significantly fewer

TABLE 2
Clinical, Imaging, and Treatment Characteristics of Patients After Propensity Score Matching

Parameter
Overall

(n 5 240)
[18F]fluorocholine-guided

MDT (n 5 120)
PSMA-guided
MDT (n 5 120) P

Preimaging clinical characteristics

Age (y) 72.076 6.55 71.7166.87 72.4366.23 0.397

Initial AJCC stage

I 10 (4.17%) 5 (4.17%) 5 (4.17%) 1.000

II 59 (24.58%) 26 (21.67%) 33 (27.50%) 0.295

III 142 (59.17%) 72 (60.00%) 70 (58.33%) 0.792

IV 29 (12.08%) 17 (14.17%) 12 (10.00%) 0.322

ISUP grade

1 31 (12.92%) 17 (14.17%) 14 (11.67%) 0.565

2 65 (27.08%) 32 (26.67%) 33 (27.50%) 0.885

3 55 (22.92%) 25 (20.83%) 30 (25.00%) 0.443

4 39 (16.25%) 18 (15.00%) 21 (17.5%) 0.600

5 50 (20.83%) 28 (23.33%) 22 (18.33%) 0.341

Primary treatment

Surgery 200 (83.33%) 95 (79.00%) 105 (87.50%) 0.079

Radiotherapy (6ADT) 36 (15.01%) 22 (18.50%) 14 (11.67%) 0.140

Medical therapy 4 (1.66%) 3 (2.50%) 1 (0.83%) 0.313

CRPC at time of MDT 40 (16.67%) 17 (14.17%) 23 (19.17%) 0.254

PSA at time of MDT (ng/mL) 2.666 3.56 2.9362.44 2.3961.99 0.243

Imaging findings

Number of metastatic lesions

1 183 (76.25%) 91 (75.83%) 92 (76.67%) 0.879

2 38 (15.83%) 17 (14.17%) 21 (17.50%) 0.481

3–5 19 (7.92%) 12 (10.00%) 7 (5.83%) 0.232

Site of metastases

Lymph node 169 (70.42%) 90 (75.00%) 79 (65.83%) 0.120

Bone 70 (29.17%) 30 (25.00%) 40 (33.33%) 0.157

Visceral 1 (0.42%) 0 (0.00%) 1 (0.84%) 0.315

MDT parameters and clinical follow-up

MDT total dose (per lesion) 33.426 4.68 33.3564.17 33.4965.17 0.824

MDT BED (per lesion) 119.906 26.48 124.60633.53 116.62619.97 0.207

Concurrent systemic treatment in addition
to MDT

100 (40.83%) 43 (35.80%) 57 (47.50%) 0.067

PSA nadir after MDT (ng/mL) 1.956 7.93 2.67611.28 1.3262.48 0.218

Propensity score matching 0.546 0.13 0.5460.13 0.5460.13 0.987

AJCC 5 American Joint Committee on Cancer; ISUP 5 International Society of Urological Pathology; BED 5 biologically effective
dose.

Qualitative data are number and percentage; continuous data are mean 6 SD.
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in the PSMA PET/CT subgroup (59/120, 49.2%) than in the choline
subgroup (104/120, 86.7%; P , 0.001). Coherently, we observed a
significantly longer median PFS in patients undergoing PSMA
PET/CT–guided MDT than in those undergoing choline PET/CT–
guided MDT (33.2mo [95% CI, 19.6–41.5mo] vs. 13.8mo [95%
CI, 11.8–76.1mo]; hazard ratio [HR], 0.49 [95% CI, 0.36–0.67];
P , 0.0001; Fig. 2A). The median PFS2 was 41.5mo (95% CI,
32.2–77.7mo). The use of PSMA PET/CT as the guide for MDT
was associated with a significantly increased median time to treat-
ment change compared with choline PET/CT (median PFS2 not
reached vs. 25.6mo [95% CI, 19.3–37.7mo]; HR, 0.42 [95% CI,
0.28–0.63]; P , 0.0001; Fig. 2B). The median OS was not reached
for the overall cohort or the 2 subgroups. During the follow-up inter-
val, 18 events were recorded, involving 4 and 14 patients in the
PSMA and choline PET/CT subgroups, respectively (HR, 0.39 [95%
CI, 0.15–0.99]; P 5 0.014). Figure 2C displays the resulting
Kaplan–Meier curves (P , 0.05). Notably, patients who underwent
different imaging approaches before MDT experienced divergent
OS even when OS was measured since PCa diagnosis (HR, 0.31;
P , 0.05; Supplemental Fig. 1). The sensitivity analyses confirmed
these findings (Supplemental Figs. 2–4). The temporal analysis
(Supplemental Table 2) revealed that the year of MDT was not a
significant predictor of PFS, PFS2, or OS, affirming the temporal
robustness of our findings across imaging modalities.

Outcome in Patients Who Underwent PSMA PET/CT–
Guided MDT
We subsequently compared 2 propensity score–matched cohorts

of patients who underwent MDT guided by either [68Ga]Ga-
PSMA-11 or [18F]F-PSMA-1007 PET/CT. The 2 cohorts, consist-
ing of 44 patients, demonstrated well-balanced clinical, imaging,
and treatment characteristics (Table 3). The nadir PSA serum level
after MDT was significantly lower in patients who underwent
[68Ga]Ga-PSMA-11 than in those who underwent [18F]F-PSMA-
1007 (0.536 0.91 vs. 1.696 2.23 ng/mL; P , 0.005). Moreover,
the use of [68Ga]Ga-PSMA-11 as the guide for MDT was associ-
ated with significantly increased median PFS (41.5mo [95% CI,
24.4–47.6mo] vs. 22.4mo [95% CI, 14.1–33.2mo]; HR, 0.51 [95%
CI, 0.26–1.00]; P , 0.05; Fig. 3A) and median PFS2 (not reached
vs. 30.3mo [95% CI, 21.0–35.2mo]; HR, 0.24 [95% CI, 0.09–0.60];
P , 0.005; Fig. 3B) compared with [18F]F-PSMA-1007. The sensi-
tivity analyses confirmed these findings (Supplemental Figs. 5–6).

Differences in OS were not assessed in this subgroup, as no events
were recorded in patients undergoing [18F]F-PSMA-1007 PET/CT–
guided MDT. The temporal analysis confirmed the temporal robust-
ness of our observations (Supplemental Table 3).

DISCUSSION

There is considerable uncertainty in interpreting and applying
clinical trial findings for oligorecurrent PCa, mainly attributable to
varied imaging approaches. Table 4 summarizes existing real-
world retrospective studies (13–17) comparing the efficacy of dif-
ferent imaging-guided MDT approaches. Beyond providing a
larger patient sample, our multiinstitutional observational study
contributes additional valuable insights.
First, whereas previous studies focused on PFS, we observed

differences in PFS2 and OS. Subject to confirmation by further
studies, this may represent a relevant step forward in MDT valida-
tion, as PFS is a questionable surrogate of OS (18). A recent study
suggested that the oligometastatic state defined by PSMA PET/CT
may represent a less aggressive disease with slower progression,
as it is associated with fewer high-risk DNA mutations (19,20).
However, this finding should be interpreted cautiously, consider-
ing the evolving landscape of PCa treatment, where advancements
in systemic therapies and radiation techniques during the study
period may influence outcomes. We used temporal analyses to
investigate these effects, yet the potential for residual confounding
remains. Future prospective studies are essential to disentangle the
specific impact of imaging modalities from these treatment advance-
ments, ensuring a clearer understanding of their comparative effec-
tiveness. Moreover, the higher sensitivity of PSMA PET/CT imaging
likely leads to earlier detection of metastatic disease than is possible
with choline PET/CT. Identifying metastases earlier introduces a
potential lead-time bias known as the Will Rogers phenomenon (21).
This occurs when a patient’s disease is reclassified using more sensi-
tive diagnostic tools. With earlier metastasis identification, the interval
from imaging to treatment alteration or death may appear prolonged,
even though the patient’s life-span remains unchanged. Thus, the
observed increase in survival could be attributed to early detection
rather than an actual prolongation of life. However, in an exploratory
analysis, we observed a difference in OS from the initial diagnosis of
PCa rather than from the imaging time. On this basis, we can assume
that our findings are not purely the result of the lead-time bias.
Ongoing prospective randomized phase III trials (NCT03582774,
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FIGURE 2. Survival curves according to imaging modality guiding MDT in PSMA and choline PET/CT matched cohorts (n5 120).
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NCT03762759, and NCT04557501, with estimated completion
dates in 2023, 2025, and 2028, respectively) will further address
these issues, providing more robust evidence on the topic.
Interestingly, we observed a hierarchy between PSMA-targeted

radiopharmaceuticals in differentiating the PSA nadir after therapy
and the oncologic outcome of patients who underwent MDT under
the guidance of [68Ga]Ga-PSMA-11 or [18F]F-PSMA-1007. Only
a few head-to-head studies comparing these 2 radiotracers are

currently available in the literature, mainly from the diagnostic accu-
racy point of view (22). In a prospective cross-over study on 50
patients, [18F]F-PSMA-1007 provided more equivocal results than
[68Ga]Ga-PSMA-11 (23). Seifert et al. used [68Ga]Ga-PSMA-11 as
part of a reference standard for [18F] F-PSMA-1007 PET/CT
bone-uncertain findings (24). An ongoing randomized comparative
trial is assessing the noninferiority of [18F]F-PSMA-1007 to
[68Ga]Ga-PSMA-11 (25). To the best of our knowledge, the present

TABLE 3
Clinical, Imaging, and Treatment Characteristics of Patients Undergoing [18F]F-PSMA-1007 or [68Ga]Ga-PSMA-11

PET/CT–Guided MDT After Propensity Score Matching

Parameter
Overall
(n 5 88)

[18F]F-PSMA-1007–
guided MDT (n 5 44)

[68Ga]Ga-PSMA-11–
guided MDT (n 5 44) P

Preimaging clinical characteristics

Age (y) 73.076 6.42 73.267.23 72.9465.56 0.850

Initial AJCC stage

I 4 (4.55%) 3 (6.82%) 1 (2.27%) 0.308

II 22 (25.00%) 9 (20.45%) 13 (29.55%) 0.327

III 54 (61.36%) 26 (59.09%) 28 (63.64%) 0.663

IV 8 (9.09%) 6 (13.64%) 2 (4.54%) 0.140

ISUP grade

1 10 (11.36%) 4 (9.09%) 6 (13.64%) 0.504

2 19 (21.59%) 10 (22.73%) 9 (20.45%) 0.796

3 25 (28.41%) 12 (27.27%) 13 (29.55%) 0.814

4 19 (21.59%) 10 (22.73%) 9 (20.45%) 0.796

5 15 (17.05%) 8 (18.18%) 7 (15.91%) 0.778

Primary treatment

Surgery 74 (84.09%) 34 (77.27%) 40 (90.91%) 0.082

Radiotherapy (6ADT) 14 (15.91%) 10 (22.73%) 4 (9.09%) 0.082

CRPC at time of MDT 15 (17.05%) 7 (15.91%) 8 (18.18%) 0.778

PSA at time of MDT (ng/mL) 2.426 5.01 2.2763.80 2.5866.05 0.769

Imaging findings

Number of metastatic lesions

1 69 (78.41%) 34 (77.27%) 35 (79.55%) 0.796

2 13 (14.77%) 6 (13.54%) 7 (15.91%) 0.755

3–5 6 (6.82%) 4 (9.09%) 2 (4.54%) 0.400

Site of metastases

Lymph node 59 (67.04%) 27 (61.36%) 32 (72.73%) 0.259

Bone 28 (31.82%) 16 (36.36%) 12 (27.27%) 0.367

Visceral 1 (1.14%) 1 (2.27%) 0 (0.00%) 0.318

MDT parameters and clinical follow-up

MDT total dose (per lesion) 34.026 4.86 33.8465.22 34.2064.51 0.731

MDT BED (per lesion) 117.896 20.18 115.40611.77 120.11625.64 0.492

Concurrent systemic treatment in addition to
MDT

29 (32.96%) 14 (31.82%) 15 (34.09%) 0.822

PSA nadir after MDT (ng/mL) 1.0936 1.77 1.7062.24 0.5360.91 0.003

Propensity score matching 0.526 0.15 0.5260.15 0.5260.15 0.988

AJCC 5 American Joint Committee on Cancer; ISUP 5 International Society of Urological Pathology; BED 5 biologically effective
dose.

Qualitative data are number and percentage; continuous data are mean 6 SD.
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study is the first to observe a difference in clinical outcomes in
patients managed under the guidance of the 2 tracers. One possible
explanation for our findings is the propensity of [18F]F-PSMA-
1007 to exhibit unspecific bone uptake, potentially leading to false-
positive results. Mistaking unspecific uptake for metastatic lesions
could result in inappropriate targeting during stereotactic body
radiotherapy, thereby affecting the tracer’s effectiveness in guiding
MDT. The literature emphasizes the need for sophisticated training
in interpreting [18F]F-PSMA-1007 PET/CT images (26), pointing
to a steeper learning curve and potential variability in physician
interpretations. This is especially relevant in nuclear medicine facil-
ities that perform a high volume of [18F]F-PSMA-1007 PET/CT

scans, for which the understanding and
interpretation of bone uptake are in con-
stant evolution. This evolution suggests
that future MDT outcomes may vary as
methodologies and interpretive approaches
adapt to these insights. On the one side,
this dynamic underlines a limitation of our
study, as the lack of a central imaging
review may have introduced heterogeneity
in interpretations and potentially affected
MDT efficacy. On the other hand, it also
underscores a practical challenge in achiev-
ing consistent readings across different
observers when using this tracer in real-
world settings. Further research using a
more refined methodology is essential to
investigate these concerns thoroughly.
It is important to acknowledge several

further limitations of our study. The retro-
spective and observational design of the

study might have resulted in limited statistical power. Addition-
ally, although propensity score matching aimed to reduce heteroge-
neity in clinically relevant prognostic parameters between patient
groups, it may not have completely addressed all disparities. In par-
ticular, although not significantly different, we observed a discern-
ible trend toward more frequent use of concurrent ADT in addition
to MDT between the PSMA and choline PET/CT matched cohorts.
Moreover, we did not consider the type and duration of ADT before
MDT in the matching process. Altogether, these limitations prevent
drawing a secure causative relationship between the observed differ-
ences in oncologic outcome and imaging methods. Therefore, fur-
ther studies with appropriate methodologies are needed in this
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FIGURE 3. Survival curves according to imaging modality guiding MDT in [68Ga]Ga-PSMA-11 and
[18F]F-PSMA-1007 PET/CT matched cohorts (n5 44).

TABLE 4
Overview of Previous Studies Regarding SBRT-Delivered MDT Guided by Different Imaging Techniques in

Oligorecurrent PCa

Author
Oligometastatic

patients (n)
Disease
phase*

Imaging-guided
MDT

Treatment
received

Median
follow-up

(mo) Endpoint Result

Schmidt
Hegemann,
2020 (13)

272
(subgroup
analysis)

HSPC (NA) [68Ga]-PSMA-11 vs.
[18F]fluorocholine
or [11C]C-choline
PET/CT

SBRT 6 ADT 30 bPFS Imaging-guided MDT
did not predict
bPFS

Mazzola,
2021 (14)

88 HSPC (#3) [68Ga]Ga-PSMA-11 vs.
[18F]fluorocholine
PET/CT

SBRT 25 dPFS,
ADT-FS

Imaging-guided MDT
predicted ADT-FS
but not dPFS

Deijen,
2021 (15)

50 HSPC (#4) [68Ga]Ga-PSMA-11 vs.
[18F]F-methylcholine
PET/CT

SBRT 6 ADT 24.3 bPFS,
ADT-FS

Imaging-guided MDT
predicted bPFS
and ADT-FS

Lanfranchi,
2023 (16)

37 HSPC or
CRPC
(#5)

[68Ga]Ga-PSMA-11 vs.
[18F]fluorocholine
PET/CT

SBRT 6 ADT 40.9 PFS
(composite)

Imaging-guided MDT
predicted PFS

Metz,
2023 (17)

123 HSPC (#5) [68Ga]Ga-PSMA-11 vs.
[18F]fluorocholine
PET/CT

SBRT 6 ADT 42.2 bPFS,
ADT-FS

Imaging-guided MDT
predicted bPFS
and ADT-FS

*Data in parentheses are number of metastatic lesions.
HSPC 5 hormone-sensitive prostate cancer; NA 5 not applicable; SBRT 5 stereotactic body radiotherapy; bPFS 5 biochemical PFS;

dPFS 5 distant PFS; ADT-FS 5 ADT-free survival.
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field. Nevertheless, the retrospective design was essential for con-
ducting a real-world study, mirroring actual clinical practices and
patient care, and providing the advantages of a less selected patient
population and more generalizable results. Lastly, in response to
the growing interest in integrating systemic therapies with MDT in
the CRPC setting (7), we included oligorecurrent CRPC patients in
our study. A dedicated subanalysis for CRPC patients could have
provided further insights. However, it was not feasible to apply pro-
pensity score matching to CRPC patients because of insufficient sta-
tistical power. Additional studies are needed to address this point.

CONCLUSION

Diverse imaging methods may influence outcomes in patients
with oligometastatic PCa undergoing MDT. However, prospective
head-to-head studies, ideally incorporating a randomized design,
are necessary to provide definitive evidence and facilitate the prac-
tical application of these findings.
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KEY POINTS

QUESTION: Are PET tracers interchangeable for guiding MDT in
oligorecurrent PCa patients?

PERTINENT FINDINGS: We observed increased PFS, PFS2, and
OS in oligorecurrent PCa patients treated with MDT guided by
PSMA PET/CT as opposed to choline PET/CT. A hierarchy among
PSMA-targeted radiopharmaceuticals was also observed, favoring
[68Ga]Ga-PSMA-11 over [18F]F-PSMA-1007.

IMPLICATIONS FOR PATIENT CARE: The choice of PET
tracer may influence oncologic outcomes in PCa patients with
limited metastases treated with MDT. Prospective, randomized,
head-to-head studies are necessary to establish these findings
conclusively.
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Homeobox 13 (HOXB13) is an oncogenic transcription factor that
directly regulates expression of folate hydrolase 1, which encodes
prostate-specific membrane antigen (PSMA). HOXB13 is expressed
in primary and metastatic prostate cancers (PCs) and promotes
androgen-independent PC growth. Since HOXB13 promotes resis-
tance to androgen receptor (AR)–targeted therapies and regulates
the expression of folate hydrolase 1, we investigated whether SUVs
on PSMA PET would correlate with HOXB13 expression. Methods:
We analyzed 2 independent PC patient cohorts who underwent
PSMA PET/CT for initial staging or for biochemical recurrence. In the
discovery cohort, we examined the relationship between HOXB13,
PSMA, and AR messenger RNA (mRNA) expression in prostate
biopsy specimens from 179 patients who underwent PSMA PET/CT
with 18F-piflufolastat. In the validation cohort, we confirmed the rela-
tionship between HOXB13, PSMA, and AR by comparing protein
expression in prostatectomy and lymph node (LN) sections from 19
patients enrolled in 18F-rhPSMA-7.3 PET clinical trials. Correlation and
association analyses were also used to confirm the relationship
between the markers, LN positivity, and PSMA PET SUVs.Results:We
observed a significant correlation between PSMA and HOXB13 mRNA
(P , 0.01). The association between HOXB13 and 18F-piflufolastat
SUVs was also significant (SUVmax, P5 0.0005; SUVpeak, P5 0.0006).
Likewise, the PSMA SUVmax was significantly associated with the
expression of HOXB13 protein in the 18F-rhPSMA-7.3 PET cohort
(P 5 0.008). Treatment-naïve patients with LN metastases demon-
strated elevated HOXB13 and PSMA levels in their tumors as well as
higher PSMA tracer uptake and low AR expression. Conclusion: Our
findings demonstrate that HOXB13 correlates with PSMA expression
and PSMA PET SUVs at the mRNA and protein levels. Our study sug-
gests that the PSMA PET findings may reflect oncogenic HOXB13
transcriptional activity in PC, thus potentially serving as an imaging
biomarker for more aggressive disease.

Key Words: prostate cancer; HOXB13; androgen receptor; PSMA;
PSMAPET;metastasis
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Biomarkers that can predict aggressive prostate cancers (PCs)
early in development are critical to improve patient outcomes
(1–4). One important biomarker of PC is prostate-specific mem-
brane antigen (PSMA), which is overexpressed in most PCs (5,6);
its higher expression is associated with castration-resistant disease
(7,8) and inferior metastasis-free survival (9–11). Recently, the
Society for Nuclear Medicine and Molecular Imaging and the
National Comprehensive Cancer Network have recommended
PSMA PET for the initial staging of patients with unfavorable
intermediate-, high-, and very high–risk clinically localized PC, as
well as for patients with biochemically recurrent PC (12,13).
Thus, higher-risk patients may benefit from undergoing PSMA
PET for treatment planning, with consideration of extended pelvic
nodal dissection, pelvic nodal radiation, or the addition of chemo-
hormonal agents (12).
PC demonstrates intra- and intertumor heterogeneity, which

may increase in response to androgen deprivation (1,14). PSMA
expression also demonstrates heterogeneity at the intra- and inter-
tumoral levels (15–17). Although PSMA PET/CT has improved
the detection of nonlocalized, recurrent, and metastatic PCs (18),
understanding the molecular relationships associated with PSMA
PET findings may enable improved selection of treatments to
improve overall survival outcomes.
We and others have previously demonstrated that homeobox 13

(HOXB13) promotes androgen-independent growth of PC as a
pioneer transcription factor and as a regulator of critical PC target
genes including the androgen receptor (AR) and folate hydrolase 1
that encodes PSMA (3,13,19–23). Moreover, HOXB13 expression
is increased in response to enzalutamide in PC cell lines, and its
depletion increases enzalutamide sensitivity (3,22). As such, ours
and other studies have reported the association of HOXB13 with
more aggressive disease, specifically, in AR-negative castration-
resistant PC (CRPC) and in some neuroendocrine PCs (3,21–26).
To improve the understanding between clinical tools and molecu-
lar drivers of PC progression, we sought to evaluate the correlation
between HOXB13, PSMA expression, and PSMA PET findings,
as well as their association with lymph node (LN) metastasis.
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MATERIALS AND METHODS

Study Design and Patient Demographics
The current study involving existing data was conducted under insti-

tutional review board approval with waiver of consent. We studied 2
independent subsets of patients imaged with 2 different PSMA radio-
pharmaceuticals. Group 1 was the discovery cohort, which included
179 patients who underwent PET/CT with
18F-piflufolastat (PyL) (Lantheus), and group
2 was the validation cohort, which included
19 patients who underwent PET/CT with
18F-rhPSMA-7.3 (Blue Earth Diagnostics)
(Fig. 1). We performed a retrospective analy-
sis of clinically obtained pathologic speci-
mens (prostate biopsies before PSMA PET
for group 1 and radical prostatectomy and LN
sections after PSMA PET for group 2). Histo-
pathologic examination was performed as a
part of the standard clinical workflow for group
1 and group 2 specimens by board-certified
genitourinary pathologists.

For the discovery cohort, messenger RNA
(mRNA) expression profiling was performed
using the Decipher GRID platform (Vera-
cyte) (27). Normalized gene expression was
obtained for all patients. For the validation
cohort, deidentified formalin-fixed, paraffin-
embedded (FFPE) radical prostatectomy and
LN sections were used for immunohisto-
chemical staining.

Immunohistochemical Staining and
Quantification

Two FFPE radical prostatectomy sections
from each patient were selected for immuno-
histochemical staining and were sufficient
for quantification. FFPE tissue sections were
stained with hematoxylin and eosin and
with specific antibodies for HOXB13, folate
hydrolase 1, and AR. The hematoxylin and

eosin–stained and immunohistochemical-stained slides were digitally
scanned at 320 magnification using an Aperio whole-slide scanner,
and digital quantitation was performed with Aperio ImageScope soft-
ware (Leica Biosystems). An Aperio Positive Pixel Count algorithm
(version 9; Leica Biosystems) was used to perform the analysis (28).
Average positivity of immunohistochemical staining was obtained as
the ratio of the number of positive pixels divided by the total number
of positive plus negative pixels. The immunohistochemical slides were
also manually analyzed by a board-certified genitourinary pathologist
using the following formula: quick score 5 P 3 I, where P represents
the percentage of positive cells (0, 11 [10%–25%], 21 [25%–50%],
31 [50%–75%], or 41 [.75%]) and given as ordinal numbers and I
represents intensity, scored as 1 (weak), 2 (moderate), or 3 (strong). More
details are provided in the supplemental materials (supplemental mate-
rials are available at http://jnmt.snmjournals.org).

PSMA PET Imaging and Quantification
Group 1 patients underwent PSMA PET/CT after intravenous injec-

tion of 333 MBq 6 20% of PyL. Imaging was performed with a Bio-
graph 40HD or an mCT PET/CT scanner (Siemens Healthineers).
Group 2 patients underwent PSMA PET/CT with 296 MBq 6 20% of
18F-rhPSMA-7.3 on a Siemens Biograph Vision 600 PET/CT scanner.
The PSMA PET images were evaluated semiquantitatively by deter-
mination of SUVmax and SUVpeak of the most tracer-avid lesions iden-
tified on the scans (up to 3 foci in the prostate, if still present; up to 5
LN foci; and up to 2 osseous foci). In patients with multiple lesions in
the prostate, the lesion with highest SUVmax was taken as the index
lesion for correlation with mRNA or immunohistochemical analyses.
For correlation of PSMA PET results with immunohistochemical
results, the pathologist-defined lesion with the strongest (PSMA) or

FIGURE 1. Study design of PSMA PET/CT and biomarker expression pro-
filing in PC patients. Schematic diagram of patient stratification for retro-
spective analysis is shown. ADT 5 androgen-deprivation therapy; IHC 5

immunohistochemical; RP5 radical prostatectomy; RT5 radiation therapy.
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FIGURE 2. Association among HOXB13, PSMA, and AR with PSMA SUVs in PyL cohort. (A) Corre-
lation among HOXB13, PSMA, and AR mRNA expression for each patient (n 5 179). Lines represent
linear regression. (B and C) Correlation among HOXB13, PSMA, and AR mRNA expression vs. pros-
tate PSMA SUVmax (B) or prostate PSMA SUVpeak (C) for measurable lesions. Line represents linear
regression (note logarithmic scale) (n 5 105; initial staging PSMA PET–positive, n 5 94; biochemical
recurrence, n5 11).
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median (AR and HOXB13) pixel positivity was plotted against PSMA
SUVmax or SUVpeak. The PSMA PET and immunohistochemical para-
meters were correlated on a per-patient and per-lesion basis.

Statistical Analysis
Unpaired t tests were used to compare mRNA and protein expres-

sion of genes between normal tissue and tumors. To compare patient
and tumor characteristics between PET negative and PET positive and
lymph node or bone metastasis versus no metastasis, Wilcoxon rank
sum test was used for continuous characteristics, whereas a Fisher
exact test was used for categoric ones. A linear regression model was
fit on HOXB13 mRNA gene expression on PSMA PET results (based
on SUVmax or SUVpeak) and mRNA expression levels of AR, folate
hydrolase 1, and prostate-specific antigen, adjusting for patient charac-
teristics (age at scan, tumor stage, prostate-specific antigen level at
scan, primary Gleason score, and time from radical prostatectomy).
Pearson (parametric) and Spearman rank (nonparametric) correlation
coefficients were calculated between 2 variables to quantify their
correlation with P values reported testing the estimated correlation
against 0. GraphaPad Prism (version 9.0) and R (version 4.4.0,

http://cran.r-project.org) were used for data
analyses. P values of less than 0.05 were
considered statistically significant.

RESULTS

Clinicopathologic Outcomes and
Patient Stratification by Treatment
A summary of the clinicopathologic

variables of the PyL (group 1) and
18F-rhPSMA-7.3 (group 2) subjects is
shown in Supplemental Tables 1 and 2.
In group 1, of the 55.3% (99/179)
treatment-naïve patients with newly diag-
nosed unfavorable intermediate-, high-,
or very high–risk PC, according to the
National Comprehensive Cancer Net-
work, 93.9% (93/99) had positive PSMA
PET results. Likewise, of the 44.6%
(80/179) group 1 patients with biochemi-
cally recurrent PC, 47.5% (38/80) had pos-
itive PSMA PET results (Supplemental
Table 1); group 2 consisted of 19 patients
enrolled in the 18F-rhPSMA-7.3 clinical
trials, for whom FFPE was available.
PSMA PET revealed metastasis in 46%
(6/13) of the treatment-naïve patients
(2 bone and 4 LN metastases). In patients
with biochemical recurrence, 66.6% (4/6)
had PSMA PET–positive LNs (Supple-
mental Table 2). Pathologically positive
LNs were found at radical prostatectomy
or pelvic LN dissection in 46% (6/13) of
treatment-naïve patients.

Association of HOXB13 Expression with
PSMA Tracer Uptake
Correlation analysis for PSMA,

HOXB13, and AR mRNA expression in
group 1 demonstrated strong correlation
among each patient in this group (Fig.
2A). A significant correlation was also
observed for the above 3 markers with the

kallikrein genes KLK2 and KLK3, encoding hexokinase 2 and
prostate-specific antigen, respectively, according to the National
Comprehensive Cancer Network guidelines on prostate-specific
antigen serine proteases (Supplemental Figs. 1A–1C). In addition,
PSMA and HOXB13 at mRNA levels (Spearman correlation
[r] 5 0.391; P , 0.0001) (Fig. 2A) and HOXB13 mRNA and PyL
uptake showed significant correlations (P 5 0.0005 and 0.0006 for
SUVmax and SUVpeak, respectively) (Figs. 2B and 2C). This corre-
lation observation was also noted for AR (P , 0.0001 for SUVmax

and SUVpeak) and PSMA (P 5 0.006 and 0.005 for SUVmax and
SUVpeak, respectively) (Figs. 2B and 2C). Linear regression analy-
sis of HOXB13 against the covariates indicated association with
the Gleason subpattern 5 versus 3 (P 5 0.048), AR (P 5 0.018),
and PSMA (P5 0.022) mRNA expression (Supplemental Table 3).

Coexpression of HOXB13 and PSMA in Primary PC and
LN Metastases
PSMA, HOXB13, and AR protein expression was analyzed in

group 2 FFPE specimens obtained from the prostate and LNs

FIGURE 3. Correlation of HOXB13, PSMA, and AR protein expression in advanced PC. (A) Immuno-
histochemical (IHC) analysis shows representative normal and prostate tumor sections from individual
FFPE patient specimens stained for AR, HOXB13, and PSMA. Digital quantification (DQ) analysis of
marker expression is given below each panel. Scale bar 5 200mm. (B) Expression of HOXB13, AR,
and PSMA in normal vs. tumor sections obtained by IHC and DQ determination was compared by
Student t test (****P, 0.0001; n5 19). (C) Correlation analysis compares expression of each marker
by IHC and DQ determination. Line represents linear regression, and r indicates Pearson correlation
coefficient. H&E 5 hematoxylin and eosin;1 5 positive; (-)ve5 negative.
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(Fig. 3A). Validation of the antibodies used for immunohisto-
chemical analysis is provided in Supplemental Figures 2A and 2B.
Digital quantification results of HOXB13, PSMA, and AR staining
in these specimens are provided in Supplemental Table 4. All
patient specimens had expression of the 3 targets with some degree
of intra- and intertumoral heterogeneity (Supplemental Figs. 3A–3C).
All 3 markers showed statistically significant differences between
normal prostate and tumor, indicating increased protein expression
overall in the tumor (Fig. 3B). Pearson correlation analysis compar-
ing the expression of each marker in normal prostate and in tumor
revealed a significant correlation between HOXB13 and PSMA for
normal prostate (r 5 0.684, P 5 0.001) and tumor (r 5 0.501, P 5

0.028) (Fig. 3C; Supplemental Fig. 4A). This trend was maintained
between AR and HOXB13, although slightly reduced in tumor
(normal prostate: r 5 0.804, P 5 ,0.0001; tumor: r 5 0.598,
P 5 0.006), and between PSMA and AR (normal prostate:

r 5 0.878, P , 0.0001; tumor: r 5
0.458, P 5 0.048) (Fig. 3C; Supple-
mental Figs. 4B and 4C).
Among the patients in group 2 who

had biochemical recurrence, sustained
AR, HOXB13, and PSMA expression
levels were identified despite prior radia-
tion and androgen-deprivation therapy
(Fig. 4A). Kruskal–Wallis testing that
compared the treatment-naïve patients
with the biochemical-recurrence patients
revealed a significant difference for both
AR (P , 0.00001) and HOXB13 (P ,
0.00001) (Supplemental Fig. 5). Analysis
of LN FFPE sections from treatment-
naïve PC patients with PSMA PET–
positive LNs revealed coexpression of
HOXB13 and PSMA. However, AR
expression was variable among these
PSMA PET–positive LNs, with some dis-
playing low levels of AR expression
(Fig. 4B). Pearson correlation analysis
revealed a significant correlation between
HOXB13 and PSMA (r 5 0.583, P 5
0.014) but not between AR and HOXB13
(r 5 0.243, P 5 0.402) or PSMA and
AR (r 5 0.002, P 5 0.992) in LN metas-
tasis (Fig. 4C).

HOXB13 and PSMA Expression and
Correlation with PSMA SUVs
Analysis pipeline and corresponding

immunohistochemical images of the
PSMA PET scans for 2 representative
cases are shown in Figures 5A and 5B.
We observed statistically significant cor-
relations for prostate tumor SUVpeak with
immunohistochemical staining and digital
quantitation for PSMA (r 5 0.737, P 5
0.004), HOXB13 (r 5 0.702, P 5 0.007),
and AR (r5 0.659, P5 0.014) in the pros-
tate lesions (Fig. 5C) or SUVmax with
immunohistochemical staining and digital
quantitation for PSMA (r 5 0.806, P 5

0.001), HOXB13 (r 5 0.697, P 5 0.008), and AR (r 5 0.743,
P 5 0.003) in the prostate lesions (Fig. 5D; Supplemental Table 5).

DISCUSSION

In this study, we found a significant relationship between
HOXB13 and PSMA in PC. PC uptake of the PSMA tracers PyL
and 18F-rhPSMA-7.3 was significantly associated with tissue-level
HOXB13 expression, suggesting that PSMA PET findings may be
an important prognostic biomarker for potentially lethal (i.e., cas-
tration-resistant) PC. An earlier study reported PSMA response
heterogeneity in SUVmax in hormone-sensitive PC, whereas all
men with metastatic CRPC showed an increase in SUVmax com-
pared with that at baseline (17). In addition, for patients with
advanced PC started on abiraterone and enzalutamide, a change in
PyL uptake in PC lesions or development of new lesions was prog-
nostic of time-to-therapy change and overall survival (29). This
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difference in PSMA response may be partially attributable to
heterogeneous HOXB13 and AR expression as their levels sig-
nificantly change in CRPCs compared with hormone-naïve PCs
(26,30).
Our study findings are consistent with prior publications that

have demonstrated PSMA expression positively correlating with
higher Gleason scores (P , 0.0001 in biopsy specimens and
P 5 0.007 in prostatectomy samples) (31), with LN involvement
(P 5 0.007) (32) and reduced recurrence-free survival (P ,
0.001) (33). In a treatment scenario, hormone-naïve men treated
with androgen-deprivation therapy showed a reduction in PSMA
tracer uptake initially on treatment, with a subsequent rise at some
tumor sites (17,34). Furthermore, PSMA levels and 68Ga-PSMA-
11 uptake are increased in men with metastatic CRPC treated with

enzalutamide (7,17,35,36). Thus, the clinical
importance of PSMA PET imaging lies in its
ability to redefine staging via its sensitivity to
detect metastatic disease in patients with pre-
viously diagnosed nonmetastatic CRPC (37).
Most importantly, the future of PC treatment
will likely include 177Lu-PSMA therapy, as it
has demonstrated high response rates, low
toxicity, and improved quality of life for men
diagnosed with metastatic CRPC, despite
prior treatment with docetaxel, cabazitaxel,
or a second AR pathway antagonist, abirater-
one, after enzalutamide (38,39).
This relatively novel description of the

strong relationship between expression of
HOXB13 and PSMA with the results of
PSMA PET has several potential clinical
implications. For example, HOXB13
expression in biopsy specimens might be
useful to guide the appropriateness of
PSMA PET for initial staging. Currently,
the National Comprehensive Cancer Net-
work’s risk categories are used to determine
who may benefit from PSMA PET, which is
not personalized to an individual patient’s
PC biology. With HOXB13 expression and
activity linked to castration-independent
behavior (21,22,24,25,40), patients with
high HOXB13 and PSMA expression may
benefit from primary treatments that do not
rely on androgen-deprivation therapy or cas-
tration to be therapeutically effective. Fur-
thermore, HOXB13 and PSMA expression
may be useful as a biomarker to better select
patients for earlier use of PSMA-targeted
radiopharmaceutical therapy, such as 177Lu-
PSMA-617 (41–43). In the currently ongo-
ing trial PSMAddition (NCT04720157),
which is comparing 177Lu-PSMA-617 ther-
apy plus the standard of care with the stan-
dard of care alone in newly diagnosed
metastatic hormone-sensitive PC, secondary
analysis of diagnostic prostate biopsy tissue
for HOXB13 expression may reveal which
patients are better suited for upfront PSMA-
targeted radiopharmaceutical therapy.

The use of different PSMA tracers could be considered a limita-
tion of our study. However, this is reflective of clinical practice, and
in this study, the correlation with HOBX13 was maintained, irre-
spective of the specific tracer used. The LN studies are underpow-
ered, and thus the significance of the finding remains to be
determined. Technical limitations may have impacted colocalization
between FFPE tissue samples and PET activity. However, the signif-
icant positive correlation we observed between markers in
pathologist-confirmed lesions and PSMA PET findings in our large
cohort suggests that we were able to overcome this limitation.
The correlations between HOXB13 and PSMA expression are sta-

tistically significant, but the magnitude of correlation is limited in the
discovery cohort (group 1). This limited correlation may be due
to gene expression methodology performed with Decipher GRID
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(Decipher Bioscience). Previously, we reported a strong correlation
between PSMA and HOXB13 expression in The Cancer Genome
Atlas Prostate Adenocarcinoma (n 5 492, r 5 0.51, P 5 2.2 3
10–37) and the Stand Up to Cancer–Prostate Cancer Foundation (n
5 444, r 5 0.54, P 5 3.66 3 10–10) datasets, which are based
on RNA sequencing (3). Compared with RNA sequencing, the
Decipher GRID microarray hybridization technology may have
limited gene-expression measurements because of the background
signal at the low end and signal saturation at the high end (.105

for RNA sequence vs. 103 for arrays).

CONCLUSION

HOXB13 expression at both mRNA and protein levels corre-
lates significantly with clinical PSMA PET findings, underscoring
the likely mechanistic relationship between HOXB13 and PSMA
expression in PC. Our findings of PSMA PET association with
HOXB13 could pave the way for future studies incorporating
HOXB13 and PSMA testing at earlier stages of PC diagnosis,
which could then guide personalized PC care.
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KEY POINTS

QUESTION: Does the uptake of PSMA-targeted radiopharmaceuticals
correlate with HOXB13 expression in PC lesions to enable improved
molecular profiling of PC?

PERTINENT FINDINGS: Prostate tumor SUVs of PyL
and 18F-rhPSMA-7.3 were significantly associated with
HOXB13 expression as assessed by mRNA analysis or by
immunohistochemical staining.

IMPLICATIONS FOR PATIENT CARE: Combining PSMA PET
with HOXB13 RNA or protein expression profiling of biopsy
specimens or resected tumors may enable early improved
profiling of high-risk PC in the clinical setting.

REFERENCES

1. Kim EH, Cao D, Mahajan NP, Andriole GL, Mahajan K. ACK1-AR and
AR-HOXB13 signaling axes: epigenetic regulation of lethal prostate cancers. NAR
Cancer. 2020;2:zcaa018.

2. Mahajan K, Malla P, Lawrence HR, et al. ACK1/TNK2 regulates histone H4
Tyr88-phosphorylation and AR gene expression in castration-resistant prostate can-
cer. Cancer Cell. 2017;31:790–803.e8.

3. Nguyen DT, Yang W, Renganathan A, et al. Acetylated HOXB13 regulated super
enhancer genes define therapeutic vulnerabilities of castration-resistant prostate
cancer. Clin Cancer Res. 2022;28:4131–4145.

4. Quintanal-Villalonga $A, Chan JM, Yu HA, et al. Lineage plasticity in cancer: a
shared pathway of therapeutic resistance. Nat Rev Clin Oncol. 2020;17:360–371.

5. Hawkey NM, Sartor AO, Morris MJ, Armstrong AJ. Prostate-specific membrane
antigen-targeted theranostics: past, present, and future approaches. Clin Adv Hema-
tol Oncol. 2022;20:227–238.

6. Sokoloff RL, Norton KC, Gasior CL, Marker KM, Grauer LS. A dual-monoclonal
sandwich assay for prostate-specific membrane antigen: levels in tissues, seminal
fluid and urine. Prostate. 2000;43:150–157.

7. Wright GL Jr, Grob BM, Haley C, et al. Upregulation of prostate-specific mem-
brane antigen after androgen-deprivation therapy. Urology. 1996;48:326–334.

8. Kessel K, Bernemann C, Bogemann M, Rahbar K. Evolving castration resistance
and prostate specific membrane antigen expression: implications for patient man-
agement. Cancers (Basel). 2021;13:3556.

9. Chu CE, Alshalalfa M, Sjostrom M, et al. Prostate-specific membrane antigen and
fluciclovine transporter genes are associated with variable clinical features and
molecular subtypes of primary prostate cancer. Eur Urol. 2021;79:717–721.

10. Ross JS, Sheehan CE, Fisher HA, et al. Correlation of primary tumor prostate-
specific membrane antigen expression with disease recurrence in prostate cancer.
Clin Cancer Res. 2003;9:6357–6362.

11. Hofman MS, Iravani A. Gallium-68 prostate-specific membrane antigen PET imag-
ing. PET Clin. 2017;12:219–234.

12. Jadvar H, Calais J, Fanti S, et al. Appropriate use criteria for prostate-specific
membrane antigen PET imaging. J Nucl Med. 2022;63:59–68.

13. Barashi NS, Li T, Angappulige DH, et al. Symptomatic benign prostatic hyperpla-
sia with suppressed epigenetic regulator HOXB13 shows a lower incidence of
prostate cancer development. Cancers (Basel). 2024;16:213.

14. Vlachostergios PJ, Puca L, Beltran H. Emerging variants of castration-resistant
prostate cancer. Curr Oncol Rep. 2017;19:32.

15. Corpetti M, Muller C, Beltran H, de Bono J, Theurillat JP. Prostate-specific mem-
brane antigen-targeted therapies for prostate cancer: towards improving therapeutic
outcomes. Eur Urol. 2024;85:193–204.

16. Mannweiler S, Amersdorfer P, Trajanoski S, Terrett JA, King D, Mehes G. Hetero-
geneity of prostate-specific membrane antigen (PSMA) expression in prostate car-
cinoma with distant metastasis. Pathol Oncol Res. 2009;15:167–172.

17. Emmett L, Yin C, Crumbaker M, et al. Rapid modulation of PSMA expression by
androgen deprivation: serial 68Ga-PSMA-11 PET in men with hormone-sensitive
and castrate-resistant prostate cancer commencing androgen blockade. J Nucl Med.
2019;60:950–954.

18. Jochumsen MR, Bouchelouche K. PSMA PET/CT for primary staging of prostate
cancer: an updated overview. Semin Nucl Med. 2024;54:39–45.

19. Pomerantz MM, Li F, Takeda DY, et al. The androgen receptor cistrome is
extensively reprogrammed in human prostate tumorigenesis. Nat Genet. 2015;
47:1346–1351.

20. Pomerantz MM, Qiu X, Zhu Y, et al. Prostate cancer reactivates developmental
epigenomic programs during metastatic progression. Nat Genet. 2020;52:790–799.

21. Bakht MK, Yamada Y, Ku SY, et al. Landscape of prostate-specific membrane
antigen heterogeneity and regulation in AR-positive and AR-negative metastatic
prostate cancer. Nat Cancer. 2023;4:699–715.

22. Nerlakanti N, Yao J, Nguyen DT, et al. Targeting the BRD4-HOXB13 coregulated
transcriptional networks with bromodomain-kinase inhibitors to suppress meta-
static castration-resistant prostate cancer.Mol Cancer Ther. 2018;17:2796–2810.

23. Angappulige DH, Mahajan NP, Mahajan K. Epigenetic underpinnings of tumor-
immune dynamics in prostate cancer immune suppression. Trends Cancer. 2024;
10:369–381.

24. Patel RA, Sayar E, Coleman I, et al. Characterization of HOXB13 expression pat-
terns in localized and metastatic castration-resistant prostate cancer. J Pathol.
2024;262:105–120.

25. Weiner AB, Faisal FA, Davicioni E, et al. Somatic HOXB13 expression correlates
with metastatic progression in men with localized prostate cancer following radical
prostatectomy. Eur Urol Oncol. 2021;4:955–962.

26. Ylitalo EB, Thysell E, Jernberg E, et al. Subgroups of castration-resistant prostate
cancer bone metastases defined through an inverse relationship between androgen
receptor activity and immune response. Eur Urol. 2017;71:776–787.

PSMA PET WITH HOXB13 PROFILING IN PC ! Angappulige et al. 1215



27. Dalela D, Loppenberg B, Sood A, Sammon J, Abdollah F. Contemporary role of
the Decipher test in prostate cancer management: current practice and future per-
spectives. Rev Urol. 2016;18:1–9.

28. Jerome JA, Wenzel SE, Trejo Bittar HE. Digital imaging analysis reveals reduced
alveolar a-smooth muscle actin expression in severe asthma. Appl Immunohisto-
chem Mol Morphol. 2021;29:506–512.

29. Zukotynski KA, Emmenegger U, Hotte S, et al. Prospective, single-arm trial evalu-
ating changes in uptake patterns on prostate-specific membrane antigen-targeted
18F-DCFPyL PET/CT in patients with castration-resistant prostate cancer starting
abiraterone or enzalutamide. J Nucl Med. 2021;62:1430–1437.

30. Chen Z, Wu D, Thomas-Ahner JM, et al. Diverse AR-V7 cistromes in castration-
resistant prostate cancer are governed by HoxB13. Proc Natl Acad Sci USA. 2018;
115:6810–6815.

31. Bravaccini S, Puccetti M, Bocchini M, et al. PSMA expression: a potential ally for
the pathologist in prostate cancer diagnosis. Sci Rep. 2018;8:4254.

32. Queisser A, Hagedorn SA, Braun M, Vogel W, Duensing S, Perner S. Comparison
of different prostatic markers in lymph node and distant metastases of prostate can-
cer.Mod Pathol. 2015;28:138–145.

33. Hupe MC, Philippi C, Roth D, et al. Expression of prostate-specific membrane
antigen (PSMA) on biopsies is an independent risk stratifier of prostate cancer
patients at time of initial diagnosis. Front Oncol. 2018;8:623.

34. Malaspina S, Ettala O, Tolvanen T, et al. Flare on [18F]PSMA-1007 PET/CT after
short-term androgen deprivation therapy and its correlation to FDG uptake: possi-
ble marker of tumor aggressiveness in treatment-naive metastatic prostate cancer
patients. Eur J Nucl Med Mol Imaging. 2023;50:613–621.

35. Hope TA, Truillet C, Ehman EC, et al. 68Ga-PSMA-11 PET imaging of response to
androgen receptor inhibition: first human experience. J Nucl Med. 2017;58:81–84.

36. Staniszewska M, Fragoso Costa P, Eiber M, et al. Enzalutamide enhances PSMA
expression of PSMA-low prostate cancer. Int J Mol Sci. 2021;22:7431.

37. Fendler WP, Weber M, Iravani A, et al. Prostate-specific membrane antigen ligand
positron emission tomography in men with nonmetastatic castration-resistant pros-
tate cancer. Clin Cancer Res. 2019;25:7448–7454.

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

39. Calais J, Czernin J, Thin P, et al. Safety of PSMA-targeted molecular radioligand
therapy with 177Lu-PSMA-617: results from the prospective multicenter phase 2
trial RESIST-PC (NCT03042312). J Nucl Med. 2021;62:1447–1456.

40. Varinot J, Furudoi A, Drouin S, et al. HOXB13 protein expression in metastatic
lesions is a promising marker for prostate origin. Virchows Arch. 2016;468:619–622.

41. Moradi Tuchayi AM, Yadav S, Jiang F, et al. Real-world experience with 177Lu-
PSMA-617 radioligand therapy after Food and Drug Administration approval.
J Nucl Med. 2024;65:735–739.

42. Hofman MS, Emmett L, Sandhu S, et al. Overall survival with [177Lu]Lu-PSMA-617
versus cabazitaxel in metastatic castration-resistant prostate cancer (TheraP): sec-
ondary outcomes of a randomised, open-label, phase 2 trial. Lancet Oncol. 2024;
25:99–107.

43. Sartor O, de Bono J, Chi KN, et al. Lutetium-177-PSMA-617 for metastatic
castration-resistant prostate cancer. N Engl J Med. 2021;385:1091–1103.

1216 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 65 ! No. 8 ! August 2024



The Role of Fibroblast Activation Protein in Glioblastoma
and Gliosarcoma: A Comparison of Tissue, 68Ga-FAPI-46
PET Data, and Survival Data

Christoph Oster1,2, Lukas Kessler3, Tobias Blau4, Kathy Keyvani4, Kim M. Pabst3, Wolfgang P. Fendler3,
Pedro Fragoso Costa3, Lazaros Lazaridis1, Teresa Schmidt1, Jonas Feldheim1, Daniela Pierscianek5,6,
Hans Ulrich Schildhaus7,8, Ulrich Sure5, Yahya Ahmadipour5, Christoph Kleinschnitz1, Nika Guberina9, Martin Stuschke9,
Cornelius Deuschl10, Bj€orn Scheffler2,11, Ken Herrmann*3,12, Sied Kebir*1,2, and Martin Glas*1,2

1Department of Neurology and Center for Translational Neuro- and Behavioral Sciences (C-TNBS), Division of Clinical
Neurooncology, University Medicine Essen, University Duisburg–Essen, Essen, Germany; 2German Cancer Consortium (DKTK),
Partner Site Essen–D€usseldorf, Partnership Between DKFZ and University Hospital Essen, Essen, Germany; and DKFZ–Division of
Translational Neurooncology at West German Cancer Center (WTZ), University Medicine Essen, University Duisburg–Essen, Essen,
Germany; 3Department of Nuclear Medicine, University of Duisburg–Essen, and German Cancer Consortium (DKTK)–University
Hospital Essen, Essen, Germany; and National Center for Tumor Diseases (NCT), NCT West, Essen, Germany; 4Institute of
Neuropathology, University Medicine Essen, University Duisburg-Essen, Essen, Germany; 5Department of Neurosurgery and Spine
Surgery, Center for Translational Neuro- and Behavioral Sciences (C-TNBS), University Medicine Essen, University Duisburg–Essen,
Essen, Germany; 6Department of Neurosurgery and Spine Surgery, St. Marienhospital L€unen, L€unen, Germany; 7Institute of Pathology,
UniversityMedicine Essen,UniversityDuisburg-Essen, Essen,Germany; 8Discovery Life Sciences Biomarker Services GmbH, Kassel,
Germany; 9Department of Radiotherapy,UniversityMedicine Essen,UniversityDuisburg-Essen, Essen,Germany; 10Institute for Diagnostic
and Interventional Radiology andNeuroradiology,UniversityMedicineEssen,University of Duisburg-Essen, Essen,Germany; 11German Cancer
Research Center (DKFZ), Heidelberg, Germany; and 12National Center for Tumor Diseases (NCT), NCT West, Heidelberg, Germany

Despite their unique histologic features, gliosarcomas belong to the
group of glioblastomas and are treated according to the same stan-
dards. Fibroblast activation protein (FAP) is a component of a tumor-
specific subpopulation of fibroblasts that plays a critical role in tumor
growth and invasion. Some case studies suggest an elevated expres-
sion of FAP in glioblastoma and a particularly strong expression in
gliosarcoma attributed to traits of predominant mesenchymal differen-
tiation. However, the prognostic impact of FAP and its diagnostic and
therapeutic potential remain unclear. Here, we investigate the clinical rel-
evance of FAP expression in gliosarcoma and glioblastoma and how it
correlates with 68Ga–FAP inhibitor (FAPI)–46 PET uptake. Methods:
Patients diagnosed with gliosarcoma or glioblastoma without sarcoma-
tous differentiation with an overall survival of less than 2.5y were
enrolled. Histologic examination included immunohistochemistry and
semiquantitative scoring of FAP (0–3, with higher values indicating
stronger expression). Additionally, 68Ga-FAPI-46 PET scans were per-
formed in a subset of glioblastomas without sarcomatous differentiation
patients. The clinical SUVs were correlated with FAP expression levels
in surgically derived tumor tissue and relevant prognostic factors.
Results: Of the 61 patients who were enrolled, 13 of them had gliosar-
coma. Immunohistochemistry revealed significantlymore FAP in gliosar-
comas than in glioblastomas without sarcomatous differentiation of
tumor tissue (P, 0.0001). In the latter, FAP expression was confined to
the perivascular space, whereas neoplastic cells additionally expressed
FAP in gliosarcoma. A significant correlation of immunohistochemical
FAP with SUVmean and SUVpeak of

68Ga-FAPI-46 PET indicates that
clinical tracer uptake represents FAP expression of the tumor.
Although gliosarcomas express higher levels of FAP than do

glioblastomas without sarcomatous differentiation, overall survival
does not significantly differ between the groups. Conclusion: The
analysis reveals a significant correlation between SUVmean and
SUVpeak in

68Ga-FAPI-46 PET and immunohistochemical FAP expres-
sion. This study indicates that FAP expression is much more abundant
in the gliosarcoma subgroup of glioblastomas. This could open not
only a diagnostic but also a therapeutic gap, since FAP could be
explored as a theranostic target to enhance survival in a distinct sub-
group of high-risk brain tumor patients with poor survival prognosis.

Key Words: FAP; 68Ga-FAPI-46 PET; glioblastoma; gliosarcoma;
theranostic
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Glioblastoma multiforme, a highly malignant primary brain
tumor, has a median survival of about 14mo after optimal surgical
resection and chemoradiotherapy (1). Its subtype, gliosarcoma,
shows both glial and sarcomatous differentiation (2,3) and has a sim-
ilar median survival of approximately 17mo (4). Despite their differ-
ent histologies, both are treated with the same standard therapies (5).
For simplicity, the term glioblastoma will be used for glioblastoma
without sarcomatous differentiation hereafter, even though gliosar-
comas are naturally considered a subgroup of glioblastoma.
Recent focus on the tumor microenvironment has been to find new

therapies, despite the lack of survival benefits from previous immuno-
therapy trials in glioblastoma. Current studies explore potential
immunotherapies (e.g., NOA-16, NOA-21, or DCVax trials (6–9)).
Targeting molecules such as human epidermal growth factor receptor
2 or endothelial growth factor receptor in immunotherapy has been
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suggested, though their presence in normal tissues raises concerns
about side effects and their varied expression in glioma cells hinders
efficacy (10,11).
Fibroblast activation protein (FAP), found in a specific sub-

group of tumor-associated fibroblasts known as cancer-associated
fibroblasts, promotes tumor growth and invasion (12). FAP, an
unusual serine protease with dipeptidyl peptidase and endopeptidase
activities, influences the extracellular matrix and cellular signaling,
altering gene transcription related to cell cycle, proliferation, and inva-
sion (13,14). FAP also contributes to an immunosuppressive tumor
microenvironment and can confer resistance to temozolomide (14).
FAP’s regulation is influenced by factors such as transforming growth
factor b-1 from astrocytes and glioma cells (15).
Although FAP is minimally expressed in normal tissues, its signif-

icant expression in glioblastoma, especially gliosarcoma, is likely
linked to its mesenchymal differentiation (16–18). Ebert et al.
observed that nearly 40% of glioblastomas were FAP-positive,
whereas normal brain tissue was not (10). In vivo FAP-specific PET
imaging shows higher FAP expression in more malignant tissues
than in lower-grade gliomas, independent of cell counts (19–21).
Inhibition of FAP leads to cell cycle arrest and decreased cell prolif-
eration (22), yet the prognostic significance of FAP in glioblastoma
and gliosarcoma remains uncertain.

MATERIALS AND METHODS

Study Design and Population
This retrospective analysis was conducted at the University Hospital

Essen in Germany to investigate tumor tissue’s FAP expression in
patients diagnosed with isocitrate dehydrogenase wild-type glioblas-
toma or gliosarcoma and poor overall survival prognosis, with a life
expectancy not exceeding 2.5 y after primary diagnosis. Only patients
who died within 2.5 y of diagnosis were included in this study, as there
is a great therapeutic need because of the still high rate of negative
phase III studies in glioblastoma, especially for patients who are not
long-term survivors (23). The aim of the study was therefore to evalu-
ate a potential tumor-specific target protein for radiopharmaceutical
therapy for most glioblastoma and gliosarcoma patients who are not
among the rare long-term survivors of more than 2.5 y. In one of the
largest phase III studies on glioblastoma published to date to our best
knowledge, only 1 in 5 patients reached this mark (24). The study was
approved by the local ethics committee (approval number 19-9092-BO).
We analyzed the correlation between immunohistochemical FAP expres-
sion and tracer uptake in 68Ga-FAP inhibitor (FAPI)–46 PET. Therefore,
all glioblastoma patients who received a 68Ga-FAPI-46 PET scan at the
University Hospital Essen and whose tissue was available for further
analyses were included. The studies involving 68Ga-FAPI-46 PET
imaging and the collection of patient-specific clinical data received
approval from our institution’s ethics committee (approval numbers
19-8991-BO for the observational study and 20-9485-BO for the sup-
plemental study). Moreover, all participants provided their informed
consent by signing consent forms, ensuring adherence to ethical stan-
dards and respect for patient autonomy. The study was conducted in
accordance with the Declaration of Helsinki and national regulations.

FAP Immunohistochemistry Evaluation
We performed immunohistochemical staining on a BenchMark

ULTRA Slide Staining System (Roche) using anti-FAP a-antibody
(Abcam, ab227703, clone SP325, monoclonal, rabbit) diluted 1:100.
According to the data sheet, the antibody is reactive with human tis-
sues with no reported cross reactivity. We validated this antibody in
our laboratory using positive and negative controls, confirming the
lack of cross reactivity and supporting specificity for intended targets

(detailed data not included). Antigen retrieval occurred for 60min at
36"C with cell conditioning-1 buffer (Roche). FAP expression was
scored from 0 to 3 according to a semiquantitative FAP immunoposi-
tivity scoring system with slight modifications as previously described
(Table 1; Fig. 1) (25,26).

68Ga-FAPI-46 PET Imaging
We assessed imaging data in 15 patients as part of an observational

trial (registered at clinicaltrials.gov under NCT04571086). We included
patients from this study with suspected glioblastoma who underwent a
68Ga-FAPI-46 PET scan before surgery and subsequent definitive his-
topathologic diagnosis.

PET scans were performed in the craniocaudal direction on a Biograph
mMR or Biograph Vision 600 scanner (Siemens Healthineers). The
mean injected activity was 115.26 41.5 MBq. 68Ga-FAPI-46 PET
images were captured 20.26 17.9min after injection. PET images
acquired with the Biograph mMR were reconstructed using an ordinary
Poisson ordered-subset expectation maximization algorithm (3 itera-
tions, 21 subsets) and a voxel size of 2.093 2.093 2.03mm. A 4-mm
gaussian filter was used for postsmoothing. Attenuation correction was
performed using a Dixon-based segmentation approach. All PET/CT
images were iteratively reconstructed using an ordinary Poisson
ordered-subset expectation maximization algorithm (4 iterations, 5 sub-
sets) using a time-of-flight option and a voxel size of 3.33 3.33 3.0

TABLE 1
Semiquantitative FAP Scoring System

FAP in cancer or perivascular cells Score

Negative 0

1%–10% positive cells 1

11%–50% positive cells 2

51%–100% positive cells 3

FIGURE 1. Semiquantitative FAP immunopositivity scoring examples. (A)
Score 0: tumor negative (glioblastoma). (B) Score 1: ,10% of cells with
perivascular staining (glioblastoma). (C) Score 2:#30% tumor cells positive
(glioblastoma). (D) Score 3:.50% of tumor cells positive (gliosarcoma).
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with a 4-mm postsmoothing gaussian filter. Images were reconstructed
using dedicated manufacturer’s software (syngo MI.PET/CT; Siemens
Healthineers). Low-dose CT was acquired for attenuation correction
(30 mAs, 120 keV, 5123 512 matrix, 3-mm slice thickness) in the
case of CT imaging. SUVmax, SUVmean, and SUVpeak of intracranial
lesions were measured with a region-growing algorithm with a thresh-
old of 40% of the maximal uptake (Syngo.via software; Siemens
Healthcare). PET/CT and PET/MR images were read by an experi-
enced, masked nuclear medicine physician. For all patients, a preopera-
tive MRI study was available. An automated postprocess coregistration
was performed to match MRI with 68Ga-FAPI-46 PET scans (Syngo.-
via software; Siemens Healthcare).

For the exclusively intracranially located lesions, SUVmax, SUVmean,
and SUVpeak were determined using a region-growing algorithm with a
threshold set at 40% of maximum uptake. The study sought to determine
the relationship between the semiquantitative FAP score in tissues, the
PET data (SUV and tumor-to-brain ratio [TBR]), and the expression and
uptake of FAP in tissues as revealed by the 68Ga-FAPI-46 PET scan.

Statistical Analysis
Progression-free and overall survival were analyzed using the

Kaplan–Meier method, with a Spearman rank correlation to assess the
relationships between clinical data and FAP expression or uptake.
Patients still alive or who had survived beyond 2.5 y as of March 12,
2023, were excluded. Data analysis was performed with SPSS (IBM)
and Prism (GraphPad) software. Progression-free survival was defined
as the period from the initial tumor resection to the time of first recur-
rence, as identified by MRI. Overall survival spanned the time from
the date of the first tumor resection and histopathologic diagnosis to
the date of death. Patients who did not show progression in MRI
follow-ups were censored and remained part of the study cohort.

RESULTS

Patient Characteristics
The FAP score was analyzed using tissue specimens from 13 gliosar-

coma patients and 46 glioblastoma patients. In the glioblastoma group,
19 tumors (41%) exhibited O6-methylguanine-DNA methyltransferase

(MGMT) promoter methylation, whereas in the gliosarcoma group, 2
tumors (15%) were MGMT promoter–methylated. For the glioblas-
toma cohort, the median initial Karnofsky performance status
index stood at 70%, ranging from 40% to 100%. The gliosarcoma
cohort had amedianKarnofsky performance status index of 80%, rang-
ing between 40% and 90%.Within the glioblastoma group, 17 patients
(37%) experienced a complete surgical resection, characterized by the
lack of any contrast-enhancing lesions in postoperative MRI scans
taken within 72h after the surgery. Conversely, 24 patients (52%)
underwent a partial resection, and 3 patients (7%) had only a biopsy.
For 2 patients, the extent of the resection could not be determined
because of the unavailability of postoperative MRI scans. For the glio-
sarcoma group, complete resection was performed on 3 patients (23%)
and partial resection on 9 patients (69%). One patient’s resection extent
remained undetermined because of the absence of postoperative MRI
scans. Furthermore, 15 eligible glioblastoma patients underwent a

TABLE 2
Patient Characteristics

Parameter Glioblastoma Gliosarcoma

IDH status (wild type) 46/46 (100%) 13/13 (100%)

MGMT promotor methylation

Methylated 19/46 (41%) 2/13 (15%)

Unmethylated 27/46 (59%) 11/13 (85%)

Karnofsky performance status 70% (40%–100%)* 80% (40%–90%)*

Extent of resection

Complete resection 17/46 (37%) 3/13 (23%)

Partial resection 24/46 (52%) 9/13 (69%)

Biopsy 3/46 (7%) 0/13 (0%)

NA 2/46 (4%) 1/13 (8%)

Tissue investigated 46/46 (100%) 13/13 (100%)

Available FAP PET 15 (100%) 0 (0%)

*Data not available for 12 patients in glioblastoma category and 3 patients in gliosarcoma category.
IDH 5 isocitrate dehydrogenase; NA 5 not available.
Continuous data are median and range.

FIGURE 2. In gliosarcoma (green dots), FAP expression is more pro-
nounced than in glioblastoma (red dots). Median FAP score in gliosarcoma
was 3 (fractions: FAP score 2, n 5 4 ! 31%; FAP score 3, n 5 9 ! 69%)
compared with 0.5 (fractions: FAP score 0, n 5 23 ! 50%; FAP score 1,
n5 21! 46%; FAP score 2, n5 2! 4%) in glioblastoma (P, 0.0001).
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68Ga-FAPI-46 PET scan using 68Ga-FAPI-46 before their surgical
resection. Patient characteristics are provided in Table 2.

FAP Expression in Tumor Tissue
The expression of FAP was notably higher in gliosarcoma

(median FAP score, 3) than in glioblastoma (median FAP score,
0.5) (P , 0.0001; Fig. 2). No glioblastoma samples achieved a
maximum FAP score of 3, whereas glio-
sarcoma samples scored neither 0 nor 1.
Glioblastoma with MGMT methylation had
a median FAP score of 1 and without
methylation had a median FAP score of 0.
Gliosarcoma with MGMT methylation had
a median FAP score of 2.5 and without meth-
ylation had a median FAP score of 3. In glio-
blastoma, FAP was expressed in perivascular
regions, isolated tumor cells, and meninges. In
gliosarcoma, abundant FAPwas noted in mes-
enchymal tumor cells and perivascular regions.
The study findings highlight differential FAP
expression patterns between these brain
tumors, with implications for diagnosis and
treatment.

Survival Analyses
The glioblastoma cohort reported a

median overall survival of 9.2mo and a
progression-free survival of 7.2mo. The
gliosarcoma cohort had slightly lower
median overall and progression-free sur-
vival of 8.4 and 6.2 mo, respectively
(Fig. 3). In a detailed breakdown, 46 glio-
blastoma patients were divided into 3 sub-
groups on the basis of FAP scores: 0 (n 5
23), 1 (n 5 21), and 2 (n5 2), with median
overall survivals of 9.1, 8.2, and 15.9mo,

respectively (P 5 0.54). Progression-free survival was 5.6, 9.6, and
10.2mo for these groups (P 5 0.07), indicating no significant corre-
lation between the FAP score and survival. In the 13 gliosarcoma
patients, those with a FAP score of 2 (n 5 4) had a median overall
survival of 4.4mo, whereas those with a score of 3 (n 5 9) lived lon-
ger, at 12.8mo (P5 0.16). Progression-free survival was 8.5mo for a
FAP score of 2 and 6.2mo for a FAP score of 3 (P 5 0.95), also
showing no significant correlation between FAP score and progno-
sis (Supplemental Fig. 1; supplemental materials are available at
http://jnm.snmjournals.org). Additionally, glioblastoma patients with
MGMT methylation had a median overall survival of 5.5mo, surpris-
ingly lower than the 11.4mo for those without methylation, likely due to
the study’s limitation of including only patients who lived no longer
than 2.5 y after diagnosis. In gliosarcomas, the median overall survival
was 10.9mo for MGMT-methylated patients compared with 8.4mo
for nonmethylated patients. The median progression-free survival for
MGMT-methylated patients in the glioblastoma and gliosarcoma
cohorts was 9.1mo (event rate, 44%) and 13.6mo (event rate, 50%),
respectively, whereas for nonmethylated patients, it was 6.8mo (event
rate, 78%) and 6.2mo (event rate, 72%) (Supplemental Fig. 2).

FAP Uptake and Its Correlation with FAP Score
We analyzed the correlation between FAP uptake in 68Ga-

FAPI-46 PET scans and FAP expression in tissue samples from 15
glioblastoma patients with preoperative MRI indications of malig-
nant gliomas (Fig. 4). No patients from the gliosarcoma group
underwent these scans. The results showed enhanced FAP uptake in
the lesions, with a mean SUVmax (40% isocontour) of 4.246 1.69,
an SUVmean (40% isocontour) of 2.186 0.91, and an SUVpeak (40%
isocontour) of 3.586 4.14, compared with significantly lower
values in the contralateral side (SUVmax, 0.556 0.54; SUVmean,
0.446 0.62; SUVpeak, 0.356 0.39). A significant positive correlation
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FIGURE 3. (A and B) Median overall survival (OS) and progression-free
survival (PFS) were 9.2 and 7.2mo in glioblastoma cohort, respectively.
(C and D) In gliosarcoma cohort, median overall survival and progression-
free survival were 8.4 and 6.2mo, respectively.

FIGURE 4. T1-weighted (T1w) contrast-enhanced MRI and 68Ga-FAPI-46 PET (SUV, 0–6) of
patients with glioblastoma (isocitrate dehydrogenase wild type) with FAP score of 2 and SUVmax of
7.6 (A), patient with glioblastoma (isocitrate dehydrogenase wild type) with FAP score of 1 and
SUVmax of 3.5 (B), and patient with glioblastoma (isocitrate dehydrogenase wild type) with negative
FAP score and SUVmax of 2.2 (C). Postprocess coregistration of MRI and 68Ga-FAPI-46 was per-
formed in all cases. HISTO5 histopathology; IHC5 immunohistochemical.
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was found between tissue-based FAP expression and the lesions’
SUVmean (r 5 0.55, P 5 0.035) and SUVpeak (r 5 0.53, P 5 0.044),
suggesting FAP’s potential as a biomarker in PET imaging. However,
no significant correlation was observed between the lesions’ SUVmax

(r 5 0.42, P 5 0.12) or the contralateral SUVmax (r 5 20.12, P 5

0.68) and tissue FAP expression. Additionally, maximum TBR (r 5
0.18, P5 0.52), mean TBR (r5 0.19; P5 0.5), and peak TBR (r5
0.15; P 5 0.6) did not show significant correlations, highlighting the
limitations of the maximum TBR as a reliable indicator in 68Ga-FAPI-
46 PET scans due to low background uptake and variable interindivi-
dual contrast (Fig. 5).

DISCUSSION

Our study, to our knowledge, is the largest to have data on
immunohistochemical FAP staining in gliosarcoma and glioblastoma
patients with poor survival prognosis. The study shows FAP expres-
sion is more pronounced in gliosarcoma than in glioblastoma. In our
glioblastoma cohort, SUVmean and SUVpeak in 68Ga-FAPI-46 PET
correlated with immunohistochemical FAP expression. The FAP
expression amount in 68Ga-FAPI-46 PET depends on cancer type,
with sarcoma, esophageal cancer, breast cancer, cholangiocarcinoma,
and lung cancer showing a high SUVmax, whereas pheochromocy-
toma, renal cell cancer, differentiated thyroid cancer, adenoid cystic
cancer, and gastric cancer exhibit lower FAP uptake (27). There is a

known positive correlation between 68Ga-FAPI-46 SUVmax and the
immunohistochemical FAP score in sarcoma (28). FAP PET quanti-
fies the amount of FAP in tumors. Gross tumor volumes are shown
to be larger with FAP PET plus MRI than with MRI alone in glio-
blastoma (29).
No correlation was found between progression-free or overall

survival and FAP expression in our glioblastoma cohort, but FAP
is a promising theranostic target in high-risk, poor-prognosis glio-
sarcoma. FAP has radiopharmaceutical therapy potential in xeno-
grafts (30). The correlation between SUV and tissue FAP expression
suggests that 68Ga-FAPI-46 PET could identify candidates who will
respond to radiolabeled FAP therapy.
FAP’s prognostic value remains unclear. Higher expression often cor-

relates with aggressive tumors, but some studies show better prognosis.
Higher FAP expression is associated with poorer glioblastoma survival
(10), better breast cancer prognosis but poorer colon cancer prognosis
(31,32), and decreasedmetastatic colon cancer survival (26). Positive cor-
relations exist in osteosarcoma between higher FAP expression with
advanced clinical stage, high histological grade, positivemetastatic status,
and shorter survival (33). In gastric cancer, higher FAP expression corre-
lates with poorer differentiation, tumor stage, and invasion (34). FAP is
highly expressed in pancreatic adenocarcinoma. Higher peritumoral
expression increased the node positivity, recurrence, and death risk (35).
Interestingly, 3 additional grade 4 isocitrate dehydrogenase–mutated

astrocytomas scored 0 for immunohistochemical FAP expression
in our trial (data not shown). Isocitrate
dehydrogenase mutation confers improved
glioma survival (36). There is no elevated
68Ga-FAPI-46 PET uptake in isocitrate
dehydrogenase–mutant gliomas, allowing
noninvasive differentiation from high-grade
gliomas (20).
FAP-positive tumor cells correlate with

glioblastoma neoangiogenesis, implicating
FAP in disease progression (25), fitting our
observation of perivascular FAP expression.
FAP antibody expression attenuated HT29

xenograft growth, indicating therapeutic
potential (37). However, the clinical FAP
inhibitor talabostat and FAP antibody
sibrotuzumab trials showed minimal
metastatic disease efficacy (38–41). Earlier
administration might improve the results.
Our study has several limitations. As a

retrospective analysis, we could not con-
trol potential confounding factors that may
have influenced survival outcomes. The
sample size, particularly for gliosarcoma
patients, was relatively small. Our study
was restricted to tissue samples from
deceased patients who survived less than
2.5 y, as per our ethical approval. Conse-
quently, we cannot extrapolate the prog-
nostic value of FAP to all glioblastoma or
gliosarcoma patients. A broader, represen-
tative sample or a prospective study would
be needed to assess FAP’s prognostic value
across a more diverse patient cohort, a direc-
tion we find promising based on our current
findings. We used immunohistochemistry
to evaluate FAP expression, but including
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additional methods such polymerase chain reaction could provide
more quantitative results. Regrettably, our cohort did not include
patients with gliosarcoma who underwent 68Ga-FAPI-46 PET
imaging before their initial surgery. As a result, our analysis was
limited to demonstrating the correlation between FAP expression
in tissue samples and its uptake in PET scans, specifically in glio-
blastomas that lacked sarcomatous differentiation. We can draw
associative conclusions only regarding FAP’s role in prognosis and
treatment response. The single-institution design may limit the gen-
eralizability of the findings. Further prospective research in more
extensive, multicenter cohorts is warranted to validate the relation-
ships suggested by our preliminary data and to determine the utility
of FAP-directed therapies.

CONCLUSION

Our findings reveal greater FAP expression in gliosarcoma than
in glioblastoma, suggesting potential therapeutic implications war-
ranting further investigation. The correlation between FAP tissue
expression and SUV in 68Ga-FAPI-46 PET for glioblastoma with-
out sarcomatous differentiation allows noninvasive identification
of suitable patient populations for FAP radiopharmaceutical ther-
apy by imaging. The PET–tissue staining correlation provides a
noninvasive means to identify patients most likely to benefit from
FAP-targeted treatment. However, additional studies are needed to
clarify FAP’s conflicting prognostic roles across cancer types.
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KEY POINTS

QUESTION: How does FAP expression in gliosarcoma and
glioblastoma correlate with 68Ga-FAPI-46 PET uptake?

PERTINENT FINDINGS: Analysis showed a significant correlation
between immunohistochemical FAP expression and SUVmean and
SUVpeak in

68Ga-FAPI-46 PET, indicating FAP expression in the
tissue.

IMPLICATIONS FOR PATIENT CARE: Correlation between PET
imaging and tissue staining provides a noninvasive means to
identify patients most likely to benefit from FAP-targeted therapy.
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PET/CT-Based Absorbed Dose Maps in 90Y Selective Internal
Radiation Therapy Correlate with Spatial Changes in Liver
Function Derived from Dynamic MRI
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Functional liver parenchyma can be damaged from treatment of liver
malignancies with 90Y selective internal radiation therapy (SIRT). Eval-
uating functional parenchymal changes and developing an absorbed
dose (AD)–toxicity model can assist the clinical management of
patients receiving SIRT. We aimed to determine whether there is a
correlation between 90Y PET AD voxel maps and spatial changes in
the nontumoral liver (NTL) function derived from dynamic gadoxetic
acid–enhanced MRI before and after SIRT. Methods: Dynamic
gadoxetic acid–enhanced MRI scans were acquired before and after
treatment for 11 patients undergoing 90Y SIRT. Gadoxetic acid uptake
rate (k1) maps that directly quantify spatial liver parenchymal function
were generated from MRI data. Voxel-based AD maps, derived from
the 90Y PET/CT scans, were binned according to AD. Pre- and post-
SIRT k1 maps were coregistered to the AD map. Absolute and per-
centage k1 loss in each bin was calculated as a measure of loss of liver
function, and Spearman correlation coefficients between k1 loss and
AD were evaluated for each patient. Average k1 loss over the patients
was fit to a 3-parameter logistic function based on AD. Patients were
further stratified into subgroups based on lesion type, baseline albu-
min–bilirubin scores and alanine transaminase levels, dose–volume
effect, and number of SIRT treatments. Results: Significant positive
correlations (r 5 0.53–0.99, P , 0.001) between both absolute and
percentage k1 loss and AD were observed in most patients (8/11). The
average k1 loss over 9 patients also exhibited a significant strong cor-
relation with AD (r $ 0.92, P, 0.001). The average percentage k1 loss
of patients across AD bins was 28%, with a logistic function model
demonstrating about a 25% k1 loss at about 100Gy. Analysis
between patient subgroups demonstrated that k1 loss was greater
among patients with hepatocellular carcinoma, higher alanine trans-
aminase levels, larger fractional volumes of NTL receiving an AD of
70Gy or more, and sequential SIRT treatments. Conclusion: Novel
application of multimodality imaging demonstrated a correlation
between 90Y SIRT AD and spatial functional liver parenchymal degra-
dation, indicating that a higher AD is associated with a larger loss
of local hepatocyte function. With the developed response models,

PET-derived AD maps can potentially be used prospectively to iden-
tify localized damage in liver and to enhance treatment strategies.

Key Words: SIRT; 90Y PET/CT; DGAE MRI; dosimetry; absorbed
dose–toxicity relationship
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Selective internal radiation therapy (SIRT) with 90Y is an effec-
tive treatment for patients with unresectable primary or metastatic
liver cancer. During SIRT, intraarterial administration of 90Y
microspheres leads to preferential deposition of microspheres and
absorbed dose (AD) in and around tumors (1). However, on the
basis of the surrounding arterial blood supply, some of the micro-
spheres can deliver dose to nontumoral liver (NTL), resulting in
radiation-associated toxicity to the NTL (2). Despite the potential
for local heterogeneity, historically only mean AD within the NTL
has been analyzed in correlation with the whole-liver toxicity bio-
markers for dose–toxicity evaluation (3–7). As a tool for establish-
ing a dose–toxicity relationship for the NTL, post-SIRT dosimetry
based on 90Y PET/CT could be valuable, given its ability to cap-
ture the AD heterogeneity at the voxel level (1,8). Analysis of
voxel level dosimetry and association with spatial liver parenchy-
mal function can enable refinement of treatment strategies and mit-
igation of potential radiation-associated toxicity. This includes
identifying high-functioning liver parenchymal regions receiving
low doses (9), which can be spared in subsequent single- and mul-
timodality treatments.
Imaging techniques for quantifying regional liver function include

dynamic 99mTc-iminodiacetic acid SPECT/CT (10) and dynamic
contrast-enhanced MRI (11–13). MRI-based techniques that assess
liver function are based on contrast uptake by hepatocytes and
demonstrate distinct advantages over SPECT/CT, including higher
image resolution and higher soft-tissue contrast. Portal venous per-
fusion maps from dynamic contrast-enhanced MRI have been used
as a surrogate of liver function (11). More recently, techniques for
estimating direct hepatic parenchymal uptake have been developed

Received Jan. 9, 2024; revision accepted May 7, 2024.
For correspondence or reprints, contact Yuni K. Dewaraja (yuni@med.

umich.edu) or Greta S.P. Mok (gretamok@um.edu.mo).
Published online Jul. 3, 2024.
COPYRIGHT! 2024 by the Society of Nuclear Medicine andMolecular Imaging.

1224 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 65 ! No. 8 ! August 2024



using dynamic gadoxetic acid–enhanced (DGAE) MRI, which
applies a hepatobiliary contrast agent that is specifically absorbed
and excreted by functioning hepatocytes. With DGAE MRI, gadoxe-
tic acid uptake rate (k1) maps can be derived, which uniquely allow
for direct assessment of spatial liver parenchymal function (12,13).
Prior studies have established a correlation between degradation

of regional liver parenchymal function, assessed via DGAE MRI,
and radiation dose from stereotactic body radiation therapy (SBRT)
(14). However, the impact of AD on regional liver function in the
context of 90Y SIRT remains unclear. Combining post-SIRT voxel
level dosimetry with spatial k1 maps could assist in improving the
current clinical understanding of radioembolization-induced hepato-
toxicity. In this pioneering study, we aimed to use multimodality
imaging to establish a correlation between the voxel-level AD in
the NTL from 90Y PET/CT and the spatial liver function deteriora-
tion, that is, k1 loss from DGAE MRI before and after 90Y SIRT.

MATERIALS AND METHODS

Patient Population
Eleven patients with hepatocellular carcinoma (HCC) or metastatic

liver cancer received 90Y SIRT along with pre- and posttreatment
DGAE MRI scans from 2020 to 2023 as part of a prospective clinical
trial (ClinicalTrials.gov identifier NCT04518748) (Supplemental Tables 1
and 2; supplemental materials are available at http://jnm.snmjournals.
org). All patients signed an Institutional Review Board–approved
informed consent form and met prespecified inclusion criteria (15). Ten
patients received either a single-hepatic-lobe or segmental treatment or
2 sequential bilobar treatments with about a 1-mo interval. One patient
underwent 2 sequential unilobar treatments with about a 1-mo interval
to administer microspheres through multiple arterial blood supplies to a
single lesion. 90Y glass microspheres (TheraSphere; Boston Scientific)
were prescribed for each treatment session following standard dosimetry
practices at the discretion of the treating clinician (16). The adminis-
tered activity ranged from 0.92 to 5.97 GBq (median, 3.28 GBq) per
treatment. Liver parenchymal function and injury were assessed by

various biomarkers before the 90Y SIRT (Supplemental Table 1) and at
1, 3, and 6 mo after therapy. These included common liver enzymes
(alanine transaminase [ALT] and aspartate aminotransferase [AST]) and
validated clinical scoring systems with prognostic relevance among
patients with liver disease, including the albumin–bilirubin (ALBI)
score ([log10 bilirubin (mmol/L) 3 0.66]1 [albumin (g/L) 3 20.085])
(17) and the Child–Pugh score.

DGAE MRI Acquisition and Processing
DGAE MR images of the liver were acquired about 1 wk before

and about 1 mo after completion of SIRT. After a median of 18 min
following intravenous injection of a single standard dose of gadoxetic
acid (Eovist; Bayer Healthcare Pharmaceuticals Inc.), patients under-
went the DGAE MRI scans on a 3-T scanner (Skyra; Siemens Healthi-
neers). The DGAE MRI sequence was adapted from Simeth et al.
(13), for example, an echo time/repetition time of 1.16/2.68 ms, a flip
angle of 13.5", a median temporal sampling rate of 8.8 s, a matrix size
of 384 3 384 3 64, and a voxel size of 1.093 1.09 3 3.5–4.2 mm.
Reference MRI volumes were selected for pre- and post-SIRT time-
series DGAE MRI volumes. A rigid registration method, outlined by
Johansson et al. (18), was used to register the DGAE MRI volumes to
the reference volume for breathing motion correction, yielding accept-
able results after review by the technologist for the current patient
cohort. However, if the results were deemed unacceptable because of
obvious misregistration for a patient, an in-house–developed deform-
able motion correction in k-space would be used as an alternative (19)
in our general practice. Details of the k1 map generation process have
been reported previously (12,13). Briefly, the gadoxetic acid k1, that is,
k1 maps (mL/100 g/min) quantifying liver function spatially, was derived
by modeling DGAE MRI volumes through a single-input 2-compartment
model. This process also facilitated the creation of blood distribution
volume (vdis) maps for reference in excluding main vessels in the NTL
mask. Subsequently, k1 and vdis maps before and after SIRT were core-
gistered along with the rigid coregistration of corresponding reference
MRI volumes (Fig. 1, step 1) using an in-house software (imFIAT) that
has been rigorously evaluated in collaborative projects of the Quantita-
tive Image Network of the National Cancer Institute (14).

90Y Microsphere PET/CT Imaging
and Dosimetry

Details on post-SIRT 90Y PET/CT imaging
and dosimetry can be found in a previous publi-
cation (6). Briefly, within 4 h after SIRT, time-
of-flight 90Y PET/CT imaging was acquired
on a Biograph mCT (Siemens Healthineers)
for about 30 min and reconstructed using
3-dimensional ordered-subset expectation max-
imization (1 iteration, 21 subsets) and 5-mm
gaussian postfiltering. The PET matrix size was
200 3 200 3 82–145 with a voxel size 4.07 3

4.07 3 3 mm. Voxel-based 90Y AD maps
were calculated directly from the quantitative
90Y PET/CT (in Bq/cm3) using the dose-
planning method Monte Carlo code (20). For
patients receiving sequential administrations,
the CT image from the latter treatment was
registered to the CT image from the first treat-
ment, and the 2 corresponding aligned AD
maps were summed to generate 1 AD map.

k1 Maps and 90Y AD Map Alignment
and Processing

The liver contours were segmented on the
pre-SIRT reference MRI and CT images

FIGURE 1. Flowchart illustrating correlation process between 90Y AD and k1 maps. Steps 1 and 2
involve aligning post-SIRT k1, pre-SIRT k1, and AD maps through coregistration of DGAE MRI and
CT images. In step 3, liver is delineated on CT, excluding lesions and main vessels segmented on
diagnostic MRI and vdis maps. Step 4 entails mapping refined NTL regions onto both k1 and AD
maps for correlation analysis in step 5.
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using deep learning–based segmentation tools (MIM Software Inc.)
for registration guidance. Then, the reference MRI volumes were core-
gistered to the CT images using the surface-based rigid or regularized
deformable registration in MIM software (Fig. 1, step 2). Subse-
quently, k1 maps and vdis maps were aligned to AD maps and linearly
interpolated to match their size.

Lesions were contoured by an experienced radiologist on baseline
MR images or contrast-enhanced CT images and transferred to the CT
of the PET/CT. To mitigate edge artifacts in k1 maps, spill-out effects,
and blurring of lesions on NTL in AD maps, the NTL masks were cre-
ated by contracting the liver contour by a 0.5-cm margin and exclud-
ing the lesion contours expanded by 1 cm (14). Additionally, as a k1
map is valid for assessing the function of only nontumoral hepato-
cytes, main vessels were excluded from the NTL mask by excluding
voxels with vdis values of less than 0.02 or more than 0.25 for refine-
ment (Fig. 1, step 3) (13). For patients with unilobar involvement in
SIRT, the NTL mask was further split into treated and untreated lobes.
The NTL area was then mapped out for AD and pre- and post-SIRT
k1 maps (Fig. 1, step 4).

Data Analysis
Dosimetry Metrics. Dose–volume histogram metrics, including

mean AD and minimum AD to percentage NTL volume (from 30% to
90% with increments of 20%), were computed to provide additional
insights into the AD distribution among patients. The percentage of
the whole NTL volume receiving at least 70 Gy (denoted as V70 Gy in
%) were also evaluated, as 70 Gy has been suggested as the AD limit
of NTL for SIRT (4).
Regional Liver Function–to–Dose Correlation Analysis. To

analyze the regional function degradation after 90Y SIRT for individ-
ual patients, the AD maps were binned in 5-Gy increments from 0 to
100 Gy, in 10-Gy increments from 100 to 150 Gy, and in 25-Gy incre-
ments for more than 150 Gy for noise reduction in higher-AD regions
with a smaller number of voxels. Additionally, bins encompassing
fewer than 100 voxels (equivalent to 0.19 cm3), potentially more sub-
jective to noise, were excluded from the study. k1 maps of both
pre-SIRT and post-SIRT were spatially binned on the basis of the AD
binning, and the k1 values were averaged over each bin. Both the
absolute loss (Eq. 1) and percentage loss (Eq. 2) of mean k1 values
before and after SIRT were calculated. This strategy of binning first
and then subtracting was confirmed to be more robust against noise
and misregistration (14):

Dk1, iðmL=100 g=minÞ5kpre1, i2kpost1, i , Eq. 1

Dk1, ið%Þ5ðkpre1, i2kpost1, i Þ=kpre1, i3100, Eq. 2

where kpre1, i and kpost1, i stand for the mean k1 in the i-th dose bin before and
after SIRT, respectively. In patients with unilobar treatment only, the k1
loss of the untreated lobe (#0 Gy) was calculated and compared with the
first bin in the treated lobe, that is, low-AD (#5 Gy) region. The linear
regression model and Wilcoxon signed-rank testing were applied to assess
numeric and statistical differences, respectively. If there was no obvious dis-
crepancy in the values or a statistically significant difference (P . 0.05), the
untreated lobe was combined with the treated lobe to incorporate more
volume for greater correlation assessment.

The Spearman correlation analysis was used to evaluate the rela-
tionship between k1 loss and AD for each patient.

For evaluation of the entire patient cohort, the absolute/percentage
k1 loss and AD were averaged over all patients for each bin, denoted
as Dk1, i and ADi, respectively. To develop a dose-function response
model, a 3-parameter logistic function (Eq. 3) was fit, based on
normal-tissue complication probability modeling:

Dk1, i5
a

11eðDc2AD iÞ=g
, Eq. 3

where a represents an asymptote indicating the maximum achievable k1
loss, Dc denotes a characteristic dose at 50%-asymptotic height of the max-
imum loss, and g is proportional to the inverse of the dose–response slope
at Dc. This function was fit by applying a nonlinear least-squares function
implemented in R (21). The goodness of fit was assessed using the coeffi-
cient of determination R2 by the aomisc package in R (22) and the SE
of fit variables. The k1 loss averaged over all patients and all bins was
computed for comparison. The patient cohort was further stratified into
subgroups based on specific characteristics, including HCC or liver metas-
tases, baseline ALBI scores, baseline ALT and AST levels, dose–volume
effects (V70 Gy), and single versus sequential treatments. ALBI scores,
ALT and AST levels, and V70 Gy subgroups were defined using their
respective median values as thresholds to ensure balanced subgroup sizes.
Global Liver Function Assessment Comparison. Global liver

function measured through imaging (k1 maps) and biomarkers (ALBI
scores) was compared. Mean k1 multiplied by NTL volume (k1VL) as
functional volume (13) were calculated before and after SIRT, and the
difference represented global k1 loss. Meanwhile, the change in ALBI
scores after SIRT, corresponding to the time of the second DGAE
MRI acquisition, was computed relative to the baseline. Pearson corre-
lation analysis was performed between k1VL loss and the ALBI
score increase.

RESULTS

Dosimetry Metrics
The dose–volume histogram plots and metrics in the entire NTL,

including mean AD, Dxx (xx5 30%, 50%, 70%, and 90%), and V70

Gy for 11 patients, are shown in Supplemental Figure 1 and Supple-
mental Table 2, respectively. The median value of the mean AD of
the whole NTL was 35.1Gy (range, 2.4–61.6Gy), The median value
of V70 Gy was 7.8% (range, 0%–35.0%).

Regional Liver Function–to–AD Correlation Analysis
Individual Patient Assessment. The linear regression analysis

between k1 loss in the low-AD (#5Gy) region of the treated lobe
versus the untreated lobe (Fig. 2) for 7 patients who received only
unilobar treatment demonstrated an approximate line of equality
(slope, 1.01; intercept, 23.83%). This trend suggested nearly iden-
tical k1 loss between the low-AD region of the treated lobe and
the untreated lobe. Additionally, no statistically significant differ-
ence was observed between the two (P 5 0.237 for Wilcoxon

FIGURE 2. Scatterplot of k1 loss in low-AD (#5Gy) region of treated
lobe vs. untreated lobe. Best-fit line (solid line) combines with its 95% CI
(gray area) as linear regression model.
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signed-rank test). Consequently, the untreated lobe was included
in the correlation assessment between k1 loss and AD.
Visual correlation between the percentage k1 loss and AD maps

in the refined NTL area, overlaid with isodose lines, is shown for
a sample patient (patient 2) in Figure 3.
Scatterplots and Spearman correlation coefficients illustrate the

relationship between k1 loss and AD for 11 patients in Supplemen-
tal Figure 2 and Table 1, respectively. A significant and strong
positive correlation (r . 0.5, P , 0.001) between both absolute
and percentage k1 loss and AD was observed in most patients
(8/11), whereas 3 patients exhibited a poor or negative correlation.
Most patients showed regional liver function degradation, particu-
larly in higher-AD regions, except for 2 patients (patients 7 and 11)
who demonstrated globally increased k1 values after SIRT and were
subsequently excluded from the grouped assessment because of this
unexpected behavior.
Grouped Patient Assessment. Both absolute and percentage k1

loss averaged over 9 patients exhibited a significantly strong posi-
tive correlation with the AD in the NTL (Fig. 4), with r values of
at least 0.92 (P , 0.001) (Table 2). Logistic function modeling for
k1 loss and AD demonstrated an R2 value of at least 0.91 for the
percentage and absolute k1 loss. The fit variables are given in Table 2.
The average absolute and percentage k1 loss over 9 patients across
all AD bins was 2.2 mL/100g/min and 28.1%, respectively.
Stratifying by patient characteristics, we found that most sub-

groups demonstrated a significantly strong correlation between AD
and both absolute and percentage k1 loss (r . 0.9, P , 0.001)
(Supplemental Table 3), as well as a high R2 for logistic model fit-
ting ($0.79), except subgroups with an ALBI of at least 22.93 and
a lower V70 Gy. Because patients stratified by baseline ALT had
results similar to those stratified by baseline AST, only the results of

ALT are presented here. The 3-parameter
logistic model fit variables for subgroups
are provided in Supplemental Table 3.
Absolute (Supplemental Fig. 3) and percent-
age (Fig. 5) k1 loss results displayed similar
trends. When patients with HCC and liver
metastases were compared, the HCC group
exhibited a notably larger k1 loss. Patients
with a baseline ALT level of at least
45 IU/L had a more pronounced k1 loss
than did those with an ALT of less than
45 IU/L. In contrast, the subgroup with a
baseline ALBI score of at least 22.93 pre-
sented a smaller k1 loss than did the sub-
group with an ALBI lower than 22.93. A
lower V70 Gy was associated with a generally
smaller k1 loss than was a higher V70 Gy.

Additionally, patients with 2 sequential treatments demonstrated a
larger k1 loss than did patients with a single treatment.

Global Liver Function Assessment Comparison
Liver function changes after SIRT derived by imaging (k1

maps) and biomarkers (change in ALBI score) showed a positive
correlation (r 5 0.60) for all 11 patients (Fig. 6), that is, a larger
k1VL loss with increasing, less negative, ALBI scores (indicating
rising bilirubin and lower albumin levels).

DISCUSSION

This study incorporated information from multimodality imag-
ing (PET/CT and MRI) to establish a dose–toxicity relationship
within normal liver after 90Y SIRT; to our knowledge, this was
the first attempt to assess this relationship at a spatial level. We
demonstrated a strong and significant correlation between higher
AD and an increasing k1 loss for both individual (r 5 0.53–0.99,
P , 0.001 for 8/11) and grouped (r $ 0.92, P , 0.001) patient
studies. Additionally, in the grouped patient study, the average
percentage k1 loss across AD bins was 28.1%, with a logistic func-
tion model indicating that 25.8% of k1 loss occurred at an AD of
102.1Gy (Table 2).
The consistency for k1 loss in the low-AD region of the treated

lobe and untreated lobe suggests that at these low AD levels, k1
loss is primarily the result of natural progression of liver malig-
nancy. As AD levels increased, a corresponding increase in
regional k1 loss was observed, mirroring results from a prior study
of patients undergoing SBRT (14). For patients exhibiting a poor
or negative correlation, potential factors include the relatively
dispersed and small perfused NTL volumes for patients 4 and 8
(#350 cm3) and the narrow NTL AD ranges (0 to #25Gy) for

FIGURE 3. Sample visual correlation of 90Y AD maps (A) and percentage k1 loss (B) in refined NTL
area, overlaid with isodose lines. Central hepatic region (segment 8) with higher AD presents larger k1
loss. Percentage k1 loss map is shown to visually illustrate its association with AD but was not
directly used in correlation calculation analysis.

TABLE 1
Spearman Correlation Coefficients Between Absolute and Percentage k1 Loss and AD

Loss

Patient no.

1 2 3 4 5 6 7 8 9 10 11

Absolute k1 0.97* 0.53* 0.79* 20.03 0.93* 0.72* 0.93* 0.09 21.00* 0.67* 0.91*

Percentage k1 0.98* 0.99* 0.89* 0.17 0.91* 0.76* 0.69* 0.18 20.70 0.82* 0.89*

*P , 0.001.
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patient 9, which may not provide enough sampling to establish a
robust correlation. Generally, liver function degraded after therapy
(i.e., lower k1 values after SIRT for all except patients 7 and 11).
This is an expected occurrence, inherent in SIRT, in the setting of
radiation-induced liver injury. Interestingly, both patients who saw
an unanticipated rise in k1 values had received prior antivascular
endothelial growth factor therapy with bevacizumab. It is possible
this drug altered the vascular response or recovery after SIRT
(which may alter enhancement and therefore k1 values on DGAE
MRI), although the small number of patients limits confident
assessment. Nonetheless, the potential of such immunotherapy to
generate spurious results warranted exclusion of these patients
from our overall dose–response analysis.
For the grouped study, both curves in Figure 4 resemble a logis-

tic function. Initially, there is a sharp rise in k1 loss for an AD of
less than 100Gy, signifying pronounced functional decline. As
AD increases, the rate of change in k1 loss slows at about 200Gy,
indicating milder functional decline. However, fluctuations occur
thereafter and are particularly notable after 400Gy, which could
be attributed to the reduced patient count within those bins. Speci-
fically, large changes in slope at about 180 and 480Gy may be
attributed to patient dropout at higher-dose bins, marked by higher
k1 loss than in other patients. This possibility also may explain the
slope change in Figures 5B and 5D at about 180Gy.
Patient characteristics influenced the extent of k1 loss in

response to AD (Fig. 5). The HCC group exhibited a more pro-
nounced k1 loss, a more severe maximum liver function decline
(a), and a lower AD to reach half this decline (Dc), than did the
liver metastasis group, suggesting higher sensitivity to radiation in

HCC (23–25). One explanation for this
finding is not the HCC itself but the higher
incidence of cirrhosis among the HCC
cohort (2/4 vs. 0/5 for HCC vs. liver
metastases), which would limit the ability
of background liver parenchyma to undergo
repair and regeneration after radiation injury.
Thus, we stratified patients into cirrhosis
and noncirrhosis subgroups, with the cirrho-
sis subgroup showing a notably larger k1
loss, albeit only 2 patients in our cohort had
cirrhosis (Supplemental Fig. 4).
Child–Pugh scores and ascites were not

used as stratification criteria because of
limited variation (8/9 with A5 and no asci-
tes). ALBI scores served as a surrogate for
liver function over time and have been
predictive of radiation-induced liver injury

in HCC patients (17). Surprisingly, patients with initially normal
ALBI scores showed higher k1 loss, possibly because of having
more functioning hepatocytes at baseline and, thus, a higher rela-
tive liver parenchymal loss resulting from any radiation-induced
injury. However, the low median baseline ALBI score used as our
cutoff (22.93) and the limited number of cirrhosis and HCC
patients in our study may make this score less reliable for predict-
ing liver dysfunction in this subset. Conversely, higher baseline
ALT and AST values were both associated with greater k1 loss;
because these markers indicate acute hepatocellular injury or cell
death, it is unsurprising that subsequent radiation treatment would
accentuate loss of liver function.
Regarding dose–volume effects, patients with a larger relative

volume of the NTL receiving 70Gy demonstrated generally larger
k1 loss and derived a. This implies a volume-based correlation
between total irradiated volume and hepatic function damage,
which is supported by prior studies (23,26). For assessment inter-
vals, patients with sequential treatments had a longer (#3-mo) gap
between pre- and post-SIRT MRI scans, whereas those with a sin-
gle treatment had scans about 1mo apart. Greater k1 loss among
the group with the sequential treatments also suggests that liver
function could decline over time, compounding the effects of AD.
However, the liver is known for its dynamic vascular reorganiza-
tion and regeneration, which likely affects the comparison of these
scans. Thus, a more detailed time interval stratification could be
designed and assessed for a larger patient population in the future.
A comparison of the change in global liver function before and

after SIRT estimated by k1 maps and ALBI scores yielded a corre-
lation of 0.60 (Fig. 6), consistent with the results of a previous

FIGURE 4. Absolute loss (A) and percentage k1 loss (B) vs. AD in NTL for 9 patients, with average
and SD computed over all k1 measurements. Red lines indicate fit 3-parameter logistic curves. Data
point radius is proportional to patient count included in each bin.

TABLE 2
Spearman Correlation Coefficients and 3-Parameter Logistic Model Fit Variables for Grouped 9 Patients

Loss r

Fit variable

a Dc (Gy) g (Gy) R2

Absolute k1 0.93* 4.0mL/100g/min (0.1) 106.5 (10.1) 115.5 (13.2) 0.92

Percentage k1 0.92* 51.6% (1.3) 102.1 (10.1) 105.6 (13.2) 0.91

*P , 0.001.
Data in parentheses are SE.
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study (13). Notably, the largest increase in ALBI score after SIRT
was only 0.34, which may be reasonable considering most patients
had good baseline liver function and all patients received a mean
AD of less than 70Gy. However, because of the heterogeneous
distribution of AD and functional tissue in the NTL, radiation-
induced liver damage may not be sufficiently captured by the
ALBI biomarker. Furthermore, the regional dose–toxicity relation-
ship for the NTL after SIRT in this study was more pronounced
than in a prior study of whole-liver dose–toxicity relationships
among patients with colorectal liver metastases by Alsultan et al.
(3). They correlated the mean AD in the NTL from 90Y PET/CT
images with toxicity grades and changes in general liver biomark-
ers, such as total bilirubin, but a reliable association was not well
established. In another study, by Chiesa et al. (4), the mean ADs
in the NTL based on 99mTc-macroaggregated albumin SPECT/CT

images and basal bilirubin ($1.1mg/dL)
were reported as prognostic indicators for
liver decompensation in patients with
HCC. To explore this further, we stratified
our patients into similar subgroups based
on baseline bilirubin and found that
patients with bilirubin of at least 1.1mg/
dL exhibited a larger percentage k1 loss
(Supplemental Fig. 5). However, with
only 2 patients within this subgroup, only
a limited assessment could be performed.
In an ongoing clinical trial (NCT04518748)

of combinational therapy, the SBRT plan-
ning after SIRT is optimized to spare high-
functioning regions of the liver based on
pre-SBRT k1 maps. The spatial level dose–
toxicity correlations demonstrated in the
current study could further facilitate refine-
ment of SIRT dose selection and post-SIRT
treatments, including SBRT. However, stud-
ies with larger patient cohorts are needed to
establish the current findings. The small
patient cohort limits statistical analysis and

may compound errors in the analysis. Besides, there is a high varia-
tion in k1 loss among individuals, as inferred from the large SD of k1
loss when averaging over patients. Although a mixed model consid-
ering the dose as the fixed effect and patient as the random effect has
been preliminarily explored, the limited number of patients rendered
the modeling unrobust. An additional limitation associated with the
small sample is that we chose to stratify subgroups on the basis of
median values to ensure balanced groups, although a different
approach (e.g., grade for ALBI) may be more relevant.
Another limitation is potential misregistration between single-

and multimodality images due to involuntary and voluntary patient
motion (27) and to hepatic volume changes (28), even with careful
registration efforts. Our study used rigid registration between pre-
and post-SIRT MRI scans, with results deemed acceptable after
review by the technologist. However, further improvement may be
achieved through nonrigid methods, which can better accommo-
date the deformable liver shape during patient motion, despite
requiring careful deformation constraints and smoothness to avoid
artifacts. To further alleviate the impact of misregistration, a bin-
ning strategy (14) was implemented by aggregating voxels with
similar AD and spatial proximity into regions within a bin, which
reduces susceptibility to misregistration compared with individual
voxels. Motion correction strategies such as data-driven gating
(29) were not used in this study because of lack of validation for
90Y with low-count statistics. However, the impact of motion in
90Y SIRT imaging may be less significant given the 5-mm image
filter and the large untreated liver volumes in some patients. More-
over, a single snapshot of DGAE MRI was obtained after the com-
pletion of treatment, limiting this study to a short-term hepatic
function assessment, whereas long-term dysfunction could be fur-
ther explored.
Considering the technical aspect of this study, implementing

DGAE MRI in clinical settings involves straightforward proce-
dures for image acquisition and pharmacokinetic modeling. How-
ever, motion correction may present challenges and currently
requires custom software, particularly if addressing respiratory
motion in k-space. Additionally, advancements in newer genera-
tions of technology (8) offer superior sensitivity and event

FIGURE 5. Percentage k1 loss vs. AD in NTL for 9 patients subgrouped by HCC and liver metasta-
ses (A), baseline ALT$ and, 45 IU/L (B), baseline ALBI score$ and, 22.93 (C), V70 Gy above and
below median V70 Gy (D), and single and sequential treatments (E). Dashed lines indicate fit
3-parameter logistic curves. Data point radius is proportional to patient count included in each bin.

FIGURE 6. Scatterplot of global liver function changes after SIRT
derived by k1 maps vs. change in ALBI score. Best-fit line (solid line) com-
bines with its 95% CI (gray area) as linear regression model.
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statistics, particularly beneficial for 90Y imaging. This facilitates
achieving smaller voxel sizes while maintaining or enhancing
signal-to-noise ratio. Consequently, we may be able to include the
smaller dose-voxel bins (,100 voxels) that we currently exclude
from our model. Furthermore, a smaller postprocessing filter ker-
nel size may suffice, helping to maintain a higher spatial resolution
in PET images and subsequent AD maps in the future.

CONCLUSION

In this pioneering study, information derived from multimodal
imaging facilitated the correlation of regional liver function degra-
dation, as quantified through DGAE MRI, with voxel-level AD in
the NTL as determined by 90Y PET/CT images after 90Y SIRT.
Higher AD levels are associated with a larger loss of liver func-
tion. Modeling demonstrates that patients with certain characteris-
tics, such as HCC and a larger NTL fractional volume receiving
an AD of 70Gy or more and sequential SIRT treatments, could
experience greater loss of liver function after treatment, warranting
greater attention for their treatment. Future research with the inclu-
sion of a larger and more diverse patient population is warranted
to verify these findings.
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KEY POINTS

QUESTION: Is there a correlation between the 90Y PET/CT-
derived AD to the NTL and spatial liver function deterioration as
assessed by dynamic MRI after 90Y SIRT?

PERTINENT FINDINGS: A direct correlation between regions of
higher ADs and increased liver function deterioration after SIRT
has been demonstrated, with notably severer hepatic function loss
in patients with HCC than in those with liver metastases.

IMPLICATIONS FOR PATIENT CARE: The nonuniform hepatic
function loss is induced because of heterogeneous AD deposition.
The spatial dose–toxicity information can potentially be used to
enhance 90Y SIRT strategies, including combination therapy.
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[177Lu]Lu-PSMA is an effective class of therapy for patients with meta-
static castration-resistant prostate cancer (mCRPC); however, pro-
gression is inevitable. The limited durability of response may be
partially explained by the presence ofmicrometastatic deposits, which
are energy-sheltered and receive low absorbed radiation with 177Lu
due to the approximately 0.7-mm mean pathlength. 161Tb has abun-
dant emission of Auger and conversion electrons that deposit a higher
concentration of radiation over a shorter path, particularly to single
tumor cells and micrometastases. 161Tb has shown in vitro and
in vivo efficacy superior to that of 177Lu. We aim to demonstrate that
[161Tb]Tb-PSMA-I&T will deliver effective radiation to sites of meta-
static prostate cancer with an acceptable safety profile. Methods:
This single-center, single-arm, phase I/II trial will recruit 30 patients
with mCRPC. Key eligibility criteria include a diagnosis of mCRPC
with progression after at least one line of taxane chemotherapy (unless
medically unsuitable) and androgen receptor pathway inhibitor;
prostate-specific membrane antigen–positive disease on [68Ga]Ga-
PSMA-11 or [18F]DCFPyL PET/CT (SUVmax $ 20); no sites of discor-
dance on [18F]FDG PET/CT; adequate bone marrow, hepatic, and renal
function; an Eastern Cooperative Oncology Group performance status
of no more than 2, and no prior treatment with another radioisotope.
The dose escalation is a 313 design to establish the safety of 3 pre-
specified activities of [161Tb]Tb-PSMA-I&T (4.4, 5.5, and 7.4 GBq). The
maximum tolerated dose will be defined as the highest activity level at
which a dose-limiting toxicity occurs in fewer than 2 of 6 participants.
The dose expansion will include 24 participants at the maximum toler-
ated dose. Up to 6 cycles of [161Tb]Tb-PSMA-I&T will be administered
intravenously every 6 wk, with each subsequent activity reduced by 0.4
GBq. The coprimary objectives are to establish the maximum tolerated
dose and safety profile (Common Terminology Criteria for Adverse

Events version 5.0) of [161Tb]Tb-PSMA-I&T. Secondary objectives
include measuring absorbed radiation dose (Gy), evaluating antitumor
activity (prostate-specific antigen 50% response rate, radiographic and
prostate-specific antigen progression-free survival, overall survival,
objective response rate), and evaluating pain (Brief Pain Inventory–
Short Form) and health-related quality of life (Functional Assessment
of Cancer Therapy–Prostate and Functional Assessment of Cancer
Therapy–Radionuclide Therapy). Conclusion: Enrollment was com-
pleted in February 2024. Patients are still receiving [161Tb]Tb-PSMA-I&T.

Key Words: prostate cancer; PSMA; 161Tb; Auger electrons;
theranostics
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Although [177Lu]Lu-PSMA has been established as a safe and
effective radiopharmaceutical therapy, enhancing overall survival
and quality of life in patients with metastatic castration-resistant pros-
tate cancer (mCRPC), disease progression remains inevitable (1).
A likely contributing factor for the limited durability of response is
the presence of micrometastatic deposits. Single tumor cells and
micrometastases are considered energy-sheltered deposits. They
receive vanishingly low absorbed radiation from 177Lu because of
the approximately 0.7-mm mean pathlength (range, 0.04–1.8mm).
In comparison, the diameters of circulating tumor cells from pros-
tate cancer patients and cultured prostate cancer cells measure on
average 7.97 and 13.38mm, respectively (2). Although a complete
response of macroscopic disease is observed with [177Lu]Lu-PSMA,
these small energy-sheltered deposits do not receive lethal radiation
and eventually progress.

161Tb has physical properties that indicate it could be superior
for medical use to the currently used 177Lu because of its abundant
emission of Auger and conversion electrons. These ejected inner
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orbital electrons deposit their energy over a much shorter distance
(nanometers to micrometers), with an order-of-magnitude higher
linear energy transfer than b-electrons, resulting in greater cell
death (3,4). 161Tb delivers higher radiation doses to single tumor
cells and micrometastases than does 177Lu when calculating differ-
ent scenarios of the radionuclide distribution (5). Several other
studies have also supported theoretic dose calculations in favor of
161Tb (6–9). The physical characteristics of 161Tb and 177Lu are
otherwise similar (Table 1).

161Tb has been shown superior to 177Lu in tumor cell killing
and growth suppression in vitro and in vivo (10–12), supporting
an additional contribution of Auger and conversion electrons.
[161Tb]Tb-PSMA-617 was evaluated in tumor-bearing murine
models, and the in vitro properties, pharmacokinetics, and biodis-
tribution profile were similar to [177Lu]Lu-PSMA-617 (10). Theo-
retic dose calculations also confirmed an additive therapeutic
effect of 161Tb when comparing both radiopharmaceutical thera-
pies. Whether the promising theoretic and preclinical data will
translate into clinical benefit has yet to be determined. We hypoth-
esize that [161Tb]Tb-PSMA-I&T will deliver effective radiation
to sites of metastatic prostate cancer with an acceptable safety
profile.

MATERIALS AND METHODS

Design, Study Population, and Objectives
VIOLET is an investigator-initiated and -led, open-label, single-

arm, single-center, phase I/II dose-escalation and -expansion study
designed to evaluate the safety and efficacy of [161Tb]Tb-PSMA-I&T
in patients with mCRPC. The dose-escalation phase is a traditional
31 3 design, with 3 prespecified activity levels. Recruitment will be
halted after each cohort of 3 patients is enrolled until the dose-limiting
toxicities (DLTs) have been assessed (Table 2) and the activity for the
next cohort of 3 patients has been determined. The DLT assessment
period is 6 wk from cycle 1 day 1. Once the maximum tolerated dose
or maximum administered dose has been determined, the trial will pro-
ceed to the dose-expansion stage. The trial schema is illustrated in
Figure 1.

Patients with mCRPC who have progressed on at least one line of
taxane chemotherapy (unless medically unsuitable) and an androgen
receptor pathway inhibitor will be eligible for this study. Other key eli-
gibility criteria include prostate-specific membrane antigen (PSMA)–
positive disease on [68Ga]Ga-PSMA-11 or [18F]DCFPyL PET/CT
(SUVmax $ 20); no sites of discordance on [18F]FDG PET/CT; ade-
quate bone marrow, hepatic, and renal function; an Eastern Cooperative
Oncology Group performance status of no more than 2; and no prior
treatment with another radioisotope (Table 3).

TABLE 1
Decay Characteristics of 177Lu and 161Tb (5)

Characteristic 177Lu 161Tb

Half-life (d) 6.647 6.906

Type of decay (%) b2 (100%) b2 (100%)

b particles mean energy (keV) 133.3 154.3

Daughter 177Hf (stable) 161Dy (stable)

Conversion electrons (keV per decay) 13.52 39.28

Conversion electron energy range (keV) 6.2–206.3 (weighted average, 87) 3.3–98.3 (weighted average, 28)

Auger electrons (keV per decay) 1.13 8.94

Auger electron energy range (keV) 0.01–61.7 (weighted average, 1) 0.018–50.9 (weighted average, 0.8)

Total electron energy per decay (keV) 147.9 202.5

g for imaging: energy in keV (% abundance) 208 (11%);
113 (6.4%)

75 (10.2%)

Photon X and g (total energy per decay in keV) 35.1 36.35

TABLE 2
Definitions of DLTs

Toxicity Exception Duration

Grade $ 3 nonhematologic
adverse event

Grade 3 nausea, vomiting, or diarrhea that is optimally treated and
resolves to grade of #2 in #5 d

Grade 3 fatigue

Grade 3 tumor flare (local pain) that resolves to grade of #2 in #7 d

Grade 4 neutropenia .7 d

Febrile neutropenia .7 d

Grade 4 anemia .7 d

Grade 3 thrombocytopenia .7 d
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The phase I primary objectives are to determine maximum tolerated
dose, DLTs, and the recommended phase II dose of [161Tb]Tb-PSMA-
I&T in patients with mCRPC. The phase II primary objective is to
evaluate its safety. Secondary and exploratory objectives include esti-
mating the absorbed radiation dose in normal organs and metastases,
evaluating antitumor activity (prostate-specific antigen [PSA] response
rate, radiographic and PSA progression-free survival, overall survival,
objective response rate), evaluating dynamic changes in circulating
tumor DNA, and evaluating pain (Brief Pain Inventory–Short Form)
and health-related quality of life (Functional Assessment of Cancer
Therapy–Prostate and Functional Assessment of Cancer Therapy–
Radionuclide Therapy) (Table 4).

The study protocol was approved by the Human Research Ethics
Committee at Peter MacCallum Cancer Centre, and all participants
will provide signed informed consent. The VIOLET trial is registered
with ClinicalTrials.gov (NCT05521412) and sponsored by the Peter
MacCallum Cancer Centre. The funders of the study had no role in
study design or writing of this article.

[161Tb]Tb-PSMA-I&T Production, Administration, and
Posttherapy Dosimetry

PSMA-I&T will be radiolabeled with no-carrier-added 161Tb using
the same chelator (DOTAGA) as [177Lu]Lu-PSMA-I&T in the onsite
hospital radiopharmacy. The production of [161Tb]Tb-PSMA-I&T will
be automated on the iPHASE MultiSyn radiochemistry module using

a kit formulation (Isotopia Molecular Imaging) encompassing labeling
buffer and a precursor/stabilizer combination. [161Tb]Tb-PSMA-I&T
production and quality control will undergo rigorous process valida-
tion leading to a product that meets all prerelease criteria matching or
exceeding the Australasian Radiopharmaceutical Network production
guidelines. This includes tests for radionuclidic purity, radiochemical
purity, and radiochemical identity using high-pressure liquid chroma-
tography and radio–thin-layer chromatography, as well as endotoxin
and sterility testing.

[161Tb]Tb-PSMA-I&T will be administered by slow intravenous
injection in an ambulatory treatment setting every 6 wk 6 1 wk, for a
maximum of 6 cycles. A minimum of 500mL of normal saline hydra-
tion over 1–2 h is recommended with radiopharmaceutical therapy,
unless fluids are contraindicated. In the dose-escalation phase, there
are 3 planned activity levels starting at 4.4, 5.5, and 7.4 GBq. The
dose-escalation results will determine the activity of [161Tb]Tb-
PSMA-I&T in the expansion phase. In both phases, the activity of
[161Tb]Tb-PSMA-I&T will decrease by 0.4 GBq every cycle. All
patients will receive androgen deprivation therapy continuously through-
out the trial.

The subsequent activities of [161Tb]Tb-PSMA-I&T will be reduced
by 20% for patients who have the following toxicities from the preced-
ing cycle: dry mouth (grade 2), dry eyes (grade 2), nadir platelet count
of less than 100 3 109/L, nadir neutrophil count of less than 1.0 3

109/L, or other significant dose-related toxicities (grade 3 or worse)
that are considered both attributable to [161Tb]Tb-PSMA-I&T and
activity-related. A maximum of 3 activity reductions per patient is per-
mitted, and there are no reescalations.

Posttherapy SPECT/CT imaging will be performed after each cycle.
In the dose-escalation phase, 3-time-point SPECT/CT from vertex to
mid thigh will be acquired at 4 h (62 h), 24 h (64 h), and 96 h (624 h)
after cycle 1 and optionally thereafter. Acquisitions will be obtained
on low-energy high-resolution collimators, using a double energy win-
dow peaked at 74 keV with lower scatter limits (13–15). Retention of
[161Tb]Tb-PSMA-I&T will be estimated from voxel-based time–activity
curves based on a multiphase exponential clearance model and con-
volved using a Geant4 Application for Emission Tomography–derived
voxel dose kernel based on decay of 161Tb in International Commission
on Radiological Protection soft tissue to yield 3-dimensional absorbed
dose maps (16–18).

Assessment of Safety, Efficacy, and Patient-Reported
Outcome Measures

During the treatment phase, patients will have weekly safety
reviews and a full blood count performed during cycle 1. Adverse
events will be graded and causality assigned according to Common
Terminology Criteria for Adverse Events version 5.0 at each clinical
review. For subsequent cycles, safety reviews and blood tests (full
blood count, urea, creatinine, electrolytes, liver function tests, and
PSA) will be repeated on day 22 and within 3 d before the next cycle.
If the platelet count is less than 50 3 109/L, it will be rechecked 1 wk
later and every week thereafter until it is rising. Administration of the
next cycle can proceed if pretreatment bloods show a platelet level of
at least 75 3 109/L and rising ($1003 109/L for cycle 1), a hemoglo-
bin level of at least 80 g/L, and an absolute neutrophil count of at least
1.5 3 109/L. [161Tb]Tb-PSMA-I&T can be delayed for a maximum of
6 wk. Treatment will be withheld during grade 3 or 4 adverse events
with the exception of fatigue or lymphocytopenia and not restarted
until improvement to grade 0–2 or baseline.

Contrast-enhanced CT of the chest, abdomen, and pelvis, as well
as whole-body bone scans, will be performed every 12 wk 6 1 wk
from cycle 1 day 1, until radiologic progression. [68Ga]Ga-PSMA-11
or [18F]DCFPyL, and [18F]FDG PET/CT, will be repeated 12 wk6 1 wk
from cycle 1 day 1, and before cycle 3 day 1. Peripheral blood for

FIGURE 1. Trial schema.
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translational research will be collected immediately before day 1 for
cycles 1, 2, and 4 and within 10 d after unequivocal progression.

Three patient-reported outcome measure instruments will be used in
this study. The Brief Pain Inventory–Short Form (19) will assess the

location and severity of pain; the impact of pain on, or its interference
with, daily functions; and the extent of pain relief. The Functional
Assessment of Cancer Therapy–Prostate (20) will assess health-related
quality of life in patients with prostate cancer, including physical,

TABLE 3
Eligibility Criteria

Category Criterion

Inclusion criteria Patient has provided written informed consent

Patient is 18 y or older at time of written informed consent

Patient has histologically or cytologically confirmed adenocarcinoma of prostate or unequivocal diagnosis
of metastatic prostate cancer (i.e., involving bone or pelvic lymph nodes or paraaortic lymph nodes)
with elevated serum PSA

Eastern Cooperative Oncology Group performance status is #2

Patient had prior treatment with at least one line of taxane chemotherapy, unless medically unsuitable

Patient had prior treatment with at least one androgen receptor pathway inhibitor (e.g., enzalutamide,
abiraterone, apalutamide, or darolutamide)

Patient has progressive disease defined according to Prostate Cancer Clinical Trials Working Group 3 as
any one of the following:

PSA progression: minimum of 2 rising PSA values from baseline measurement with interval of $1 wk
between each measurement

Soft-tissue progression: per RECIST 1.1

Bone progression: $2 new lesions on bone scan

Patient had prior surgical orchiectomy or chemical castration maintained on luteinizing hormone–releasing
hormone analog (agonist or antagonist)

Patient has serum testosterone level of #1.75 nmol/L (#50 ng/dL)

Patient has significant PSMA avidity on [68Ga]Ga-PSMA-11 or [18F]DCFPyL PET/CT, defined as minimum
SUVmax of 20 at site of disease and SUVmax of .10 at sites of measurable soft-tissue disease 15mm or
smaller (unless subject to factors explaining lower uptake, e.g., respiratory motion or reconstruction artifact)

Patient has life expectancy of $6mo

Patient has adequate bone marrow, hepatic, and renal function, defined as…

Hemoglobin $ 100g/L independently of transfusions (no red blood cell transfusion in last 4 wk)

Absolute neutrophil count $ 1.5 3 109/L

Platelets $ 1503 109/L

Total bilirubin # 1.5 times ULN except for patients with known Gilbert syndrome, where this applies for
unconjugated bilirubin component

Aspartate transaminase and alanine transaminase # 3 times ULN if there is no evidence of liver
metastasis or # 5 times ULN in presence of liver metastases

Creatinine clearance estimate of $40mL/min using Cockcroft–Gault equation

Sexually active patient is willing to use medically acceptable forms of barrier contraception

Patient is willing and able to comply with all study requirements, including treatments and timing, as well
as nature of required assessments

At least 3 wk has passed since completion of surgery or radiotherapy before registration

Exclusion criteria Patient has undergone prior treatment with another radioisotope (e.g., PSMA radioligands, 223Ra, 89Sr, or
153Sm)

Patient has sites of discordant disease on PET imaging ([18F]FDG-positive and minimal PSMA uptake)

Patient had other malignancies in addition to prostate cancer within previous 2 y before registration, other
than basal cell or squamous cell carcinoma of skin or other cancers unlikely to recur within 24mo

Patient has symptomatic brain metastases or leptomeningeal metastases

Patient has symptomatic or impending cord compression unless appropriately treated beforehand and
clinically stable for .4 wk

Patient has concurrent illness, including severe infection that may jeopardize ability to undergo
procedures outlined in this protocol with reasonable safety

ULN 5 upper limit of normal.

1234 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 65 ! No. 8 ! August 2024



functional, emotional, and social well-being, as well as additional con-
cerns specific to prostate cancer. The Functional Assessment of Cancer
Therapy–Radionuclide Therapy is a 15-item questionnaire that has
been developed for use with patients receiving radiopharmaceutical
therapy and provides information about treatment-specific symptoms.
Validation of the Functional Assessment of Cancer Therapy–Radionu-
clide Therapy and determination of the optimal subscales remain
ongoing (21).

Statistical Considerations
This study will assess the toxicities associated with [161Tb]Tb-

PSMA-I&T, recruiting 30–36 patients. Between 12 and 18 patients
will be enrolled in the dose-escalation phase, with the number of
enrolled patients dependent on the number of activity levels evaluated
and the number of patients at each activity level. An additional 18
patients will be recruited in the dose-expansion phase, with a total of
24 patients treated at the maximum tolerated dose.

For the dose-escalation phase, analysis will focus primarily on
adverse events, particularly DLTs. These will be tabulated descrip-
tively for each activity level separately. The probability of observing
toxicity in at least one patient is 90% for toxicities with true DLT inci-
dence rates of 4.2% (95% CI, 0.3%–13.4%). The safety analysis will
include all patients who received at least one cycle of [161Tb]Tb-
PSMA-I&T. Safety will be assessed using Common Terminology
Criteria for Adverse Events version 5.0, and the maximum toxicity
grade per patient of each adverse event will be derived and pre-
sented in tabular form. All adverse events will be described overall
and separately by activity level. The safety analysis will be reported
once for all adverse events regardless of relatedness to treatment
and once considering only adverse events related to treatment. The

efficacy analysis will be reported for all patients who received at
least one cycle of [161Tb]Tb-PSMA-I&T. PSA response rate and
objective response rate will be described as percentages with 95% CIs
using exact methods.

DISCUSSION

Targeting PSMA-expressing prostate cancer cells with 161Tb is a
potent alternative to 177Lu. The additional clustered damage from
Auger and conversion electrons within micrometastases may improve
the durability of the response (Fig. 2). Preclinical data form the strong
rationale for in-human investigation of [161Tb]Tb-PSMA-I&T. The
VIOLET trial will establish the recommended activity and safety pro-
file and provide the preliminary efficacy of [161Tb]Tb-PSMA-I&T in
patients with mCRPC. The first patient was recruited on October 9,
2022 (Fig. 3). The VIOLET trial is named in honor of Dr. John
Violet (22), who passed away unexpectedly in 2020 and had an
enduring interest in Auger electron therapy.
Limited use of terbium isotopes in humans has not reported any

adverse events. Two studies using 152Tb, a positron emitter, provided
important data because 161Tb has identical chemical characteristics
and resultant pharmacokinetics. In these first-in-human studies,
[152Tb]Tb-DOTATOC was administered to a patient with a meta-
static neuroendocrine neoplasm (23), and [152Tb]Tb-PSMA-617 was
administered to a patient with mCRPC (24). When terbium-labeled
tracers were compared with their respective 68Ga-labeled tracers, all
known metastases were visualized. The imaging procedures had no
adverse events noted during or after the infusion. The first-in-human
administration using 161Tb reported single-cycle administrations
(596 and 1,300 MBq) of [161Tb]Tb-DOTATOC radiopharmaceutical

TABLE 4
Study Objectives

Objective Description

Primary

Phase I To establish maximum tolerated dose, DLTs, and recommended phase II dose of [161Tb]Tb-PSMA-I&T in
patients with mCRPC

Phase II To evaluate safety of [161Tb]Tb-PSMA-I&T in patients with mCRPC

Secondary To establish absorbed radiation dose (Gy) in normal tissue and sites of metastatic disease after 1 cycle of
[161Tb]Tb-PSMA-I&T

To evaluate antitumor activity of [161Tb]Tb-PSMA-I&T in patients with mCRPC by…

PSA response rate

Radiographic progression-free survival

PSA progression-free survival

Progression-free survival

Overall survival

Objective response rate

To evaluate health-related quality of life within 12mo of treatment commencement

To evaluate pain within 12mo of treatment commencement

Exploratory To evaluate associations among [68Ga]Ga-PSMA-11 or [18F]DCFPyL PET/CT, [18F]FDG PET/CT, posttherapy
SPECT/CT, baseline characteristics, and outcomes

To evaluate dynamic changes in circulating tumor DNA fraction and utility of circulating tumor DNA genomic
aberrations as predictive biomarker of response

To evaluate molecular alterations in tissue and their correlation with clinical outcome

To evaluate treatment-related quality of life using Functional Assessment of Cancer Therapy–Radionuclide
Therapy questionnaire within 12mo of treatment commencement
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therapy in 2 patients, without adverse events or significant laboratory
abnormalities reported (25). After commencement of the VIOLET
trial, 2 case reports of patients with mCRPC have described adminis-
tration of single cycles (6.5 GBq and 5,550 MBq) of [161Tb]Tb-
PSMA-617 (26,27). In both case reports, no immediate adverse
events were reported. Posttherapy planar imaging and SPECT/CT
were performed, without dosimetry calculations. To our knowledge,
VIOLET is the first prospective clinical trial assessing [161Tb]Tb-
PSMA in patients with mCRPC. A German prospective registry
(REALITY; NCT04833517) is assessing various radionuclide thera-
pies, including [161Tb]Tb-PSMA, in patients with advanced prostate
cancer. The only other registered clinical trial investigating 161Tb is
a Swiss randomized, crossover, prospective, single-center, open-label
phase 0 study comparing the dosimetry of [177Lu]Lu-DOTATOC
and [161Tb]Tb-DOTA-LM3 (Beta plus; NCT05359146) in 16 patients
with neuroendocrine tumors.
We expect [161Tb]Tb-PSMA-I&T to be well tolerated, analo-

gous to [177Lu]Lu-PSMA (28). The delivery of radiation is
expected to mirror [177Lu]Lu-PSMA to off-target PSMA-expressing
tissues including salivary glands, lacrimal glands, duodenum, and kid-
neys. The additional Auger emission from 161Tb is not expected to
cause adverse events because of its subcellular (2–500nm) path-
length range. Furthermore, 161Tb decays to the stable isotope 161Dy,
which would not lead to subsequent radiation. Unbound 161Tb is not
expected but would be tightly bound to diethylenetriaminepentaace-
tic acid with renal excretion. [161Tb]Tb-folate and [177Lu]Lu-folate

have been compared to assess long-term renal damage in nude mice
(29). The additional Auger and conversion electrons at similar activi-
ties did not worsen renal damage in this model. In the VIOLET trial
population, delayed renal toxicity is not anticipated to be clinically
relevant, as patients with mCRPC have a life expectancy in the 15-
to 18-mo range after effective radiopharmaceutical therapy (30). The
6-wk DLT period chosen for VIOLET mirrors our definition in other
clinical trials evaluating [177Lu]Lu-PSMA. The rationale is that
hemotoxicity is expected in this window, as the nadir after 177Lu is
less than 30 d. On the basis of the preclinical and clinical data avail-
able, we expect a similar nadir for 161Tb and all potential hemato-
logic toxicities to be resolved or improving by the end of the 6-wk
period.
The absorbed electron energy fraction per decay dose differs

between 161Tb and 177Lu. On the basis of the biodistribution
results and Monte Carlo simulations, the absorbed radiation dose
from b-emission of [161Tb]Tb-PSMA-617 is approximately 35%–
40% higher per decay than that of [177Lu]Lu-PSMA-617 (10,31).
In the VIOLET trial, the starting activities of [161Tb]Tb-PSMA-
I&T for each level are 4.4, 5.5, and 7.4 GBq, which are approxi-
mately equivalent to 5.9, 7.4, and 10.0 GBq of [177Lu]Lu-PSMA,
respectively, and do not account for additional radiation from
Auger and conversion electrons. Before the TheraP and VISION
trials, few dose-escalation studies of [177Lu]Lu-PSMA were per-
formed (32). The activities and cycle schedules were largely
empiric based on experience using [177Lu]Lu-DOTATATE in

FIGURE 2. High radiation delivery to micrometastases with [161Tb]Tb-PSMA-I&T Auger and conversion electrons from [161Tb]Tb-PSMA-I&T have high
linear energy transfer, delivering more radiation to micrometastases as illustrated in enlarged prostate cancer cell (right). In contrast, b-particles deposit
their energy over greater distance (left) and have lower probability of causing lethal damage to micrometastases.
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neuroendocrine tumors and dosimetry safety data from [177Lu]Lu-
PSMA. Nevertheless, we took a conservative approach by adopt-
ing a dose-escalation design to enable clinical evaluation for
adverse effects and performing multiple-time-point posttherapy
quantitative SPECT/CT enabling robust calculation of the actual
radiation dose delivered to normal organs and tumors. This pro-
vides a significant layer of safety oversight that is not possible with
conventional drugs. We chose PSMA-I&T as the small-molecule
inhibitor to target PSMA, as [177Lu]Lu-PSMA-I&T is considered
radioequivalent to [177Lu]Lu-PSMA-617. The European Associa-
tion of Nuclear Medicine procedure guidelines for 177Lu-labeled
PSMA ligands consider the current available data and do not indicate
differences in efficacy between [177Lu]Lu-PSMA-617 and
[177Lu]Lu-PSMA-I&T (33) because of equivalent clinical
responses and toxicities (34).
The VIOLET trial will generate robust data for appropriate

activities of [161Tb]Tb-PSMA in patients with mCRPC. High
yields of no-carrier-added 161Tb can be produced for clinical
application by neutron irradiation of 160Gd targets, analogous to
the production of 177Lu (35,36). Upscaling the production is
expected to be feasible, similar to 177Lu production (37). Since the
physical properties of 161Tb and 177Lu are similar, no additional
radioprotection measures would be required. The question of great-
est interest is whether 161Tb will be superior to 177Lu in humans,
particularly for killing micrometastases. In similar cohorts of
patients with mCRPC treated with [177Lu]Lu-PSMA, median
progression-free survival was 5.1mo (95% CI, 3.4–5.7mo) and
overall survival was 16.4mo (95% CI, 13.7–19.4mo) in TheraP
(38), and median radiographic PFS was 8.7mo and median overall
survival was 15.3mo in VISION (30). This study will provide ini-
tial data on PFS and OS with [161Tb]Tb-PSMA but is not designed
to enable direct comparison with [177Lu]Lu-PSMA.

CONCLUSION

VIOLET is a phase I/II clinical trial with enrollment com-
pleted in February 2024. Patients are still receiving [161Tb]Tb-
PSMA-I&T.
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KEY POINTS

QUESTION: Is [161Tb]Tb-PSMA-I&T a safe and effective
radiopharmaceutical therapy for patients with mCRPC?

PERTINENT FINDINGS: We describe the protocol for the VIOLET
trial, an investigator-initiated and -led, open-label, single-arm,
single-center, phase I/II dose-escalation and expansion study
designed to evaluate the safety and efficacy of [161Tb]Tb-PSMA-I&T.
Recruitment was completed in February 2024.

IMPLICATIONS FOR PATIENT CARE: The VIOLET trial will
generate robust data on the appropriate activity of [161Tb]Tb-PSMA
in patients with mCRPC.
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18F-Flotufolastat Image Interpretation in Patients with
Newly Diagnosed or Recurrent Prostate Cancer: Data from
Two Phase 3 Prospective Multicenter Studies
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Interreader and intrareader reproducibility of 18F-flotufolastat PET/CT
scans in newly diagnosed and recurrent prostate cancer patients was
assessed from masked image evaluations from two phase 3 studies.
Methods: 18F-flotufolastat PET/CT images of newly diagnosed (n 5

352) or recurrent (n5 389) patients were evaluated by 3 masked read-
ers. Cohen k was used to assess pairwise patient- and region-level
interreader agreement. Agreement among all readers was assessed
using Fleiss k. Intrareader agreement between the first and repeat
read (20% of images, $4 wk later) was assessed using Cohen k.
Results: Pairwise interreader agreement was 95% or better (newly
diagnosed) and 75% or better (recurrent). The k coefficients were
impacted by the high-agreement–low-k paradox: Cohen k ranged
from not estimable to 0.55, whereas Fleiss k was 0.50 (newly diag-
nosed) and 0.41 (recurrent). Agreement was highest in the prostate of
newly diagnosed patients ($95%) and in the pelvic lymph nodes
in recurrent patients ($87%). Intrareader agreement was 86% or
better across both populations. Conclusion: 18F-flotufolastat PET/CT
images can be reliably interpreted, with a high degree of inter- and
intrareader agreement.

KeyWords:molecular imaging; oncology; PET/CT; PSMA; interreader
variability
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Prostate-specific membrane antigen (PSMA) PET has become
a standard of care for prostate cancer (PCa) imaging, as demon-
strated by its inclusion in the most recent guidelines from the
National Comprehensive Cancer Network (1).

18F-flotufolastat is a high-affinity PSMA-targeting PET diagnostic
radiopharmaceutical developed from a radiohybrid technology platform
that enables engineering of PSMA ligands that can be labeled with 18F
for diagnostic imaging or with a- or b-emitting radiometals for radio-
pharmaceutical therapy (2). The data from two phase 3 clinical studies,
LIGHTHOUSE (NCT04186819) and SPOTLIGHT (NCT04186845),
show 18F-flotufolastat to be well tolerated and to provide clinically use-
ful information regarding the presence of N1 and M1 disease before
surgery in newly diagnosed PCa patients (3) and for localization of
recurrent PCa (4). Data from the SPOTLIGHT study showed the
patient-level verified detection rate of 18F-flotufolastat in patients with
recurrent prostate cancer to be 51%–54% (4), whereas data from the
LIGHTHOUSE study showed that in newly diagnosed prostate cancer,
18F-flotufolastat had a sensitivity of 23%–30% and a specificity of
93%–97% for the detection of pelvic lymph node (PLN) metastases
(3). 18F-flotufolastat was recently approved by the U.S. Food and Drug
Administration for diagnostic PET imaging of PSMA-positive lesions
in men with PCa (5) and was included in the most recent guideline
updates from National Comprehensive Cancer Network and the Ameri-
can Society of Clinical Oncology (1,6).
Here, we evaluate the results of masked image evaluations from

the LIGHTHOUSE and SPOTLIGHT studies to investigate
whether masked readers could, after training, reliably interpret
18F-flotufolastat PET/CT images in the newly diagnosed or recur-
rent setting. We report the interreader and intrareader reproducibil-
ity of 18F-flotufolastat for each population.

MATERIALS AND METHODS

The full methods of the LIGHTHOUSE and SPOTLIGHT studies
have been reported previously (3,4). In brief, treatment-naïve men
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aged older than 18 y with biopsy-proven PCa and unfavorable
intermediate-risk to high-risk disease classification who were scheduled
for radical prostatectomy with regional PLN dissection were enrolled in
the LIGHTHOUSE study. The SPOTLIGHT study recruited men aged
older than 18 y with elevated prostate-specific antigen (PSA) suspected to
be biochemical recurrence after curative-intent treatment of localized PCa
if they were eligible for curative-intent salvage therapy. Patients in both
studies received 296 MBq (8 mCi 6 20%) of 18F-flotufolastat, and
PET/CT imaging was conducted 50–70 min after injection. Each site used
either a current- or previous-generation dedicated PET/CT system, with
time-of-flight capabilities. All systems were approved by the imaging core
lab before patients were scanned.

In both studies, all scans were evaluated by 3 masked central read-
ers. Two individuals were readers on both studies. The readers were
all board-certified nuclear medicine physicians with more than 15 y of
experience who underwent protocol-specific, 18F-flotufolastat–specific
training that included marked assessment cases to ensure alignment
with an expert reader. The readers were masked to all clinical informa-
tion. The readers were instructed that lesions should be considered
suggestive if 18F-flotufolastat uptake was greater than physiologic
uptake in that tissue or greater than the adjacent background if no
physiologic uptake was expected (3,4).

Pairwise Inter- and Intrareader Agreement
Pairwise inter- and intrareader agreements were assessed as second-

ary endpoints in both studies and were reported at a patient level and
for the prostate and prostate bed, PLN, and other (extrapelvic) regions
(i.e., extra-PLN, soft tissue or parenchyma, and bone). The Cohen k

statistic (7) was used to test pairwise agreement between any 2 read-
ers, giving 3 k statistics. To assess intrareader agreement, each reader
conducted a reread of a random selection of 20% of the images, with
the repeat read taking place at least 4 wk after the first read. Cohen k

was used to assess agreement between the 2 reads.

Overall Interreader Agreement Among All 3 Readers
The patient-level agreement among all 3 readers was performed as

a post hoc assessment during regulatory review using the Fleiss k sta-
tistic (8). For this metric, agreement on lesions in 5 distinct regions
(prostate or prostate bed, PLN, extra-PLN, soft tissue or parenchyma,
and bone) was considered part of the assessment.

Statistical Analyses
All k coefficients were calculated using SAS (version 9.4; SAS

Institute) and are presented with approximate 95% CIs.

RESULTS

Patients
In total, 352 scans from patients in the LIGHTHOUSE study

and 389 scans from patients in the SPOTLIGHT study were
assessed by the readers to determine the inter- and intrareader
agreement. The 352 patients in the LIGHTHOUSE study with
newly diagnosed PCa had a median age of 65 y and a median PSA
of 8.8 ng/mL, and 32% of those patients were considered to have
unfavorable intermediate-risk disease. The 389 patients in the
SPOTLIGHT study with recurrent PCa had a median age of 69 y
and a median PSA of 1.1 ng/mL, and 79% of those patients had
previously undergone radical prostatectomy.

18F-Flotufolastat–Positive Lesions
In the LIGHTHOUSE study, across the 3 readers, 335–352

(95%–100%) of the 352 patients with newly diagnosed PCa had 18F-
flotufolastat–positive lesions. On a regional basis, 333–352 (95%–

100%) patients were positive in the prostate, 44–61 (13%–17%)

patients were positive in PLN, and 56–98 (16%–28%) patients were
positive in extrapelvic sites.
In the SPOTLIGHT study, across the 3 readers, 264–358 (68%–

92%) of the 389 patients with recurrent PCa had 18F-flotufolastat–
positive lesions. In total, 101–256 (26%–66%) patients were
positive in the prostate region, 111–138 (29%–36%) patients were
positive in PLN, and 146–173 (38%–44%) patients were positive
in extrapelvic sites.

Interreader Agreement
Patient-level, pairwise interreader agreement comparisons were

95% or better in the newly diagnosed population and 75% or better
in the recurrent population (Fig. 1). On a regional basis, the pair-
wise agreement was greater than 80% for all regions except the
prostate or prostate bed in the recurrent population. The pairwise
agreement was highest in the prostate among the newly diagnosed
population and highest in PLN in the recurrent population (Fig. 1).
Cohen k for the pairwise interreader agreement is presented in

Figure 2. Across both populations, Cohen k for pairwise interreader
agreement ranged from nonestimable to 0.55 at the patient
level, from nonestimable to 0.65 in the prostate or prostate bed,
from 0.68 to 0.79 in PLN, and from 0.45 to 0.69 in extrapelvic
sites. Supplemental Table 1 provides the interreader agreement
and Cohen k for the various subcategories of extrapelvic regions
(supplemental materials are available at http://jnm.snmjournals.org).
Figure 3 presents a case study of a discordant read in an exter-

nal iliac lymph node in a patient with newly diagnosed PCa.
As shown in Supplemental Tables 2 and 3, which present the

patient-level interreader agreement stratified by PSA level, although
the small numbers of patients in some PSA categories limit the
conclusions that can be drawn, high levels of agreement were seen
irrespective of PSA levels among newly diagnosed patients, and
the recurrent data suggest a trend toward higher agreement in
patients with a PSA level greater than 1 ng/mL than in patients
with a PSA level less than 1 ng/mL.
Fleiss k, which was used to assess reader agreement for all 3

readers across 5 regions in each patient, was 0.50 (95% CI, 0.46–
0.53) in the newly diagnosed population and 0.41 (95% CI, 0.39–
0.43) in the recurrent population.

Intrareader Agreement
In total, 70 scans from the LIGHTHOUSE study and 78 scans

from the SPOTLIGHT study were reread at least 4 wk after the
initial read to determine the intrareader agreement. Figure 4 pre-
sents the intrareader agreement between the 2 reads.
Across both studies, the patient-level intrareader agreement was

86% or better for each reader. On a regional basis, intrareader
agreement was broadly high for each reader, with agreement high-
est in the prostate region for newly diagnosed patients and in
extraprostatic regions in patients with recurrent PCa.
Cohen k for the intrareader agreement is shown in Figure 5.

Cohen k was higher for PLN and other (extrapelvic) regions than
for the prostate or prostate bed. In scans from newly diagnosed
patients, Cohen k was estimable for the prostate for only 1 reader.

DISCUSSION

The phase 3 LIGHTHOUSE and SPOTLIGHT studies show
18F-flotufolastat to have a clinically meaningful diagnostic perfor-
mance in newly diagnosed and recurrent PCa (3,4). However,
determining that results can be consistently and reliably interpreted
is imperative for its clinical use. Here, we report data from these
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2 trials to evaluate the inter- and intrareader agreement of 18F-
flotufolastat PET/CT image interpretation.
Although some differences among the readers were noted, parti-

cularly in the prostate or prostate bed of patients with recurrent
PCa, overall, the data demonstrate that naïve readers who had
received specific 18F-flotufolastat reader-interpretation training
were able to achieve good reproducibility when staging newly
diagnosed or recurrent PCa.
In newly diagnosed patients, patient-level interreader agreement

was 95% or better. As might be expected in this newly diagnosed
treatment-naïve population, the region-level agreement was high-
est in the prostate. Reassuringly, however, there was also good
agreement in extraprostatic regions among readers. Interreader

agreement in PLN ranged from 92% to
95%. The corresponding Cohen k was
0.68–0.79, marginally higher than that
reported for 68Ga-PSMA-11 PET imaging
(9). Reliably determining the presence of
nodal and metastatic disease is particularly
important in these patients given that such
findings would be more likely to influence
treatment decisions (1). We observed low or
nonestimable k coefficients for correspond-
ing high agreement data in some analyses.
This high-agreement–low-k paradox is a
consequence of the k coefficient’s propen-
sity to be affected by the prevalence of rare

findings. For example, as the readers rarely reported the prostate
region in newly diagnosed patients to be negative, inter- and intrarea-
der k coefficients for the prostate and patient level were affected
despite high levels of agreement.
Although slightly lower levels of interreader agreement were

observed in the recurrent population than in the newly diagnosed
population, the patient-level interreader agreement for 18F-
flotufolastat was still high at 75%–86% and was comparable with
other PSMA PET agents. The CONDOR trial data show an inter-
reader agreement of 75% among 3 readers of 18F-DCFPyL scans
from 208 patients with recurrent PCa (10), whereas pairwise
patient-level interreader agreement data for 68Ga-PSMA-11 PET
imaging in 125 patients with metastatic castration-resistant PCa
are reported as 82%–88% (11). Our interreader agreement data in
the recurrent population were impacted by findings from reader 1,
who read considerably more scans as positive in the prostate
region than did the other masked readers (4) and the onsite readers
(Supplemental Table 4). Reproducibility in extraprostatic regions
was high and of a similar level to that seen in newly diagnosed
patients.
Interpretation standards for strength of agreement based on k

coefficients have been proposed (12,13), and although these stan-
dards, particularly those by Landis and Koch (12), are widely
applied to the interpretation of the k coefficient, they are somewhat
arbitrary and should be used with caution given the effects of
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FIGURE 1. Pairwise patient- and region-level interreader agreement for 352 newly diagnosed and
389 recurrent PCa patients with evaluable 18F-flotufolastat PET/CT scan.
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FIGURE 2. (A and B) Cohen k for pairwise patient- and region-level inter-
reader agreement of reads or images from 352 newly diagnosed (A) and
389 recurrent (B) PCa patients with evaluable 18F-flotufolastat PET/CT
scan. Cohen k was not estimable in prostate or at patient level for reader 1
vs. reader 2 or for reader 1 vs. reader 3 because of lack of negative pros-
tate reads in newly diagnosed population.

FIGURE 3. Discordant case in left external iliac lymph node. Fused
PET/CT and 18F-flotufolastat PET (right) images (SUV, 0–10) from newly
diagnosed high-risk PCa patient (PSA, 17.8 ng/mL) are shown. One of 3
masked readers identified metastasis in left external iliac lymph node,
which other 2 readers did not read as positive. Lesion was later confirmed
as true positive by histopathology, resulting in majority-read false-
negative result.
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prevalence and bias on the k coefficient and the high-agreement–
low-k paradox discussed above (14). Landis’s and Koch’s scale
ranks agreement as poor (k , 0), slight (0.0 . k , 0.20), fair (0.21
. k , 0.40), moderate (0.41 . k , 0.60), substantial (0.61 . k ,
0.80), or almost perfect (0.81 . k , 1.0). Application of these inter-
pretation scales here suggests that the Fleiss k for agreement among
all 3 readers, which were likely impacted by the prostate region
reporting discussed above, shows moderate k coefficients (12).
Patient-level intrareader agreement was high throughout, again simi-
lar to that of other PSMA PET agents (11) but with k coefficients
that would broadly be considered moderate to substantial in the
recurrent population and, where estimable, fair in the newly diag-
nosed population.
There are some limitations to the present analysis. First, as

noted above, we observed a low k coefficient for corresponding
high-agreement data in some inter- and intrareader analyses across
both populations, perhaps suggesting the unsuitability of the k
coefficient for these data. The k coefficient can be unreliable for
rare observations (such as negative 18F-flotufolastat PET/CT in the

prostate), because of its propensity to be
affected by the prevalence of the finding
under consideration (15,16). This is per-
haps demonstrated by the numerically
lower k coefficients (range, 0.29–0.5) for
the patient-level pairwise interreader agree-
ment in our recurrent population compared
with the 68Ga-PSMA-11 PET data dis-
cussed above, which correspond with a k

coefficient of 0.54–0.67 despite similar
levels of pairwise interreader agreement.
Second, as is typical for trials of this type,
scans were read by only a small number of
readers, which means the impact of any

outlier data such as the increased positive reads in a particular
region by one of the readers is amplified. In a real-world environ-
ment, with access to patients’ clinical information, and with learn-
ing from follow-up of subjects, further increases in diagnostic
accuracy and interreader agreement might be expected. Comparison
of the reads between the onsite readers and the masked readers
(Supplemental Table 4) perhaps exemplifies this and further high-
lights the outlier data in the prostate region in recurrent patients
from reader 1. Among all cases in which the prostate was read neg-
ative by the unmasked onsite readers, positive reads by readers 2
and 3 were relatively uncommon at 3%–12%, whereas reader 1
read the prostate positive in 34% of these cases.

CONCLUSION

The data here show 18F-flotufolastat PET/CT scans of patients
with newly diagnosed and recurrent PCa can be reliably inter-
preted with a high degree of inter- and intrareader agreement. The
high reproducibility of results observed here offers further support
of the clinical utility of 18F-flotufolastat PET/CT imaging for
patients with PCa.
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KEY POINTS

QUESTION: How reliably can 18F-flotufolastat scans of patients
with newly diagnosed and recurrent PCa be interpreted?

PERTINENT FINDINGS: 18F-flotufolastat scan interpretation by 3
masked readers in two phase 3 clinical trials show the pairwise
interreader agreement to be 95% or higher in newly diagnosed
patients and 75% or higher in patients with recurrent PCa.
Intrareader agreement was 86% or higher in both populations.

IMPLICATIONS FOR PATIENT CARE: As this newly approved
PET/CT imaging agent moves into clinical use, the present study
shows that it can be reliably interpreted to give consistent results
across individual readers.
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177Lu-DOTATATE therapy is an effective treatment for advanced neuro-
endocrine tumors, despite its dose-limiting hematotoxicity. Herein, the
significance of off-target splenic irradiation is unknown. Our study aims
to identify predictive markers of peptide receptor radionuclide therapy–
induced leukopenia.Methods:We retrospectively analyzed blood counts
and imaging data of 88 patients with histologically confirmed, unresect-
able metastatic neuroendocrine tumors who received 177Lu-DOTATATE
treatment at our institution from February 2009 to July 2021. Inclusion cri-
terium was a tumor uptake equivalent to or greater than that in the liver
on baseline receptor imaging. We excluded patients with less than 24mo
of follow-up and those patients who received fewer than 4 treatment
cycles, additional therapies, or blood transfusions during follow-up.
Results:Our study revealed absolute and relative white blood cell counts
and relative spleen volume reduction as independent predictors of
radiation-induced leukopenia at 24mo. However, a 30% decline in
spleen volume 12mo after treatment most accurately predicted patients
proceeding to leukopenia at 24mo (receiver operating characteristic area
under the curve of 0.91, sensitivity of 0.93, and specificity of 0.90), out-
performing all other parameters by far. Conclusion: Automated splenic
volume assessments demonstrated superior predictive capabilities for
the development of leukopenia in patients undergoing 177Lu-DOTATATE
treatment compared with conventional laboratory parameters. The
reduction in spleen size proves to be a valuable, routinely available, and
quantitative imaging-based biomarker for predicting radiation-induced
leukopenia. This suggests potential clinical applications for risk assess-
ment andmanagement.

Key Words: PRRT; spleen volumetry; imaging-based biomarker;
177Lu-DOTATATE; leukopenia
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Peptide receptor radionuclide therapy (PRRT) using 177Lu-
labeled somatostatin analogs has emerged as an effective treatment
approach for patients with somatostatin receptor–positive advanced
neuroendocrine tumors. This therapy has demonstrated clinically sig-
nificant effects, including symptom relief, improved quality of life,
and radiologic response (1–3). Notably, the NETTER-1 study showed
that 177Lu-DOTATATE treatment led to longer progression-free sur-
vival and higher response rates than did high-dose octreotide long-
acting release in patients with midgut neuroendocrine tumors (4).
Although PRRT is generally well tolerated, it is known that the

kidneys and bone marrow receive off-target radiation doses, poten-
tially leading to hematologic toxicity (2,5–9). Another factor that
may contribute to hematologic toxicity is radiation exposure of the
spleen. The spleen, as a major immune system organ, also plays a
role in blood cell production and storage (10). Histophysiologic
examinations have confirmed significant expression of somato-
statin receptor subtype 2A in the spleen with a strong affinity for
somatostatin analogs, including octreotide and octreotate, which
are frequently used in the treatment of neuroendocrine tumors,
including 177Lu-DOTATATE treatment (11–14). Consequently,
this distinctive receptor affinity contributes to high splenic uptake,
resulting in elevated absorbed doses during PRRT (9).
Previous studies on external radiotherapy targeting the spleen

have shown a decline in hemoglobin, white blood cell (WBC), and
platelet counts (15–17). Herein, a correlation of spleen radiation
dose and leukopenia has been revealed, as well as a decrease in
spleen volume associated with an increased incidence of infectious
events and poorer survival outcomes (18,19).
In this retrospective study, we aimed to evaluate the correlation

between splenic volume and the emergence of leukopenia in a
large cohort of patients with metastatic neuroendocrine tumors
treated with 177Lu-DOTATATE. Our investigation focused on
assessing the prognostic significance of alterations in spleen vol-
ume in relation to the potential development of leukopenia. Nota-
bly, the integration of automated splenic volume assessments
through deep learning has streamlined the process, rendering it
more practical for daily clinical applications, particularly when
considering the time-consuming and potentially variable manual
assessments on CT or MR images.
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MATERIALS AND METHODS

Patients
In a retrospective analysis, all patients who underwent 177Lu-

DOTATATE treatment at our institution between February 2009 and
July 2021 were extracted from the institution’s database. Inclusion cri-
teria were histologically confirmed, unresectable, metastatic neuroen-
docrine tumors; sufficient tumor uptake, equivalent to or greater than
liver uptake on baseline receptor imaging; a baseline glomerular filtra-
tion rate above 50 mL/min/1.73 m2; adequate bone marrow function
with a WBC count of 4,000/mL or higher; a hemoglobin level of 8
g/dL or higher; a platelet level of 70,000/mL or higher; and adequate
liver function with a total bilirubin level no more than 2 times the
upper limit of normal, a transaminase level no more than 5 times the
upper limit of normal, and a serum albumin level of more than 3 g/dL
with normal prothrombin time (.70%). Each fraction was adminis-
tered as a 30-min intravenous infusion, coinfused with kidney-
protecting amino acids (2.5% lysine and 2.5% arginine in 1 L of 0.9%
NaCl; infusion rate, 250 mL/h), and was preceded by an antiemetic
regime consisting of a 5-HT3 antagonist (e.g., granisetron or ondanse-
tron). Long-acting somatostatin analogs were discontinued approxi-
mately 4 wk before the treatment start date. We excluded patients with
a follow-up duration of less than 24 mo and those who had fewer than
4 cycles of 177Lu-DOTATATE treatment, who received additional
treatments, or who required blood product transfusions during the
follow-up period. Ethical approval for this retrospective analysis was
obtained from the local institutional review boards (reference 87/18S).
Patients who underwent PRRT in our study received the treatment
under compassionate use (§13.2b Arzneimittelgesetz). Therefore, the
number of cycles was not limited to the approval status of Lutathera
(Novartis). Supplemental Figure 1 illustrates the recruitment flowchart
(supplemental materials are available at http://jnm.snmjournals.org).

CT and MRI Scans
Diagnostic CT or MRI scans were used to assess spleen volumes

before treatment and at the 12-mo follow-up (12 6 1 mo) after the
start of treatment. To estimate the spleen volume from CT scans, a
pretrained and publicly available deep-learning segmentation model
(TotalSegmentator; University Hospital Basel) was used (20). The
algorithm was applied to contrast-enhanced and native CT scans with
a slice thickness of 3 or 5 mm (Fig. 1). Each segmentation was manu-
ally reviewed, and adjustments were made to the automatically mea-
sured contour if necessary (n 5 2). In cases where only MRI scans
were available (n 5 3), spleen volume measurements were manually
performed by segmenting the spleen parenchyma on all slices using
the Philips IntelliSpace Radiology image platform.

Assessment of Hematologic Response
Hemoglobin, WBC, and platelet counts were systematically moni-

tored throughout the treatment duration, with blood samples collected
at 3- to 4-wk intervals according to standard hospital protocols. The
decline in hemoglobin, WBC, and platelet counts was evaluated at 12
and 24 mo after the start of treatment. The relative decline (D%) was
defined as the percent change from baseline and then correlated with
the splenic volume. Additionally, the severity of leukopenia, lympho-
penia, and neutropenia was subsequently defined according to the
Common Terminology Criteria for Adverse Events at the 12- and
24-mo follow-up.

Statistical Methods
Statistical analyses were performed using Python 3.10.5 (Python)

and R (R Project for Statistical Computing) (21) with a 2-sided level
of significance of less than 0.05. Descriptive statistics were used to
illustrate patient characteristics. Mean values with SD or median and
interquartile ranges were reported, unless indicated otherwise. Overall
correlation between the decline of spleen volume and blood count data
was assessed using the Spearman correlation coefficient. To determine
potential confounders, further clinical data of all patients, including
age, weight, comorbidities, tumor characteristics, and therapy details,
were analyzed. Continuous variables were tested for normality using
the Shapiro–Wilk test. Differences among patients developing leuko-
penia after 24 mo were analyzed using the 2-sided t test for normally
distributed features and the Mann–Whitney U test for nonnormally
distributed or ordinal features. Binary data between the groups were
analyzed using the Fisher exact test. The level of significance was
adjusted using Bonferroni adjustment. Furthermore, uni- and multivar-
iate logistic regression tests of features significantly associated with
the development of leukopenia were performed to assess both the pre-
dictive value of spleen decline compared with the other significant fea-
tures and the relative risk of developing leukopenia with respect to
those features. To assess the overlap of significant features between
patients developing leukopenia and those who did not, the Bhattachar-
yya coefficient was used. Furthermore, analysis of receiver operating
characteristics (ROC) was applied to determine specific cutoff values
to distinguish between the 2 groups. Thresholds were selected using
the Youden index.

RESULTS

Patients
In total, 88 patients with metastatic neuroendocrine tumors and

a follow-up time of at least 24mo were selected for the analysis.
All patients exhibited tumor progression before receiving 177Lu-
DOTATATE treatment and underwent a total number of 547
cycles.
The median administered activity per cycle and median total

administered activity of 177Lu-DOTATATE were 7.4 GBq (inter-
quartile range, 6.5–7.9 GBq) and 44 GBq (interquartile range,
29.6–57.7 GBq), respectively. The median number of cycles was 6
(interquartile range, 4–8), and the median time interval between 2
cycles was approximately 8 wk. Before initiation of PRRT, 62
patients were receiving long-acting octreotide every 4 wk. The
median time interval between their last octreotide dose and PRRT
initiation was 28 d (range, 27–31.5 d). Patient characteristics are
presented in Table 1.

Correlation of Changes in Spleen Volume and Blood Count
A strong and statistically significant correlation emerged between

the early-onset decrease in spleen volume after 12mo and the late-
onset decrease in WBC counts after 24mo (correlation coefficient,
0.603; P , 0.001). Based on these insights, further investigation was

FIGURE 1. CT images from patient with ileal neuroendocrine tumor
presenting with hepatic and bone metastases. Patient underwent total
of 8 cycles of 177Lu-DOTATATE treatment. (A) Baseline splenic volume
was measured at 161 cm3. (B) At 1-y follow-up after initiation of treatment,
splenic volume was reduced to 79 cm3, representing volume reduction
of 51%.
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conducted to identify additional parameters predictive of the develop-
ment of leukopenia during the follow-up period.

Development of Leukopenia After 24 Months
Of 88 patients, 29 developed leukopenia after 24mo, which was

defined as a WBC count below 4,000/mL, with at least grade 1
severity. Mild leukopenia (grades 1 and 2) occurred in 24% of
patients, with grade 3 leukopenia noted in 8% of patients and

grade 4 in 1% of patients. Lymphocytopenia, grades 1 and 2, was
observed in 22% of patients, with the most severe toxicity at grade
3 in 3% of patients. Notably, neutrophil toxicity, primarily at
grades 3 and 4, affected 7% of patients (Table 2). Importantly,
none developed myelodysplastic syndrome. Clinical parameters
were also examined for potential confounding factors. The t test
was significant on 3 parameters: baseline WBC count, D% of
WBC count, and D% of spleen volume after 12mo; therefore, they
were significantly associated with leukopenia development (Table 3).
The results for all tested variables are presented in Supplemental
Tables 1–3.
Patients developing leukopenia after 24mo had an average

spleen volume reduction of 36% 6 14%, whereas those with nor-
mal WBC levels after 24-mo follow-up had a spleen volume
reduction of 19% 6 10%. When categorizing patients on the basis
of their leukocyte decline after 24mo, we found that those with a
greater D% in leukocytes also exhibited a larger D% in spleen vol-
ume after 12mo (Supplemental Fig. 2). Patients with higher base-
line WBC levels were less likely to develop leukopenia
(leukopenia group: 5,7506 1,150/mL; normal WBC level group:
6,9806 1,790/mL). Patients with leukopenia at 24mo exhibited a
smaller D% in WBC counts after 12mo than did those without leu-
kopenia, indicating that the early dynamics of hematologic para-
meters may not consistently result in long-term leukopenia.
However, in the multivariate logistic regression, only the D% in

spleen volume remained significantly associated with the develop-
ment of leukopenia (OR, 1.16; 95% CI, 1.09–1.26; P , 0.001),
the results of which are shown in Supplemental Table 4. No other
confounding features were identified (Supplemental Table 3).
Based on these results, ROC analyses provided specific thresh-

old values to distinguish among patients developing leukopenia
after 24mo and those who would not. The best cutoff values
regarding the univariate significant features are shown in Table 4.
A 30% decline in spleen volume most effectively differentiated

between the 2 groups, achieving an excellent ROC area under the
curve of 0.91 with a sensitivity of 0.93 and a specificity of 0.90.
The D% in spleen volume in relation to the presence of leukopenia
after 24mo is presented in Figure 2.

TABLE 1
Patient Characteristics

Parameter Data

Age (y) 62 (13)

Sex

Male n 5 51 (65%)

Female n 5 37 (35%)

Baseline leukocytes (mL) 6.57 (1.69)

Baseline spleen volume (mL) 239 (133)

Prior treatment

Primary surgery n 5 42 (48%)

Somatostatin analog n 5 62 (77%)

Primary tumor

Pancreas 34 (38)

Small intestine 31 (35)

Colon 6 (7)

Lung 6 (7)

Rectum 3 (3)

Stomach 3 (3)

Other 8 (9)

Continuous data are mean with SD in parentheses.

TABLE 2
Distribution of Patients in Subgroups Based on Severity of Leukopenia, Lymphopenia, and Neutropenia at 12 and

24 Months After Initiation of PRRT (n 5 88)

Parameter

Toxicity grade

0 I II III IV

Total WBC count (per mL) $4,000 3,000–3,999 2,000–2,999 1,000–1,999 ,1,000

12mo 87 (99) 1 (1) 0 (0) 0 (0) 0 (0)

24mo 59 (67) 8 (9) 13 (15) 7 (8) 1 (1)

ALC (per mL) $1,000 800–999 500–799 200–499 ,200

12mo 83 (94) 4 (5) 1 (1) 0 (0) 0 (0)

24mo 65 (73) 16 (18) 4 (4) 3 (3) 0 (0)

ANC (per mL) $2,000 1,500–1,999 1000–1499 500–999 ,500

12mo 85 (97) 2 (2) 1 (1) 0 (0) 0 (0)

24mo 63 (72) 9 (10) 10 (11) 5 (6) 1 (1)

ALC 5 absolute lymphocyte count; ANC 5 absolute neutrophil count.
Values for 12 and 24mo are number with percentage in parentheses.
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A baseline WBC level cutoff of 6,000/mL showed an ROC area
under the curve of 0.68 for distinguishing among patients with
reduced and normal WBC levels after 24mo. Sensitivity was 0.68,
and specificity was 0.69. The discrimination capability of this
parameter was lower than that for the spleen volume.

Decline in Spleen Volume as an Independent, Imaging-Based
Predictor of Leukopenia
The D% in spleen volume after 12mo emerged as a robust indi-

cator for the future development of leukopenia in patients under-
going PRRT, surpassing all other identified predictive parameters.

This is shown by the decreased degree of overlap in the distribu-
tion of spleen volume decline between the 2 patient groups com-
pared with other parameters. By setting a threshold of 30%
decline, a highly accurate discrimination was achieved between
patients developing leukopenia after 24mo and those with normal
WBC levels, as evident from the high ROC area under the curve
of 0.91. Figure 3 emphasizes this aspect by illustrating the correla-
tion between the decrease in spleen volume after 12mo and the
reduction in WBC levels after 24mo. Furthermore, the mean and
2 SDs are displayed. As can be seen, the 2 patient groups can be
distinctly separated on the basis of the D% in spleen volume after
12mo.

DISCUSSION

This retrospective analysis investigates the prognostic signifi-
cance of changes in splenic volume and their relationship to leuko-
penia development in patients undergoing 177Lu-DOTATATE
treatment. For the fully automated extraction of spleen volume
from routine CT imaging data, we used an open-source tool. In
our retrospective analysis, a 30% reduction in spleen volume at
12mo proved to be a highly accurate predictor for identifying
patients at risk of developing leukopenia at 24mo, with an excel-
lent ROC area under the curve of 0.91, demonstrating excellent
sensitivity of 0.93 and specificity of 0.90, outperforming all other
tested parameters.
Regarding the irradiation effect on the spleen and subsequent

hematologic changes, our findings demonstrate results comparable
to those observed with radiation exposure in palliative splenic irra-
diation or off-target splenic irradiation during external radiother-
apy. Lavrenkov et al. reported that palliative splenic irradiation
reduced spleen size in over 75% of cases (17,22). Trip et al. in

TABLE 3
Significant Clinical and Imaging Characteristics Differentiating Patients Developing Leukopenia After 24 Months from

Those with Normal WBC Counts

Feature Patients with leukopenia at 24mo Patients with normal WBC counts at 24mo P

D% of spleen volume after 12mo 0.366 0.14 0.196 0.10 ,0.001

D% of WBC after 12mo 0.076 0.10 0.196 0.17 0.002

Baseline WBC count (31,000/mL) 5.756 1.15 6.986 1.79 ,0.001

Data are presented as mean 6 SD, with feature decline relative to baseline values. Full analysis results are available in supplemental
materials.

TABLE 4
Decline in Spleen Volume from Baseline After 12 Months Enables Discrimination Between Patients with Low and Normal

WBC Levels After 24 Months*

Feature Cutoff value Sensitivity Specificity ROC-AUC 95% CI P

Baseline WBC count (31,000/mL) 6.0 0.68 0.69 0.68 0.60–0.83 ,0.001

D% of spleen volume after 12mo 0.3 0.93 0.90 0.91 0.80–0.98 ,0.001

D% of WBC count after 12mo 0.2 0.54 0.90 0.72 0.62–0.83 ,0.001

*High sensitivity and specificity outperforming differences in baseline WBC levels and D% of WBC levels after 12mo.
AUC 5 area under curve.
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FIGURE 2. Waterfall plot showing distinct decline in spleen volume for
all patients, including identified cutoff value for optimal differentiation
between 2 patient groups. Decline of 30% in spleen volume after 12mo
demonstrates accuracy in distinguishing between patients who will
develop leukopenia and those with normal WBC counts after 24mo.
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2015 first classified the spleen as an organ at risk, studying
radiation-induced dose-dependent changes in spleen volume and
hematologic toxicity after chemoradiation therapy (23). This find-
ing has been confirmed in several studies related to external radio-
therapy of neighboring organs. For example, Chadha et al.
established a relationship between splenic radiation exposure in
palliatively treated pancreatic cancer patients and lymphocyte
count, showing a significant correlation between severe lymphope-
nia and the medium spleen dose and fraction exposed to low radia-
tion doses (24).
Similarly, Liu et al. found a significant correlation between spleen

irradiation dose and peripheral blood lymphocytes in their study of
59 patients with hepatocellular carcinoma (18). Saito et al.’s retro-
spective study with 61 esophageal cancer patients demonstrated that
each 1-Gy increase in mean splenic dose resulted in a 2.9% decline
in absolute lymphocyte count, with the mean splenic dose predicting
grade 4 lymphopenia (25). In addition, histopathologic changes in
the parenchyma of irradiated spleens from lymphoma patients
revealed parenchymal collapse, diffuse fibrosis, and lymphocyte
depletion, suggesting structural alterations responsible for the
observed changes in spleen volume and resultant leukopenia (25).
However, the pathophysiology of irradiation-induced damage to the
spleen and its effects on the hematopoietic system are complex and
suggest a dose dependency, since acute high radiation exposure
resulted in complete ablation of the spleen and limited hematotoxi-
city (26,27). Furthermore, a study conducted on blood cell migration
in mice indicated a notable change in the distribution of WBC counts
from spleen tissue cavities to the bloodstream after surgical spleen
removal (28). Therefore, surgical and radiotherapeutic splenectomy
might impact the peripheral WBC count through a comparable
mechanism.
The correlation observed between a higher D% in leukocytes

after 24mo and a larger decline in spleen volume after 12mo

suggests that spleen volume could serve as a predictive marker for
hematologic toxicity in patients undergoing PRRT. In alignment
with our findings, Svensson et al. identified a substantial associa-
tion between hematologic toxicity and the cumulative radiation
dose absorbed by the spleen during PRRT (29). Notably, baseline
risk factors such as diabetes, hypertension, and the number of ther-
apy cycles were not significantly associated with a more pro-
nounced reduction in splenic volume at the 24-mo follow-up.
Furthermore, there was no correlation observed with prior thera-
pies or patient age. In summary, our findings indicate a significant
physiologic impact of PRRT on hematopoietic functions, suggest-
ing that radiation-induced alterations in the spleen involve intricate
interactions with leukopenia, extending beyond the established
effects on bone marrow and WBC dynamics. Although our study
did not directly investigate the correlation between infections and
leukocyte reduction, existing literature underscores the association
between hematotoxicity and susceptibility to infections, particu-
larly in cancer patients (30–32). Using spleen volume as a bio-
marker holds promise in identifying patients at risk and in
facilitating proactive management of hematologic issues.
The retrospective design of this study introduces the potential

for bias from unidentified confounding factors, emphasizing the
need for further investigations using different datasets to validate
these findings. To avoid investigator bias, blood count and splenic
volumetry were done independently. Further research is needed to
validate the results of our study, given the lack of standard refer-
ence values for splenic size reduction and the increased risk of leu-
kopenia in patients undergoing 177Lu-DOTATATE treatment.

CONCLUSION

Despite these limitations, our findings highlight the feasibility
of applying automated splenic volumetry from routine imaging
data in patients receiving 177Lu-DOTATATE treatment. The auto-
mated approach offers several advantages, including a reduction in
the time required for image analysis and the potential to effec-
tively mitigate investigator bias.
A 30% reduction in spleen volume at 12mo emerged as a

highly accurate predictor for identifying patients at risk of devel-
oping leukopenia at 24mo. Stratifying patients on the basis of this
biomarker could prompt the implementation of a more rigorous
follow-up protocol, enabling the early detection and proactive
management of hematologic issues in patients receiving 177Lu-
DOTATATE treatment. This might involve adjusting treatment
cycles, considering reinduction of PRRT, or using more sensitive
patient monitoring for further treatments that can cause leukope-
nia. Additionally, administering granulocyte colony-stimulating
factor preventively could be an option.
Further research including prospective multicenter testing of

spleen volume reduction as an independent biomarker is warranted
to identify and validate a universal cutoff value, validate its utility,
and further explore its broader applicability in risk stratification
and treatment optimization for this patient population.
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KEY POINTS

QUESTION: Can predictive biomarkers be used to identify PRRT-
induced leukopenia?

PERTINENT FINDINGS: In this retrospective study, early spleen
volume reduction was identified as a predictive imaging-based
biomarker for radiation-induced WBC count changes in 88
patients undergoing 177Lu-DOTATATE treatment. A 30% decline
in spleen volume 12 mo after treatment accurately identifies
patients at risk of developing leukopenia at 24 mo, with excellent
sensitivity and specificity.

IMPLICATIONS FOR PATIENT CARE: Changes in spleen volume
serve as a highly accurate and independent quantitative biomarker,
automatically extracted from routine clinical imaging data, to predict
radiation-induced leukopenia.
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The development of theranostic radiotracers relies on their binding to
specific molecular markers of a particular disease and the use of cor-
responding radiopharmaceutical pairs thereafter. This study reports
the use of multiamine macrocyclic moieties (MAs), as linkers or chela-
tors, in tracers targeting the neurotensin receptor-1 (NTSR-1). The
goal is to achieve elevated tumor uptake, minimal background inter-
ference, and prolonged tumor retention in NTSR-1–positive tumors.
Methods:We synthesized a series of neurotensin antagonists bearing
MA linkers and metal chelators. The MA unit is hypothesized to
establish a strong interaction with the cell membrane, and the addi-
tion of a second chelator may enhance water solubility, consequently
reducing liver uptake. Small-animal PET/CT imaging of [64Cu]Cu-
DOTA-SR-3MA, [64Cu]Cu-NT-CB-NOTA, [68Ga]Ga-NT-CB-NOTA,
[64Cu]Cu-NT-CB-DOTA, and [64Cu]Cu-NT-Sarcage was acquired at
1, 4, 24, and 48h after injection using H1299 tumor models.
[55Co]Co-NT-CB-NOTA was also tested in HT29 (high NTSR-1
expression) and Caco2 (low NTSR-1 expression) colorectal adeno-
carcinoma tumor models. Saturation binding assay and internaliza-
tion of [55Co]Co-NT-CB-NOTA were used to test tracer specificity
and internalization in HT29 cells. Results: In vivo PET imaging with
[64Cu]Cu-NT-CB-NOTA, [68Ga]Ga-NT-CB-NOTA, and [55Co]Co-NT-
CB-NOTA revealed high tumor uptake, high tumor-to-background
contrast, and sustained tumor retention (#48h after injection) in
NTSR-1–positive tumors. Tumor uptake of [64Cu]Cu-NT-CB-NOTA
remained at 76.9% at 48h after injection compared with uptake 1h
after injection in H1299 tumor models, and [55Co]Co-NT-CB-NOTA
was retained at 60.2% at 24h compared with uptake 1h after injec-
tion in HT29 tumor models. [64Cu]Cu-NT-Sarcage also showed high
tumor uptake with low background and high tumor retention 48h
after injectionConclusion: Tumor uptake and pharmacokinetic proper-
ties of NTSR-1–targeting radiopharmaceuticals were greatly improved
when attached with different nitrogen-containing macrocyclic moieties.
The study results suggest that NT-CB-NOTA labeled with either
64Cu/67Cu, 55Co/58mCo, or 68Ga (effect of 177Lu in tumor to be deter-
mined in future studies) and NT-Sarcage labeled with 64Cu/67Cu
or 55Co/58mCo may be excellent diagnostic and therapeutic

radiopharmaceuticals targeting NTSR-1–positive cancers. Also, the
introduction of MA units to other ligands is warranted in future studies
to test the generality of this approach.

Key Words: radiotheranostic agent; prostate cancer; PET; neurotensin
receptor; 64Cu; 55Co; 68Ga
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Prostate cancer is the most frequently diagnosed noncutaneous
malignancy and the second leading cause of cancer-related death
among men in the United States (1). Although several treatments
exist, there is a need for significantly improved prostate cancer
management (2,3). Indeed, a new targeted radionuclide therapy
has been developed for advanced prostate cancer patients by tar-
geting prostate-specific membrane antigen (PSMA) (4). In 2022,
[177Lu]Lu-PSMA-617 (Pluvicto; Novartis) received U.S. Food and
Drug Administration approval for prostate cancer treatment (5,6).
Despite this progress, a proportion of prostate cancer patients
exhibit inherent resistance to this therapy (7,8). It has been esti-
mated that up to 30% of patients may not respond effectively to
PSMA-based radionuclide therapy (9–12). Furthermore, acquired
resistance to PSMA-based radionuclide therapy can also occur over
time. Cancer cells may adapt and develop mechanisms to evade ther-
apy effects. Resistance might arise because of various mechanisms,
such as alterations in PSMA expression or changes in DNA repair
mechanisms. There is a necessity to develop new therapeutic and
prognostic methods for the management of advanced-stage prostate
cancer. Although multiple factors may contribute to prostate cancer
development, progression, and resistance to therapy, increasing evi-
dence suggests that intraprostate neuroendocrinelike cells play an
important role in androgen-independent recurrent prostate cancer
(13–17). Prostate cancer may even become enriched in (or entirely
composed of) neuroendocrine cell clusters after long-term antian-
drogen therapy. Secreted by neuroendocrinelike prostate cells, neu-
rotensin has numerous physiologic effects predominantly mediated
through its high-affinity receptor, neurotensin receptor-1 (NTSR-1),
which is expressed and activated in aggressive prostate cancer cells
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but not in normal prostate epithelial cells (17–19). In advanced pros-
tate cancer, NTSR-1 is recruited as an alternative growth pathway in
the absence of androgens (20–22). Thus, NTSR-1–targeted radio-
pharmaceuticals hold great potential as novel treatments for the man-
agement of NTSR-1–positive prostate cancer. Moreover, NTSR-1
has been found to be overexpressed in a large portion of lung, breast,
pancreatic, and colorectal cancers, all of which can also benefit from
NTSR-1–targeted agents.
With the ability to see what we treat and treat what we see,

radiotheranostic agents can be screened quickly using an imaging
radionuclide and subsequently used for treatment once the isotope
is changed to a matched therapeutic radionuclide. For example,
tracers labeled with positron-emitting radionuclides (b1) are used
for diagnosis and patient screening by PET, whereas the same
agent labeled with ionizing particle–emitting radionuclides (emit-
ters of b-particles [b–], a-particles, or Auger electrons) can be
used for therapy purposes (23). Although 68Ga/177Lu is a widely
used theranostic pair, their half-lives do not match, and the use of
2 different elements may increase the chance of pharmacokinetic
discrepancy. A true theranostic pair involves the use of same-
element radioisotopes for both imaging and therapy. Two of such
matched pairs are 64Cu (PET isotope for imaging, half-life 5 12.7h,
Ib1 5 18%, ,Eb1. 5 280keV)/67Cu (b-emitter for therapy, half-
life 5 62h, Ib– 5 100%, ,Eb2. 5 141keV) and 55Co (PET iso-
tope, half-life 5 17.5 h, Ib1 5 77%, ,Eb1. 5 570keV)/58mCo
(Auger electron emitter for therapy, half-life 5 9.1 h, 100% internal
conversion). Metal-binding chelators such as bicyclic Sarcage (1-N-
(4-aminobenzyl)-3,6,10,13,16,19-hexaazabicyclo[6.6.6]-eicosane-1,8-
diamine), NOTA, and DOTA readily form stable complexes in vivo
with both copper and cobalt cations (24–26).
To develop NTSR-1–targeted radiotheranostic agents, an appro-

priate ligand must be used. NTSR-1 is activated by the endogenous
13-amino-acid peptide agonist neurotensin and the hexapeptide
neuromedin N (section 12 of the supplemental materials; supple-
mental materials are available at http://jnm.snmjournals.org). The
C-terminal hexapeptide portion of neurotensin, NT8-13, represents
the binding epitope and contains all determinants for NTSR-1 acti-
vation (27). Initial NTSR-1–targeted radiopharmaceuticals were
focused on stabilized peptide agonists, which were labeled with
18F, 11C, 68Ga, and 64Cu and showed high-contrast imaging of
NTSR-1–positive tumor models (28,29). However, fast clearance
profiles and moderate tumor uptake values made these peptides
unsuitable for targeted radionuclide therapy. Nonpeptidic antago-
nists (Fig. 1A) represent another category of NTSR-1 ligands,
which were labeled with 18F and 68Ga for PET imaging and 177Lu
for therapy applications (28,29). For example, Schulz et al. evaluated
3BP-227 for 177Lu radiotherapy of colon carcinoma in a preclinical
study in 2017 (30), and Baum et al. initiated a radiotherapy trial on
patients with metastatic or locally advanced NTSR-1–expressing
cancers with promising results (31). Tracer 225Ac-FPI-2059 is cur-
rently in preclinical development for the treatment of solid tumors
expressing NTSR-1 (32,33). Previously, we developed SR142948A-
related derivatives and found that those attached to chelators based
on 1,4,8,11-tetraazabicyclo[6.6.2]hexadecane (CB)-cyclam (Fig. 1B)
can greatly reduce the background uptake and enhance tumor reten-
tion of 64Cu-labeled agents compared with [64Cu]Cu-3BP-227. Liver
was the only major organ that showed uptake of the NTSR-1–
targeted agents (34).
In this report, we developed NTSR-1–targeted constructs with the

potential for 64Cu/67Cu, 55Co/58mCo, and 68Ga/177Lu labeling. PET
imaging with 64Cu, 55Co, and 68Ga was used to study in vivo

radiotracer distribution. To synthesize agents with improved tumor
uptake, improved tumor-to-background ratios, and extended tumor
residence time, we hypothesized that the net charge around the tracer
is a key factor in determining how a tracer interacts with its receptor
and other cell substructures such as the cell membrane. Thus, we
used a synthetic antagonistic NTSR-1–targeting ligand, and charge
modification was performed by introducing structural changes at the
linker and chelator moieties of the tracer (Fig. 1A). Multiamine mac-
rocyclic moieties (MAs) affect the distribution of SR142948A deri-
vatives (28,29,35), possibly by enhancing the linkage with the
negatively charged external surface of the cell membrane, through
ionic interactions, with the MAs’ positively charged basic nitrogens
(section 5 of the supplemental materials) (36). This would increase
the tracer concentration and the time the tracer spends near its recep-
tor. MAs may also improve the target-to-background ratio of tracers
by modifying their pharmacokinetic properties. Furthermore, MAs
such as CB-cyclam and Sarcage are rigid macrocycles with several
nitrogen atoms capable of establishing additional hydrogen bonding
to water molecules, which makes the tracer more hydrophilic and
helps minimize undesired liver uptake.

MATERIALS AND METHODS

Small-Animal PET/CT Imaging and Biodistribution of [64Cu]Cu-
DOTA-SR-3MA, [64Cu]Cu-NT-CB-NOTA, [68Ga]Ga-NT-CB-NOTA,
[64Cu]Cu-NT-CB-DOTA, and [64Cu]Cu-NT-Sarcage

All animal studies were conducted under a protocol approved by
the Institutional Animal Care and Use Committee of the University of
North Carolina at Chapel Hill. Female nude mice (nu/nu immunodefi-
cient, 5–6 wk old) were obtained from the Animal Facility at Univer-
sity of North Carolina at Chapel Hill. Approximately 5 million H1299
cells in a 1:1 mixture of Matrigel (BD Biosciences) and phosphate-
buffered saline were injected subcutaneously into the left or right
shoulder and leg to establish the tumor xenograft. Animals were ready
for imaging studies after the tumor reached a volume of 200 mm3.

For PET/CT imaging, each mouse (n 5 3) was injected with 3–6 MBq
of [64Cu]Cu-DOTA-SR-3MA. The same settings were applied to the

FIGURE 1. (A) Precursor designs and examples that illustrate rational
design. (B) Multiamine units used in this study.
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PET images acquired with [64Cu]Cu-NT-CB-NOTA, [64Cu]Cu-NT-
CB-DOTA, and [64Cu]Cu-NT-Sarcage. PET imaging acquired pharma-
cokinetic profiles at 1, 4, 24, and 48 h after injection. CT scans were
acquired before PET imaging for anatomic reference. Mice were awak-
ened between tracer injection and imaging times. Images were acquired
with the PET/CT imaging system SuperArgus 4R (Sedecal Inc.). List-
mode data were collected and reconstructed using the algorithm
described before (37). Regions of interest were drawn using AMIDE
software (Amide’s a Medical Image Data Examiner). Organ uptake
was expressed as mean 6 SD of percentage injected dose per gram
and corrected for radioactivity decay.

Small-Animal PET/CT Imaging and Biodistribution of
[55Co]Co-NT-CB-NOTA

All animal studies were conducted under a protocol approved by
the University of Wisconsin Institutional Animal Care and Use Com-
mittee. Female athymic nude mice (5–6 wk old) were purchased from
Jackson Laboratory. HT29 and Caco2 tumor inoculation, in vivo PET
imaging, and ex vivo biodistribution were performed following meth-
ods reported by Lin et al. (38). Each mouse (n 5 4) received 2.1 MBq
of [55Co]Co-NT-CB-NOTA. PET imaging acquired pharmacokinetic
profiles at 1, 4, 9, and 24 h after injection. Ex vivo biodistribution
studies were performed immediately after the 24-h PET scan to vali-
date the in vivo PET imaging results.

The supplemental materials provide the synthetic schemes and pro-
tocols for new compounds and radiotracers (sections 2 and 3); radiola-
beling details (section 4); saturation binding assay and internalization
of [55Co]Co-NT-CB-NOTA results (section 6); quantification of organ
uptake and tumor-to-muscle ratios and comparison of tumor uptake,
residence half-life, and tumor-to-muscle ratios between tracers
(sections 7–9); and statistical analysis (section 10) (39,40).

RESULTS

Synthesis and In Vivo Biodistribution of Precursor DOTA-SR-3MA
First, we synthesized intermediate SR-3MA-NH (2) from the

phenyl-Br (1) (41), and then it was conjugated to a DOTA chelator
to obtain precursor DOTA-SR-3MA (3). Compound 3 has an addi-
tional nitrogen center compared with 3BP-227 (section 2.1 of the
supplemental materials). After 3 was labeled with 64Cu, in vivo
PET imaging results showed high tumor uptake for [64Cu]Cu-
DOTA-SR-3MA (in H1299-tumor–bearing nu/nu mice) with rela-
tively low background except for moderate uptake in the liver
(Fig. 2). The linker homologation with the presence of an extra
nitrogen atom seemed to have a positive impact on the in vivo
PET imaging biodistribution, but the tumor uptake was moderately
reduced. A more dramatic change in the MA structure was needed
to reduce undesired liver uptake.

Synthesis and In Vivo Biodistribution of NT-CB–Based Precursors
Next, we explored whether the more rigid structure of macrocycle

CB-cyclam could be used as an MA to improve the tumor-to-liver
ratio obtained with 3. NT-CB (5) was obtained in high yield from
the corresponding precursor 1, via its phenyl-carboxylic acid (4)
derivative (section 2.2 of the supplemental materials). Next, precur-
sors NT-CB-CA (7), NT-CB-Sarcage (8), NT-CB-NOTA (9), and
NT-CB-DOTA (10) were easily synthesized in good yield (section
2.3 of the supplemental materials). Two additional precursors, NT-
CB-succinimide-NOTA (11) and NT-CB-succinimide-DOTA (12),
were successfully synthesized from 5, but they were not tested for
their in vivo PET imaging biodistribution during this study (section
2.4 of the supplemental materials). Next, we performed the 64Cu
labeling and in vivo PET imaging of 7 and 8. [64Cu]Cu-NT-CB-CA

and [64Cu]Cu-NT-CB-Sarcage both showed relatively low tumor
uptake in our pilot PET imaging studies. We then focused our
efforts on testing the biodistribution of 9 and 10. Gratifyingly, in vivo
PET imaging results with [64Cu]Cu-NT-CB-NOTA, [68Ga]Ga-NT-
CB-NOTA (both in H1299-tumor–bearing mice), and [55Co]Co-NT-
CB-NOTA (in HT29-tumor–bearing mice) revealed high tumor
uptake with low background and sustained tumor retention for up to
48h after injection (Figs. 3–5, respectively). The presence of the
CB-NOTA moiety in the tracer structure clearly improved the ratio
of the tumor-to-background signal compared with [64Cu]Cu-DOTA-
SR-3MA. Unexpectedly, chemical replacement of the NOTA chela-
tor with its DOTA analog and subsequent 64Cu labeling to generate
[64Cu]Cu-NT-CB-DOTA did not provide the same level of improve-
ment in H1299-tumor–bearing mice. Tumor uptake levels were simi-
lar to those of the NOTA analog; however, higher liver and kidney
radiosignals were detected (Fig. 6). This might be caused by the
in vivo stability limitation of the Cu-DOTA complex. This agent is
worth further investigation given its a-particle therapy applications.

Synthesis and In Vivo Biodistribution of NT-Sarcage
Given the unexpected imaging result obtained with 8 and to

remove any negative chemical interaction between Sarcage and
other linkers present in the tracer, we decided to modify this pre-
cursor and synthesize an agent in which the neurotensin ligand

FIGURE 2. (A) Three-dimensional PET/CT images of [64Cu]Cu-DOTA-
SR-3MA in H1299-tumor–bearing nu/nu mice at 1, 4, 24, and 48h after
injection. (B) In vivo biodistribution analysis of approximately 4.5 MBq of
[64Cu]Cu-DOTA-SR-3MA at 1, 4, 24, and 48h after injection (via tail vein).
B5 bladder; %ID/g5 percentage injected dose per gram; T5 tumor.
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and the Sarcage chelator were directly connected, without any
linker present between. NT-Sarcage (6) was then synthesized in
one pot with a large yield from 4 (section 2.2 of the supplemental
materials). The Sarcage moiety is directly attached through an
amide functional group to the neurotensin ligand. With 6 in hand,
we performed in vivo PET imaging studies of [64Cu]Cu-NT-Sarc-
age in H1299-tumor–bearing mice (Fig. 7). [64Cu]Cu-NT-Sarcage
showed high tumor uptake with low background and high tumor
retention at 48 h after injection. Initial labeling with Co also
revealed interesting results (42). Remarkably, 6 can be modified
further to add a second ligand to the cage. In this regard, a PSMA
ligand (Lys-Glu-urea or N-[[[(1S)-5-amino-1-carboxypentyl]ami-
no]carbonyl]-L-glutamic acid (13)) was linked to 6, which may
serve as a dual-targeting agent to address tumor heterogeneity lim-
itations (16a and 16b; section 2.5 of the supplemental materials).
Detailed biologic evaluations of NT-Sarcage-PSMA compounds
16a and 16b as well as NT-CB–based precursors 11 and 12 will
be performed in follow-up studies.

Tracer-Specific Binding to NTSR-1
We validated that the high tumor uptake was due to the specific

binding of [64Cu]Cu-NT-CB-NOTA to NTSR-1 by performing
in vivo blocking experiments. The experiments were conducted by

injecting a 100-fold molar excess of unlabeled neurotensin peptide
(blocking agent) before the radioactive tracer in H1299-tumor–
bearing nu/nu mice (section 11 of the supplemental materials).
Also, the different tumor uptake of [55Co]Co-NT-CB-NOTA
between HT29 (high NTSR-1 expression) and Caco2 (low NTSR-
1 expression) tumor models suggested specificity of the tracer for
NTSR-1 (Fig. 5). Furthermore, the [55Co]Co-NT-CB-NOTA cell
surface binding and internalization potentials were tested in
NTSR-1–positive HT29 cells. The binding saturation assays deter-
mined a dissociation constant of 36 2 nM and an NTSR-1 density
of (0.76 0.2) 3 105 per HT29 cell using a one-site binding model
(section 6 of the supplemental materials; Supplemental Fig. 7A).
[55Co]Co-NT-CB-NOTA internalization reached a calculated pla-
teau of 34% 6 2% cell-associated activity and a monoexponential
internalization rate of (1.76 0.3) 3 1022 min21 (section 6 of the
supplemental materials; Supplemental Fig. 7B).

FIGURE 3. (A) In vivo biodistribution experiments showing 3-dimensional
PET/CT images of [64Cu]Cu-NT-CB-NOTA in H1299-tumor–bearing nu/nu
mice at 1, 4, 24, and 48h after injection. (B) Quantitative analysis of
[64Cu]Cu-NT-CB-NOTA in H1299-tumor–bearing mice at 1, 4, 24, and 48h
after injection. B 5 bladder; %ID/g 5 percentage injected dose per gram;
T5 tumor.

FIGURE 4. (A) Three-dimensional PET/CT images of [68Ga]Ga-NT-CB-
NOTA in H1299-tumor–bearing nu/nu mice at 2 and 3h after injection.
(B) Quantitative analysis of [68Ga]Ga-NT-CB-NOTA in H1299-tumor–
bearing mice at 2 and 3h after injection. B5 bladder; %ID/g5 percentage
injected dose per gram; T5 tumor.
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DISCUSSION

To develop novel NTSR-1–targeting radiopharmaceuticals with
improved tumor uptake, improved tumor-to-background ratio, and
extended tumor residence, we elaborated a strategy to attach MAs
to a synthetic antagonistic NTSR-1 ligand. The hypothesis was
based on the fact that the net charge around the tracer may be
modified by introducing chelators or linker–chelator combinations
with several basic nitrogen atoms. Our results showed that the
combination of CB-NOTA (linker–chelator) and the bicyclic Sarcage
(chelator) directly attached to the neurotensin ligand significantly
improved the in vivo PET imaging tumor uptake and tumor-to-
background ratio (especially tumor-to-liver ratios) even up to 48h
after injection.
It is worth addressing some future directions of this study. First,

our platform showed promising results in the NTSR-1 system. Other
target/ligand systems should be used together with CB-NOTA and
Sarcage to evaluate the generality of this approach. Second, macro-
cycles CB-cyclam and Sarcage were the 2 MAs we put to the test. It
remains to be seen how other macrocycles may affect these results
in terms of size, number of nitrogen atoms, and attachment to the
ligand. Third, we were focused on the characterization of 9 because
of its ability to chelate multiple radiometals. However, [64Cu]Cu-
NT-Sarcage showed increased tumor uptake compared with [64Cu]
Cu-NT-CB-NOTA. Fourth, [64Cu]Cu-NT-CB-NOTA and [55Co]Co-

NT-CB-NOTA also showed different uptake values in 2 tumor
models. Whether the different uptake was caused by the radioisotope
or the tumor model needs to be confirmed further. Fifth, in the case
of [64Cu]Cu-NT-CB-NOTA and [64Cu]Cu-NT-CB-DOTA, there
may be concerns that the 64Cu chelation may have occurred at both
the CB-cyclam unit and the chelator. However, CB-cyclam generally
requires 90"C heating to form a stable complex with 64Cu during
labeling, and it is reasonable to assume that the chelation happened
at the NOTA or DOTA locations when heated at 37"C (conditions
used in this study). Nonetheless, direct evidence is still needed to
confirm this assumption. Sixth, direct comparison with 3BP-227
would have resulted in a better reference to compare with the data
obtained from our tracers. Nevertheless, the focus of this research
was to improve tumor uptake and retention and to reduce liver
uptake. We, therefore, did not compare our agent with 3BP-227 in
this research. Finally, the effect of 177Lu with precursors 9 and 10
also remains to be determined, which was not done in this study.
Recently, Garrison et al. used the same synthetic antagonistic

NTSR-1–targeting ligand with a different approach to extend the
tumor residence time (43–45). They proposed a strategy in which
low-molecular-weight targeted ligands were attached to irrevers-
ible cysteine cathepsin inhibitors. Once the ligand was internalized
and transported to the endolysosomal compartments of the cell, the
cysteine cathepsin inhibitors (or endolysosomal trapping agents)

FIGURE 5. (A) Three-dimensional PET/CT images of [55Co]Co-NT-CB-
NOTA in HT29-tumor–bearing mice at 1, 4, 9, and 24h after injection.
Caco2 tumor is shown on left shoulder; HT29 tumor is shown on right
shoulder. (B) Quantitative analysis of [55Co]Co-NT-CB-NOTA in HT29-
tumor–bearing mice at 1, 4, 9, 24, and 24h ex vivo after injection. B 5

bladder; %ID/g5 percentage injected dose per gram; T5 tumor.

FIGURE 6. (A) Three-dimensional PET/CT representative images of
[64Cu]Cu-NT-CB-DOTA in H1299-tumor–bearing mice at 1, 4, 24, and
48h after injection. (B) Quantitative analysis of [64Cu]Cu-NT-CB-DOTA in
H1299-tumor–bearing mice at 1, 4, 24, and 48h after injection. B5 bladder;
%ID/g5 percentage injected dose per gram; T5 tumor.
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formed high-molecular-weight irreversible adducts with cysteine
proteases. In this way, the receptor-targeted constructs were able to
increase tumor retention. In the same study, the impact of charge
modification around the cysteine cathepsin inhibitors was also
tested in vitro and in vivo using HT29 colon cancer models (45).
This approach introduced another structural motif to the tracer (cys-
teine inhibitor), and the construct needed to interact with cysteine
proteases. In the future, it would be interesting to perform a side-by-
side comparison with our approach that requires the selection of
only a chelator or linker–chelator construct and interaction with only
1 target. We also point out that our initial in vivo studies are being
conducted using lung and colorectal cancer models to avoid direct
competition with Pluvicto. In a follow-up study, it would be interest-
ing to investigate the potential complementary role of NTSR-1–
targeted agents alongside Pluvicto in prostate cancer.

CONCLUSION

In this study, we synthesized several new NTSR-1–targeting
radiopharmaceuticals based on a nonpeptidic antagonist ligand.
Our synthetic rationale was based on the hypothesis that MAs can
modulate the net charge around the tracer, which in turn favors its
tumor retention through the interaction with the negatively charged

external surface of a cell. In this regard, CB-NOTA and Sarcage moi-
eties were found to improve tumor uptake, tumor-to-background
ratio, and tumor retention even at 48h after injection compared with
the acyclic 3MA unit. The results of this study suggest that 9 labeled
with 64Cu/67Cu, 55Co/58mCo, or 68Ga and 6 labeled with 64Cu/67Cu
or 55Co/58mCo may be excellent diagnostic and therapeutic radiophar-
maceuticals for NTSR-1–positive cancers that could progress into the
clinic. Given the common presence of MAs in drug molecules, it is
possible that these MAs could be replaced with CB-NOTA or Sarc-
age for easy conversion to radiotheranostic agents.
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KEY POINTS

QUESTION: Is it possible to develop NTSR-1–targeted
radiopharmaceuticals with high tumor uptake, sustained tumor
retention, and low background uptake that hold potential for
theranostic applications in the clinic?

PERTINENT FINDINGS: With MAs introduced to the NTSR-1 ligand,
the resulting agents [64Cu]Cu-NT-CB-NOTA, 68Ga]Ga-NT-CB-NOTA,
[55Co]Co-NT-CB-NOTA, and [64Cu]Cu-NT-Sarcage showed high
tumor uptake and retention with low background on PET imaging.

IMPLICATIONS FOR PATIENT CARE: This study suggests that
leading precursors NT-CB-NOTA and NT-Sarcage are excellent
diagnostic and therapeutic candidates as NTSR-1–targeted
theranostic agents, which may benefit prostate cancer patients
with low PSMA expression.
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Because of upregulated expression on cancer-associated fibroblasts,
fibroblast activation protein (FAP) has emerged as an attractive bio-
marker for the imaging and therapy of solid tumors. Although many
FAP ligands have already been developed for radiopharmaceutical
therapies (RPTs), most suffer from inadequate tumor uptake, insuffi-
cient tumor residence times, or off-target accumulation in healthy tis-
sues, suggesting a need for further improvements. Methods: A new
FAP-targeted RPT with a novel ligand (FAP8-PEG3-IP-DOTA) was
designed by combining the desirable features of several previous
ligand-targeted RPTs. Uptake and retention of [111In]In or [177Lu]Lu-
FAP8-PEG3-IP-DOTA were assessed in KB, HT29, MDA-MB-231,
and 4T1 murine tumor models by radioimaging or ex vivo biodistribu-
tion analyses. Radiotherapeutic potencies and gross toxicities were
also investigated by monitoring tumor growth, body weight, and tissue
damage in tumor-bearing mice.Results: FAP8-PEG3-IP-DOTA exhib-
ited high affinity (half-maximal inhibitory concentration, 1.6 nM) and
good selectivity for FAP relative to its closest homologs, prolyl oligo-
peptidase (half-maximal inhibitory concentration,#14.0 nM) and dipep-
tidyl peptidase-IV (half-maximal inhibitory concentration, #860 nM).
SPECT/CT scans exhibited high retention in 2 different solid tumor
models and minimal uptake in healthy tissues. Quantitative biodistribu-
tion analyses revealed tumor–to–healthy-tissue ratios of more than
5 times for all major organs, and live animal studies demonstrated
65%–93% suppression of tumor growth in all 4 models tested, with
minimal or no evidence of systemic toxicity. Conclusion:We conclude
that [177Lu]Lu-FAP8-PEG3-IP-DOTA constitutes a promising and safe
RPT candidate for FAPa-targeted radionuclide therapy of solid tumors.

KeyWords: radionuclide therapy; fibroblast activation protein; albumin
binder; cancer-associated fibroblast; tumormicroenvironment

J Nucl Med 2024; 65:1257–1263
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Fibroblast activation protein a (FAP) is a serine protease that
is overexpressed on cancer-associated fibroblasts in about 90% of
human epithelial tumors (1). Because FAP is minimally expressed
in healthy tissues (1), the cell surface receptor has become an
attractive biomarker for the diagnosis and treatment of human can-
cers. Indeed, a FAP-targeted 68Ga-radioimaging agent has been

recently shown to image 28 different human cancer types (2), and
multiple FAP-targeted radioligands have entered clinical trials for
imaging or therapy of solid tumors (3–7). However, whereas preclin-
ical development of FAP-targeted radioligands has been steadily
expanding, their radiotherapeutic potencies have frequently suffered
from insufficient tumor uptake, inadequate tumor residence times, or
unacceptable accumulation in the healthy tissues, especially when
physiologically relevant tumor models have been used (8–10).
Although we and others have attempted to address these inadequa-
cies with improved versions of FAP-targeted radiopharmaceutical
therapies (RPTs) (11–13), none have achieved the tumor–to–healthy-
tissue dosimetry ratios needed to eradicate tumors without causing
significant off-target damage (14,15).
We report here the design, synthesis, and evaluation in vitro and

in vivo of a new FAP-targeted radioligand (FAP8-PEG3-IP-DOTA)
that exhibits superior properties to previous candidates. To achieve
these improvements, we have incorporated the optimal features of 3
ligand-targeted RPTs described by others, namely the basic ligand
scaffold of #Simkov$a et al. (16), which reports picomolar affinity for
FAP; the gem-difluoro modification of Jansen et al. (17), which
endows their compound 60 with excellent ligand specificity for FAP
over prolyl oligopeptidase (PREP); and the albumin-binding moiety
of the radiofolate cm09 of M€uller et al., which increases its pharma-
cokinetics and accumulation in solid tumors (18). We then demon-
strate that this novel trifunctional conjugate, FAP8-PEG3-IP-DOTA,
exhibits the improved affinity, enhanced organ specificity, elevated
tumor accumulation, and reduced healthy-tissue toxicity expected of
the composite RPT and propose that it should qualify for possible
preclinical development.

MATERIALS AND METHODS

Synthetic schemes for FAP8 (2), FAP8-PEG3-IP-DOTA (3), FAP8-
PEG3-DOTA (4), and FAP8-PEG3-FITC (5) are given in Figure 1, with
complete experimental procedures presented in Supplemental Schemes
1–4 (supplemental materials are available at http://jnm.snmjournals.org).
Protocol details for all studies are also presented in the supplemental
material (19–20).

Cell Culture
Cancer cell lines 4T1, KB, HT29, and MDA-MB-231 were purchased

from ATCC and cultured as formerly reported (21). HEK-293T cells
transduced to express high levels of human FAP (HEK-hFAP) were
previously generated (22).
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Radiolabeling
FAP8-PEG3-DOTA or FAP8-PEG3-IP-DOTA was dissolved in

NH4OAc buffer (1.0 M, pH 7.0) and labeled with [111In]In31 (BWMX
Canada) or [177Lu]Lu31 (National Isotope Development Center).

Animal Husbandry
Mice were provided normal rodent chow and water ad libitum and

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

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

cells, whereas nu/nu mice were inoculated on their shoulders with 5 3

106 HT29, KB, MDA-MB-231, or HEK-hFAP cells.

SPECT/CT Scans
HT29 and KB tumor–bearing mice were

injected intravenously with [111In]In-FAP8-
PEG3-IP-DOTA (#15 MBq/mouse), and
SPECT/CT scans were taken at multiple
time points over the course of 1 wk.

Ex Vivo Radioligand Biodistribution
Mice implanted with 4T1 or HEK-hFAP

tumors were intravenously injected with
[177Lu]Lu-FAP8-PEG3-IP-DOTA, and ex vivo
biodistribution measurements of select organs
were taken at several time points.

Dosimetry Analysis
From the biodistribution data, the total

absorbed radiation doses (mGy/MBq) were
calculated using OLINDA 2.2.3 software as
previously described (11,23).

Radiopharmaceutical Therapy
4T1, HT29, KB, and MDA-MB231 tumor–

bearing mice were randomized into control and
treatment groups to ensure similar average
starting tumor volumes. Each cohort received

a single intravenous injection of saline or [177Lu]Lu-FAP8-PEG3-
IP-DOTA on day 0, as indicated.

Toxicology
Mice were weighed every other day during RPT to evaluate gross

toxicity. Tissue sections from organs of interest (1–8/organ per mouse)
were preserved and examined for lesions in a masked manner by a
board-certified veterinary pathologist.

Statistical Analysis
Data were analyzed using GraphPad Prism 9 unless otherwise stated.

All results are presented as mean6 SE.

RESULTS

Evaluation of Binding Affinity and Specificity of
FAP8 Conjugates
To determine the binding affinity and specificity of the new FAP8

ligand (compound 2) and FAP8-PEG3-IP-DOTA conjugate (com-
pound 3) (Fig. 1), we measured the inhibition potency of each com-
pound against FAP and its closest homologs, PREP and DPP-IV. As
detailed in Figure 2A and Supplemental Table 1, FAP8 preferentially
inhibited FAP over PREP and DPP-IV, with half-maximal inhibitory
concentrations of 0.76, 13, and more than 3,000 nM, respectively,
whereas FAP8-PEG3-IP-DOTA exhibited half-maximal inhibitory
concentrations for the same 3 peptidases of 1.6, 14, and 860 nM,
respectively (Fig. 2B). Introduction of the gem-difluoro moiety
onto the proline of FAP8 ligand improved its selectivity for FAP
over PREP by 7.5-fold relative to inhibitor 1 (16) as anticipated.
The same modification also stabilized the linear form of inhibitor 1
over its cyclized tautomer, thereby increasing its affinity for FAP.
Moreover, analysis of the direct binding of fluorescent (FAP8-
PEG3-FITC) (5) (Supplemental Scheme 2) and radiolabeled ([177Lu]
Lu-FAP8-PEG3-IP-DOTA) FAP8 conjugates to HEK-hFAP cells
revealed dissociation constants of about 1.2 and 3.0 nM, respec-
tively (Figs. 2C and 2D). Because this binding could be signifi-
cantly inhibited on coincubation with excess unlabeled FAP8

FIGURE 1. Chemical structures of inhibitor (1) (16), FAP-targeting ligand
(FAP8) (2), FAP8-PEG3-IP-DOTA (3), and FAP8-PEG3-DOTA (4).

FIGURE 2. Measurements of enzyme inhibition of FAP, PREP, and DPP-IV by FAP8 ligand (2) (A)
and FAP8-PEG3-IP-DOTA (3) (B). Binding of FAP8-PEG3-FITC (C) and [177Lu] Lu-FAP8-PEG3-IP-
DOTA (D) to HEK-hFAP cells.
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conjugate (Figs 2C and 2D), we conclude that both of these bind-
ing interactions were FAP-mediated.

Ex Vivo Biodistribution Analysis
Motivated by the encouraging binding affinity and specificity of

FAP8 conjugates for FAP, we next evaluated the impact of an albu-
min binder on both the uptake and the specificity of the FAP8-PEG3-
DOTA conjugate for the tumor. For this purpose, the biodistributions
of [177Lu]Lu-FAP8-PEG3-IP-DOTA and [177Lu]Lu-FAP8-PEG3-
DOTA were compared, where the only difference between the 2
compounds was the 4-iodophenylbutyryllysine (IP) inserted between
the PEG and the DOTA (Fig. 1, structure 4). As shown in Supple-
mental Figure 2, insertion of the IP increased the net tumor uptake
of conjugate by about 10 times while improving both the tumor-to-
kidney and the tumor-to-liver ratios by more than 2 times. These
results argued in favor of including the IP insertion in all further
forms of FAP8 RPTs.
Next, to determine the preferred mass dose for achieving an

ideal tumor–to–healthy-tissue ratio, we chelated a fixed amount of
[177Lu]LuCl3 (7.4 MBq/mouse) with 3 different concentrations of
FAP8-PEG3-IP-DOTA (0.3, 1.0, and 5.0 nmol/mouse) and injected
the radioligands into mice bearing syngeneic 4T1 breast cancer
cells in which the only FAP1 cells were derived from naturally
infiltrating cancer-associated fibroblasts. Analysis of the resulting ex
vivo biodistribution data revealed that mice injected with lower doses
of [177Lu]Lu-FAP8-PEG3-IP-DOTA (0.3 and 1.0 nmol/mouse)
exhibited slightly lower tumor uptake at early time points (5–6
percentage injected dose [%ID]/g at 1 h after injection and 5%–
9 %ID/g at 4 h after injection) than did mice injected with
5 nmol/mouse (#9 %ID/g at 1 h after injection and 11 %ID/g at
4 h after injection) (Figs. 3A–3C; Supplemental Tables 2–4).
These initial tumor uptake values gradually decreased to 3.4 6 1
%ID/g, 5 6 1.6 %ID/g, and 2.2 6 0.3 %ID/g for the 0.3, 1.0,
and 5 nmol/mouse doses, respectively, by 168 h after injection.
In mice injected with 5 nmol of FAP8-PEG3-IP-DOTA, there
was rapid clearance from both the liver (decreasing from 5.3 6
0.90 %ID/g to #1 %ID/g) and the kidneys (decreasing from 4.8 6
2.4 to 0.30 6 0.39 %ID/g by 168 h after injection), leading to a
steady increase in tumor–to–healthy-tissue ratio in these organs
(Fig. 3G). In contrast, mice injected with 0.3 or 1 nmol exhibited
consistently higher uptake in the liver (7.1 6 2.0 %ID/g to 4.9 6
0.5 %ID/g), spleen (4.1 6 1.8 to 1.9 6 0.45 %ID/g), and kidneys
(4.9 6 3.3 to 1.6 6 0.7 %ID/g) at all time points tested, resulting
in decreased tumor–to–healthy-tissue ratios (Figs. 3E and 3F).
Although tumor uptake was slightly higher for doses of 0.3 and
1.0 nmol/mouse (3.4 6 1 %ID/g and 5 6 1.6 %ID/g, respectively)
than for 5 nmol/mouse (2.2 6 0.3 %ID/g) at 168 h after injection, the
tumor–to–healthy-tissue ratios were lower for the 0.3- and 1.0-nmol
doses than for the 5-nmol dose. From this experiment, we conclude
that the best tumor–to–healthy-tissue ratios were achieved when
5 nmol of FAP8-PEG3-IP-DOTA per mouse were administered.
Because most previously published data on FAP-targeted radioli-

gands have used tumor models in which the cancer cells were artifi-
cially transduced to express FAP (e.g., HEK-hFAP or HT1080-FAP)
(8,24–26), for purposes of comparison, we elected to similarly
evaluate the biodistribution of [177Lu]Lu-FAP8-PEG3-IP-DOTA in
a tumor model in which the cancer cells were transduced with
FAP. For this purpose, HEK-hFAP tumor–bearing mice were
injected intravenously with 5 nmol of FAP8-PEG3-IP-DOTA radi-
olabeled with 7.4 MBq of [177Lu]Lu31. Measurement of the biodis-
tribution at 1, 4, and 24 h after injection revealed tumor uptake of

7.8 6 1.3 %ID/g, 10 6 1.7 %ID/g, and 14 6 4.6 %ID/g, respec-
tively. This uptake further increased to 22 6 13 %ID/g by 72 h
after injection and then gradually decreased to about 14 6 5 %ID/g
by 168 h after injection (Fig. 3D). Because the total tumor uptake
at 168 h was about 7 times higher than that seen in mice implanted
with FAP-negative cancer cells, we conclude that nonphysiologic
induction of FAP expression in cancer cells can artificially elevate
the radiation doses received in a tumor mass relative to healthy tis-
sues (Fig. 3H; Supplemental Table 5). We therefore elected to con-
tinue characterizing our FAP8 RPT only in nontransduced tumor
cell lines in which FAP naturally occurs.

Comparative Dosimetry Analyses
To determine whether 5 nmol of FAP8-PEG3-IP-DOTA per

mouse might saturate available FAP receptors in an average 4T1
tumor, we computed the total absorbed dose of [177Lu]Lu-FAP8-
PEG3-IP-DOTA in both solid tumors and healthy tissues (area
under the curve over 168 h). As shown in Figures 4A–4C and
Supplemental Tables 6–7, increasing the amount of injected
FAP8-PEG3-IP-DOTA by a factor of 16.7 (i.e., from 0.3 to 1.0 to
5 nmol/mouse) raised the total absorbed dose in the tumor masses
only from 904 to 994 and 1,140 mGy/MBq, respectively. Because
the tumor dose increased only 25% after about a 17-times increase
in FAP8-PEG3-IP-DOTA concentration, we conclude that the

FIGURE 3. (A–D) Biodistribution analyses of [177Lu]Lu-FAP8-PEG3-IP-
DOTA in 4T1 (A–C) and HEK-hFAP (D) tumor–bearing mice (4/time point).
(E, F, G, and H) Calculated tumor-to-healthy tissues ratios from data in
panels A, B, C, and D, respectively. B.M5 bone marrow.
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5 nmol/mouse dose nearly saturates the FAP receptors in 4T1
tumors. As anticipated, the total absorbed doses were approxi-
mately 2-fold higher in HEK-hFAP tumors than in 4T1 tumors
(2,270 vs. 1140 mGy/MBq), whereas dosimetry for healthy tissues
was more similar irrespective of the tumor model. Thus, in healthy
tissues such as the kidneys and bone marrow, which are at risk for
radiation toxicity (27), absorbed doses were 220 and 48 mGy/MBq in
4T1 tumor–bearing mice, respectively, but 234 and 134 mGy/MBq,
respectively in HEK-hFAP tumor–bearing mice. Because these
values are both substantially lower than the absorbed doses of
1,140 mGy/MBq in 4T1 tumors and 2,270 mGy/MBq in HEK-hFAP
tumors, we conclude that FAP8-PEG3-IP-DOTA delivers signifi-
cantly more radiation to tumors than to healthy tissues (.5 times),
regardless of the tumor model used.

Radiopharmaceutical Therapy and Toxicology
Encouraged by the favorable biodistribution and dosimetry data,

we proceeded to examine the therapeutic efficacy of a single dose of
[177Lu]Lu-FAP8-PEG3-IP-DOTA in mice bearing human breast
(MDA-MB-231), cervical (KB), and colorectal (HT29) tumor xeno-
grafts. As mentioned for the 4T1 tumors described above, MDA-
MB-231, KB, and HT29 cancer cells were selected for this study
because the only FAP expression in the derived tumors is found on
the infiltrating fibroblasts, that is, similar to the FAP expression pat-
tern found in human tumors (1). As shown in Figures 5A–5C, mice
treated with 37 MBq of [177Lu]Lu-FAP8-PEG3-IP-DOTA exhibited
reductions in tumor growth rates of 93%, 65%, and 75% in the
MDA-MB-231, KB, and HT29 tumor xenograft models, respec-
tively. Although treated mice experienced a 5%–10% body weight
loss during the first week of therapy, all mice subsequently recovered
and survived without any obvious health complications. Moreover,
whereas our Institutional Animal Care and Use Committee regula-
tions required euthanasia of the mice before their overall survivals
could be determined, the stalled tumor growth and prolonged sur-
vival rates in all 3 models suggested that a significant improvement
in overall survival might be achievable with the single RPT dose.
To determine whether any overt toxicities were caused by

[177Lu]Lu-FAP8-PEG3-IP-DOTA RPT, tissue sections from the
heart, lung, liver, and kidneys of all treated and untreated control
groups were examined by a board-certified veterinary pathologist
after hematoxylin and eosin staining. Although no diagnostic

lesions or other morphologic abnormalities
were detected in the HT29 tumor–bearing
mice (Figs. 5D and 5E), 2 of 5 MDA-MD-
231 tumor–bearing mice and one of the
KB tumor–bearing mice had liver lesions
marked by a periportal mononuclear cells,
mainly lymphocytes and plasma cells and
localized hepatocellular necrosis (Supple-
mental Figs. 3–4). It was concluded that
the therapy was generally safe, though the
lesions were mild to moderate in severity.
Because the number of RPT doses that

a cancer patient can receive is limited by
the cumulative radioactive exposure of
healthy tissues in a patient, we decided to
determine whether tumor growth might still
be suppressed by lower doses of [177Lu]Lu-
FAP8-PEG3-IP-DOTA. For this purpose, 4
different specific activities of 177Lu (0, 9.25,
18.5, and 37 MBq) were administered to

4T1 tumor–bearing mice. The syngeneic 4T1 breast cancer model
was selected because its more aggressive growth rate would allow

FIGURE 4. (A–D) Comparison of absorbed radiation doses by select organs in 4T1 (A–C) and HEK-
hFAP (D) tumor–bearing mice. (E, F, G, and H) Calculated tumor-to-healthy tissues ratios from data
in panels A, B, C, and D, respectively. B.M5 bone marrow.

FIGURE 5. (A–C) Antitumor efficacy of [177Lu]Lu-FAP8-PEG3-IP-DOTA
(37 MBq on day 0) in MDA-MB-231 (5/group) (A), KB (3/group) (B), and
HT29 (5/group) (C) tumor–bearing mice. (D and E) Representative micro-
graphs of 4-mm hematoxylin- and eosin-stained sections of fixed heart,
liver, and kidney tissues after administration of vehicle (D) or [177Lu]Lu-
FAP8-PEG3-IP-DOTA (E) in HT29 tumor–bearing mice. ns 5 nonsignificant.
*P, 0.05. **P, 0.01.
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for greater differentiation in responses among treatment groups. As
shown in Figure 6A, tumors in untreated mice reached their maxi-
mum allowed volumes (1,500 mm3) by day 12, whereas tumors in
all 3 treatment groups stopped growing before reaching this maxi-
mum allowed volume, suggesting that their tumor progression may
have been measurably inhibited. Although mice in the 9.25-MBq
and 18.5-MBq cohorts did not experience any body weight loss,
mice treated with 37 MBq exhibited about 5%–10% body weight

loss (Fig. 6B), suggesting that 9.25- and 18.5-MBq doses may be
well tolerated but that higher doses may be toxic.

Analysis of SPECT/CT Imaging in Multiple Tumor Models
Finally, because response rates to RPTs have been shown to cor-

relate with expression levels of the targeted receptors (28), it
became important to determine whether our FAP8-PEG3-IP-DOTA
might also be used as an imaging agent to stratify cancer patients
by FAP expression. Therefore, HT29 and KB tumor–bearing mice
were intravenously injected with a 5 nmol/mouse dose of FAP8-
PEG3-IP-DOTA in which the FAP8 conjugate was labeled with the
SPECT imaging agent [111In]In31 rather than the radiotherapeutic
agent [177Lu]Lu31. Whole-body SPECT/CT scans collected at various
time points (Figs. 7A and 7B) revealed that [111In]In-FAP8-PEG3-IP-
DOTA accumulated rapidly in both HT29 and KB tumors, where it
persisted for at least 168 h. In contrast, most of the radioactivity in
the healthy tissues was cleared within 24 hours after injection.
Because this uptake could be blocked by coadministration of a
100-fold excess of unlabeled FAP8-PEG3-IP-DOTA, we conclude
that retention of [111In]In-FAP8-PEG3-IP-DOTA in the tumors was
FAP-mediated (Supplemental Figs. 5 and 6). This prolonged reten-
tion in tumors combined with only transient residence in healthy
tissues portends well for the potential safety of [177Lu]Lu-FAP8-
PEG3-IP-DOTA as an RPT in humans.

DISCUSSION

The overarching goal of this study was to improve FAP-
targeted RPT tumor–to–healthy-tissue dosimetry ratios sufficiently
to comply with Food and Drug Administration guidelines for
radiotherapies. On the basis of external-beam radiation (not RPT)
studies, the Food and Drug Administration has recommended that
total cumulative radiation doses to healthy tissues be limited to
less than 20 Gy for heart, less than 7 Gy for lungs, less than 30 Gy
for liver, less than 23 Gy for kidneys, and less than 2–5 Gy for
bone marrow (29). Because radiosensitive tumors respond at about
40 Gy whereas radioresistant tumors may require up to 100 Gy to
shrink (29–31), the tumor–to–healthy-organ dosimetry ratios nec-
essary for a safe therapeutic index can be determined. Assuming

FIGURE 6. Dose response of [177Lu]Lu-FAP8-PEG3-IP-DOTA in BALB/c
mice bearing 4T1 tumors (5/group). Cohorts were treated with single dose
of [177Lu]Lu-FAP8-PEG3-IP-DOTA on day 0 and then measured for tumor
growth (A), body weight (B), and overall survival (C). ns 5 nonsignificant.
**P, 0.01.

FIGURE 7. In vivo SPECT/CT imaging of [111In]In-FAP8-PEG3-IP-DOTA
conjugate in mice bearing HT29 (n 5 2) (A) and KB (B) (n 5 2) tumors.
White arrow (a) indicates tumor, red arrow (b) indicates liver, and yellow
arrow (c) indicates kidneys. p.i.5 after injection.
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that tumor radiation doses should exceed about 100 Gy, with maxi-
mum kidney, liver, and bone marrow cumulative exposures remain-
ing below 23, 30, and 5 Gy, respectively, a conservative estimate
suggests that tumor-to-kidney, tumor-to-liver, and tumor–to–bone
marrow ratios need to exceed 4.34, 3.3, and 20 times, respectively.
Compliance with these minimum ratios would ensure effective
tumor shrinkage without significant normal-tissue toxicity. On the
basis of the above dose escalation data, a 5 nmol/mouse dose of
[177Lu]Lu-FAP8-PEG3-IP-DOTA achieved a total tumor-absorbed
dose of 1,140 mGy/MBq in the 4T1 mice, which was 25.3, 14.0,
4.2, 10.3, 5.2, and about 24.0 times higher than the total absorbed
doses in the heart, lungs, liver, spleen, kidney, and bone marrow,
respectively (Fig. 4G). We therefore conclude that [177Lu]Lu-FAP8-
PEG3-IP-DOTA should meet the safety requirements for an effective
RPT in humans. Although it is difficult to compare data from differ-
ent labs using different FAP-transduced tumor models (25,26,32),
our previous FAP6-targeted RPT did not meet these Food and Drug
Administration requirements. Thus, [177Lu]Lu-FAP8-PEG3-IP-DOTA
exhibited an 8-times higher total tumor dose than did FAP6-IP-
DOTA conjugate in the same 4T1 tumor–bearing mouse model at
the same 5 nmol/mouse concentration, and its tumor-to-kidney
ratio (.53 vs. 23) was also superior. Not surprisingly, [177Lu]Lu-
FAP8-PEG3-IP-DOTA also induced greater tumor growth inhibi-
tion than did [177Lu]Lu-FAP6-IP-DOTA (80% vs. 40%), even
though about 6-times less radioactivity (9.25 vs. 55 MBq) was
used than for the former therapy (11).
We have also repeatedly noted that better tumor–to–healthy-

tissue ratios are achieved at higher mass doses, regardless of the
amount of radionuclide chelated by the RPT. We propose that this
can be explained by the relative rates of perfusion of the tumor
versus healthy tissues such as the lungs, kidneys, gastrointestinal
tract, and liver. Although 100%, 22%, 21%, and 6% of the blood
perfuses the lungs, kidneys, gastrointestinal tract, and liver, respec-
tively (33), during each circulatory cycle through the body, only a
very minor fraction (,2%) will perfuse a small solid tumor (34–36).
Thus, when the administered amount of FAP8-PEG3-IP-DOTA is
low (e.g., at 0.3 and 1.0 nmol/mouse), most of the individual radioli-
gands will be captured either by scavenger receptors or by the very
low numbers of FAP1 fibroblasts that may exist in healthy tissues,
leaving very little [177Lu]Lu-FAP8-PEG3-IP-DOTA to perfuse the
solid tumor. At higher mass doses, however, both healthy and malig-
nant tissues can conceivably be saturated, enabling the radioligand
biodistribution to reflect the relative expression levels of the targeted
receptor rather than their relative rates of blood perfusion. Because
FAP1 cancer-associated fibroblasts are much more abundant in
solid tumors than in healthy tissues, it will be important to treat a
patient with sufficient compound to nearly saturate all FAP recep-
tors in the tumor mass and then adjust the amount of radionuclide
delivered to ensure that the allowed radiation exposure of healthy
tissues is not exceeded. Estimation of this amount of RPT precur-
sor will require a dose escalation study in an appropriate tumor-
bearing patient population.
We observed a significant improvement in both total tumor

dose and tumor–to–healthy-tissue ratios on insertion of the albu-
min binder, IP, into our FAP8-PEG3-DOTA conjugate, presum-
ably because it extended the drug’s circulatory half-life in the
vasculature (37). Other groups have similarly inserted albumin
binders into their FAP-targeted RPTs with the same goal of
prolonging pharmacokinetics (12,13). Although the anticipated
enhanced tumor uptake was achieved in all cases, these labs also
reported significantly compromised tumor–to–healthy-tissue ratios,

perhaps because their Evans blue albumin binder exhibited non-
specific affinity for many proteins (38). Nevertheless, one of these
RPTs (177Lu-LNC1004) has shown encouraging results in a phase
1 human clinical trial (39), suggesting that perhaps the toxicities
associated with low radiation exposures to healthy tissues in pre-
clinical models may be overestimated. A limitation to our present
study is the absence of a head-to-head comparison between our
RPT with the other FAP-targeted RPTs currently in the clinic
(e.g., FAP-2286 and FAPI-46).

CONCLUSION

We have designed a superior FAP-targeted RPT that provides
tumor–to–healthy-tissue ratios that exceed the requirements estab-
lished by the Food and Drug Administration, suggesting that it should
be considered a viable candidate for human clinical evaluation.
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KEY POINTS

QUESTION: Can a FAP-targeted radioligand demonstrate
sufficient tumor–to–healthy-tissue ratios and efficacy for preclinical
development in murine tumor models in which FAP expression is
limited to cancer-associated fibroblasts?

PERTINENT FINDINGS: [177Lu]Lu-FAP8-PEG3-IP-DOTA exhibited
superior tumor–to–healthy-tissue ratios and successfully treated
multiple murine tumor models generated from FAP-negative
cancer cells.

IMPLICATIONS FOR PATIENT CARE: These data suggest that
[177Lu]Lu-FAP8-PEG3-IP-DOTA constitutes a promising candidate
for development of FAP-targeted RPT for solid tumors.
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Novel theranostic approaches using radiopharmaceuticals targeting
prostate-specific membrane antigen (PSMA) have emerged for treat-
ing metastatic castration-resistant prostate cancer. The physical
properties and commercial availability of 177Lu make it one of the
most used radionuclides for radiopharmaceutical therapy (RPT). In
this literature review, we aimed at comparing the dosimetry of the
most used [177Lu]Lu-PSMA RPT compounds. Methods: This was a
systematic review and metaanalysis of [177Lu]Lu-PSMA RPT (617,
I&T, and J591) dosimetry in patients with prostate cancer. Absorbed
doses in Gy/GBq for each organ at risk (kidney, parotid and subman-
dibular glands, bone marrow, liver, and lacrimal glands) and for tumor
lesions (bone and nonbone lesions) were extracted from included arti-
cles. These were used to estimate the pooled average absorbed dose
of each agent in Gy/GBq and in Gy/cycle, normalized to the injected
activity (per cycle) used in the VISION (7.4 GBq), SPLASH (6.8 GBq),
and PROSTACT trials (5.8 GBq). Results: Twenty-nine published
articles comprising 535 patients were included in the metaanalysis.
The pooled doses (weighted average across studies) of [177Lu]Lu-
PSMA-617 and [177Lu]Lu-PSMA-I&T were 4.04Gy/GBq (17 studies,
297 patients) and 4.70Gy/GBq (10 studies, 153 patients) for the kidney
(P 5 0.10), 5.85Gy/GBq (14 studies, 216 patients) and 2.62Gy/GBq
(5 studies, 86 patients) for the parotids (P, 0.01), 5.15Gy/GBq (5 stud-
ies, 81 patients) and 4.35Gy/GBq (1 study, 18 patients) for the subman-
dibular glands (P 5 0.56), 11.03Gy/GBq (6 studies, 121 patients) and
19.23Gy/GBq (3 studies, 53 patients) for the lacrimal glands (P5 0.20),
0.24Gy/GBq (12 studies, 183 patients) and 0.19Gy/GBq (4 studies, 68
patients) for the bone marrow (P 5 0.31), and 1.11Gy/GBq (9 studies,
154 patients) and 0.56Gy/GBq (4 studies, 56 patients) for the liver
(P 5 0.05), respectively. Average tumor doses tended to be higher for
[177Lu]Lu-PSMA-617 than for [177Lu]Lu-PSMA-I&T in soft tissue tumor
lesions (4.19 vs. 2.94Gy/GBq; P 5 0.26). Dosimetry data of [177Lu]Lu-
J591 were limited to one published study of 35 patients with reported
absorbed doses of 1.41, 0.32, and 2.10Gy/GBq to the kidney, bone
marrow, and liver, respectively. Conclusion: In this metaanalysis,
there was no significant difference in absorbed dose between
[177Lu]Lu-PSMA-I&T and [177Lu]Lu-PSMA-617. There was a possible
trend toward a higher kidney dose with [177Lu]Lu-PSMA-I&T and a
higher tumor lesion dose with [177Lu]Lu-PSMA-617. It remains
unknown whether this finding has any clinical impact. The dosimetry
methodologies were strikingly heterogeneous among studies,
emphasizing the need for standardization.

Key Words: 177Lu; PSMA; dosimetry; theranostics; metaanalysis;
prostate cancer

J Nucl Med 2024; 65:1264–1271
DOI: 10.2967/jnumed.124.267452

Novel theranostic approaches using radiopharmaceuticals have
emerged for treating metastatic castration-resistant prostate cancer.
Because of its overexpression by most prostate cancers, prostate-
specific membrane antigen (PSMA) represents a valid molecular
target for radionuclide imaging and therapy. The physical proper-
ties and commercial availability of 177Lu make it one of the most
used radionuclides for radioligand therapy. After the positive results
of the VISION trial (1), [177Lu]Lu-PSMA-617 therapy (Pluvicto;
Novartis) was approved by the Food and Drug Administration, and
this treatment is now included in the National Comprehensive Cancer
Network guidelines and reimbursed by the Centers for Medicare and
Medicaid Services for patients with metastatic castration-resistant
prostate cancer progressing after chemotherapy. Randomized phase 3
trials testing [177Lu]Lu-PSMA-617 at earlier disease stages have
completed their enrollment (PSMAfore NCT04689828 for preche-
motherapy metastatic castration-resistant prostate cancer patients,
PSMAddition NCT04720157 for patients with metastatic hormone-
sensitive prostate cancer). Another small-molecule radioligand,
[177Lu]Lu-PSMA-I&T, is being investigated in 2 randomized phase 3
trials (SPLASH NCT04647526 and ECLIPSE NCT05204927), which
also completed enrollment. The radiolabeled monoclonal antibody
[177Lu]Lu-J591 is being investigated in an ongoing randomized phase
3 trial (PROSTACT NCT04876651).

177Lu decays by b2 emission with a half-life of 6.7 d. The aver-
age energy of the b-particles is 134 keV (maximum of 498 keV),
with an average travel path of 0.670mm in soft tissue. The ener-
gies of the primary g-emissions are 113 keV (6.6%) and 208 keV
(11%) (2). The g-ray emissions allow for imaging of the drug bio-
distribution over multiple days using planar scintigraphy or
SPECT/CT. Estimations of the radiation dose deposition in normal
organs at risk and tumor lesions are required for regulatory purposes
and essential for risk determinations. Dosimetry also carries the
potential to assist in individualized patient management, including
optimization of drug administration (injected activity per cycle, num-
ber of cycles, time interval between cycles).
With the expected approval of various [177Lu]Lu-PSMA–tar-

geted compounds, the question of how their efficacy and safety
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profiles compare arises. However, to our knowledge, no head-to-
head dosimetry comparison of the different [177Lu]Lu-PSMA–tar-
geted compounds has been conducted. Moreover, the reported radi-
ation dose estimates for [177Lu]Lu-PSMA can vary considerably
because multiple technical parameters and methods impact organ
and tumor dose estimates, such as image reconstruction parameters,
acquisition practices, segmentation methods, dose calculation mod-
els, lesion sizes, or use of partial-volume correction (3–5).
Because direct comparisons among different therapeutic radiophar-

maceutical are not feasible, we conducted a systematic review and
metaanalysis to summarize the dosimetry of [177Lu]Lu-PSMA-617,
[177Lu]Lu-PSMA-I&T, and [177Lu]Lu-J591 in articles published as
of November 2023.

MATERIALS AND METHODS

The Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) 2020 guidelines were followed to conduct this
study (6) (checklist provided in supplemental materials, available at
http://jnm.snmjournals.org).

Article Search
We created a comprehensive list of all dosimetry studies involving

[177Lu]Lu-PSMA therapy for prostate cancer and performed a system-
atic review and metaanalysis. We conducted an article search using
advanced settings in PubMed and Google Scholar as of November
2023 (Fig. 1). Within articles, referenced publications regarding the
dosimetry of [177Lu]Lu-PSMA were also added to the database if not
initially found on either platform.

Data Inclusion
The dosimetry data were extracted from each article in Gy/GBq for

the normal organs (kidney, parotid and submandibular glands, lacrimal
glands, liver, and bone marrow) at risk and for tumor lesions, which were
separated into bone and nonbone lesions (soft tissue; i.e., visceral, lung,
liver, and lymph nodes). Biological effective dose was not included.

Because of the different injected activities per cycle in each study, we
also calculated the pooled dose normalized to a fixed amount of injected
activity per cycle (Gy/cycle): 7.4 GBq for [177Lu]Lu-PSMA-617 based
on the VISION trial, 6.8 GBq for [177Lu]Lu-PSMA-I&T based on the
SPLASH trial, and 5.6 GBq (76 mCi 32) for [177Lu]Lu-J591 based on
the PROSTACT trial.

Factors Affecting Dosimetry Calculations
We collected the multiple factors that could affect the dosimetry

calculations. Three different image protocols were recorded: planar
whole-body scans, 3-dimensional SPECT/CT scans, and a hybrid
approach combining both. To convert activity to dose, multiple dosim-
etry tools were used, primarily including voxelwise and RADAR
(Radiation Dose Assessment Resource; https://www.doseinfo-radar.
com/) schema (OLINDA/EXM) or MIRD. In addition, different recon-
struction parameters were used in the various studies. The 2 methods
used to determine the average absorbed dose to bone marrow were
based on blood sampling and on imaging.

Statistics
A metaanalysis was conducted for each organ (kidney, parotid and

submandibular glands, lacrimal glands, bone marrow, and liver) and
for tumor lesions. We reported the pooled estimated average dose of
each radiopharmaceutical (617, I&T, and J591) with standard errors or
CIs estimated using inverse variance weighting. Most studies reported
their sample size, means, and SDs, which were used as inputs to the
metaanalysis; however, some studies reported medians and quartiles
instead. For those studies, we estimated the mean and SD by assuming
the median was the mean and estimating the SD by taking the difference
in quartiles divided by 1.35, as suggested by the Cochrane Handbook
for Systematic Reviews of Interventions (7). The Cochran Q statistic and
I2 index (the percentage of variation across studies that is due to hetero-
geneity rather than chance) were used to assess heterogeneity. Because
significant heterogeneity was observed, the random-effects metaanalytic
model was used as opposed to the fixed-effects pooled estimate. Within
each organ, we used the subgroup option of the package to test for differ-
ences in radionuclides. If the overall test was significant, we conducted
pairwise comparisons between groups. However, if it was not significant,
no further testing for that organ was done. Tumor dosimetry was ana-
lyzed for all lesions, as well as stratified by bone only or nonbone lesions.
Statistical analyses were performed using R version 4.1.0 (www.r-project.
org) with the meta package, which is the general package for metaanalysis.
P values of less than 0.05 were considered statistically significant. The
P values shown throughout the article denote comparisons between
[177Lu]Lu-PSMA-617 and [177Lu]Lu-PSMA-I&T, as [177Lu]Lu-J591
data were limited, unless otherwise indicated as overall P value.

RESULTS

Twenty-nine published articles comprising 535 patients were
included in the metaanalysis. The number of studies and included
patients for individual organs and tumor lesions are summarized in
Supplemental Tables 1 and 2. The patient population is summarized
in Supplemental Table 3. Overall, 90% of the studies in this metaa-
nalysis included metastatic castration-resistant prostate cancer,
whereas 10% included metastatic hormone-sensitive prostate cancer.
Of note, one study included only low-volume metastatic hormone-
sensitive prostate cancer (n 5 10 patients) (8,9). The dosimetry pro-
tocol parameters and reconstruction protocols used in each study are
included in Supplemental Tables 4 and 5.
The dosimetry data extracted from each article are summarized

in Table 1 for the normal organs at risk and in Table 2 for the
tumor lesions. Table 3 lists the average absorbed dose in Gy/GBq
and the dose normalized to the injected activity (Gy). The pooled

((177Lutetium) OR (177Lu) OR (177-Lutetium) OR (177-Lu) OR (Lu-177) OR
(Lutetium) OR (Lutetium-177)) AND ((PSMA) OR (PSMA-617) OR (PSMA-
I&T) OR (rhPSMA) OR (J591) OR (Prostate specific membrane antigen))
AND ((dosimetry) OR (Dose))

Records identified through
database search terms

(n = 262)

Records screened by title
(n = 236)

Articles assessed for eligibility
(n = 54)

Total articles included
(n = 29)

Articles excluded
image analysis without absorbed doses

(n = 25)

Records excluded
(did not meet inclusion criteria)

(n = 182)

Reviews, letters, non-English language
excluded
(n = 21)
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FIGURE 1. Study selection for metaanalysis. Using PRISMA criteria, we
selected 29 studies for this metaanalysis. Only conference abstracts or
fully published articles that were in English and reported absorbed dose to
organs at risk or tumors were included.
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averages and CIs are shown in Figures 2 and 3 for the kidney and
tumors and in the supplemental materials for the other organs.

Kidneys
Twenty-eight studies including 485 patients reported kidney

dosimetry. The absorbed kidney dose was not significantly differ-
ent but tended to be higher for [177Lu]Lu-PSMA-I&T than for

[177Lu]Lu-PSMA-617 (4.70Gy [CI, 4.16–5.24 Gy] vs. 4.04Gy
[CI, 3.94–4.60 Gy]; P 5 0.10). For [177Lu]Lu-J591, the reported
kidney dose was 3.95Gy (CI, 3.62–4.27Gy; overall P 5 0.06)
(Table 3). Figure 2 depicts the pooled average absorbed kidney
dose along with the CI from the included studies.
Of note, Fendler et al. ([177Lu]Lu-PSMA-617) reported the dose

to the left and right kidneys individually, and we averaged the data

TABLE 2
Reported Tumor Lesion Dosimetry

Author Isotope

Injected
activity
(GBq)

Unspecified/single-
study exploration

(Gy/GBq)
Skeletal lesion

(Gy/GBq)
Nodal lesion
(Gy/GBq)

Liver lesion
(Gy/GBq)

Delker (15) 617 3.6 2.160.8* 5.363.7 4.26 5.3 –

Fendler (10) 617 3.7 2.1660.85* 4.9263.54 11.646 5.44 –

Scarpa (19) 617 6.1 – 3.461.9 2.66 0.4 2.46 0.8

Violet (20) 617 7.8 – 5.2862.46 3.916 3.93 –

Paganelli (44) 617 4.4 – 4.7 (0.74–55.86) 3.64 (0.25–15.10) –

Priv$e/Peters (8,9) 617 3.0 3.2563.19 1.1 (0.3–3.1) 3.1 (0.6–13) –

Rosar (11) 617 6.4 – 1.6861.32 – –

Volter (45) 617 6.0 – 4.763.9 7.76 9.7 –

Schuchardt (46) 617 6.5 – 6 7.1 –

Herrmann/Krause (47,48) 617 7.4 – 14.6629.8 12.56 15.9 –

Okamoto (35) I&T 7.4 1.7560.92† 3.462.7 3.26 2.2 1.26 0.67

Baum (17) I&T 5.8 – 3 (0.2–40) 4 (0.14–78) –

Barna (13) I&T 7.4 – 4.38 5.47 4.95

Schuchardt (46) I&T 6.1 – 5.9 6.9 –

Feuerecker (18) I&T 7.3 – 1.76 1.13 4.516 2.69 –

Hohberg (21) I&T 7.2 – 3.476 2 3.736 1.65 –

Resch (51) I&T 7.5 – 5.863.1 7.76 4.5 –

*Tumor was deemed soft tissue in nature.
†Tumor was deemed lung lesion.
Data are reported as mean 6 SD or as median followed by range in parentheses.

TABLE 3
Weighted Average of Absorbed Doses for Organs at Risk and Tumors

617 I&T J591

Organ or group Gy/GBq
Gy/7.4-GBq

cycle Gy/GBq
Gy/6.8-GBq

cycle Gy/GBq
Gy/5.6-GBq

cycle
617 vs.
I&T P Overall P

Kidney 0.58 4.04 0.71 4.70 1.41 3.95 0.10 0.06

Parotid 0.84 5.85 0.43 2.62 – – ,0.01 –

Submandibular 0.74 5.15 0.64 4.35 – – 0.56 –

Bone marrow 0.03 0.24 0.03 0.19 0.32 0.90 0.31 ,0.01

Liver 0.16 1.11 0.09 0.56 2.10 5.88 0.05 ,0.01

Lacrimal glands 1.58 11.03 2.83 19.23 – – 0.20 –

Tumor lesion, bone only 3.57 26.43 4.10 27.87 – – 0.38 –

Tumor lesion, soft-tissue only 4.19 31.00 2.94 19.98 – – 0.23 –

Data are summary of pooled doses for organs at risk and tumor lesions from different 177Lu-based molecules shown as average
(CI can be seen for kidney and tumors in Figs. 2 and 3 and for rest of organs in Supplemental Figs. 1–5).
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to match other reports (10). Rosar et al. ([177Lu]Lu-PSMA-617)
reported dosimetry from multiple methods (11). We elected to
include the values derived from the 3-dimensional SPECT images
(highest reliability). Yadav et al. used a 2-L cocktail of lysine and
arginine in saline to protect the kidneys 30–60min before infusion,
which may have affected dosimetry (12).

Liver
Fourteen studies reported liver dosimetry in 245 patients. The

pooled liver doses are summarized in Table 3 and Supplemental
Figure 1. The average absorbed dose to the liver was higher for
[177Lu]Lu-PSMA-617 than for [177Lu]Lu-PSMA-I&T (1.11Gy
[CI, 0.65–1.58Gy] vs. 0.56Gy [0.28–0.84Gy]; P 5 0.05). The
absorbed dose to the liver was highest for [177Lu]Lu-PSMA-J591
(5.88Gy [CI, 5.32–6.44Gy]; overall P , 0.01). Two articles were
excluded as the data were presented without SE or CIs (10,13).

Salivary Glands
Parotid and submandibular gland dosimetry was available from

20 and 7 studies that included 309 and 100 patients in total,
respectively. The absorbed parotid gland dose was significantly
higher for [177Lu]Lu-PSMA-617, at 5.85Gy (CI, 4.67–7.02Gy),
than for [177Lu]Lu-PSMA-I&T, at 2.62Gy (CI, 1.33–3.80Gy) (P
, 0.01). No significant difference was noted for the dose to the
submandibular glands (P 5 0.56) (Table 3; Supplemental Figs. 2
and 3). Absorbed dose values for the salivary glands have yet to
be reported for [177Lu]Lu-J591.

Applying ice packs locally to the neck to reduce blood flow did
not affect the absorbed dose to the parotid glands (Table 1)
(10,14,15).

Lacrimal Glands
Nine studies including 174 patients reported lacrimal gland dosim-

etry. The average absorbed dose to the lacrimal glands tended to be
lower for [177Lu]Lu-PSMA-617 than for [177Lu]Lu-PSMA-I&T
(11.03Gy [CI, 6.00–16.06Gy] vs. 19.23Gy [CI, 7.69–30.78Gy];
P 5 0.20) (Table 3; Supplemental Fig. 4). Lacrimal gland dose has
not been reported for [177Lu]Lu-J591.

FIGURE 3. Reported absorbed doses (Gy/cycle) to tumor lesions from
selected studies that were used to compute pooled average absorbed
dose. Individual study estimates: gray box with black bar, each study's
effect estimate (mean) is represented by gray box, with size of box propor-
tional to study's weight in metaanalysis; black bar through box indicates
CI for estimate; white cross in gray box, studies with very precise esti-
mates; white cross indicates point estimate (mean), with gray box showing
narrow CI; pooled estimate (diamond): Diamond Shape: The pooled esti-
mate, or overall effect estimate, of the meta-analysis is shown as a dia-
mond at the bottom of the plot. Width of the Diamond: The width of the
diamond represents the confidence interval for the pooled estimate. The
left and right tips of the diamond correspond to the lower and upper
bounds of the CI, respectively. Center of the Diamond: The center of the
diamond represents the overall effect estimate (mean) calculated from
combining the individual study estimates. *Lesion location reported as
soft tissue. †Lesion location reported as visceral tissue. ‡Lesion location
reported within liver. §Lesion location reported within lung. ||Tumor dosim-
etry reported from VISION trial.
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FIGURE 2. Reported absorbed doses (Gy/cycle) to kidney from selected
studies, allowing for computation of pooled average absorbed dose. *As
reported in VISION trial. †As reported in SPLASH trial.
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Bone Marrow
Eighteen studies including 293 patients reported bone marrow

dosimetry. The absorbed doses reported were derived from blood
sampling or SPECT/CT images (n 5 2) for [177Lu]Lu-PSMA-617
(15,16) and [177Lu]Lu-PSMA-I&T (14,17,18). For [177Lu]Lu-
J591, the imaging method was used.
Absorbed dose values were similar for [177Lu]Lu-PSMA-617

and [177Lu]Lu-PSMA-I&T (0.24Gy [CI, 0.17–0.31Gy] vs. 0.19Gy
[CI, 0.13–0.25Gy]; P 5 0.31) but were significantly higher for
[177Lu]Lu-PSMA-J591 (0.90Gy [CI, 0.89–0.91Gy]; overall P , 0.1)
(Table 3; Supplemental Fig. 5).

Tumor Lesion Dosimetry
In total, 339 patients and 656 lesions were reported from the

studies seen in Table 2; 491 lesions from 161 patients were bone
lesions, whereas 165 lesions from 178 patients were soft-tissue
lesions. Although included in the absorbed dose analysis, the num-
ber or location of lesions present in the patient cohorts were not
reported for several studies (8,9,19–21). The pooled average
absorbed dose along with the CI from the included studies for the
tumors can be seen in Table 3 and Figure 3.
Average tumor doses tended to be higher for [177Lu]Lu-PSMA-

617 than for [177Lu]Lu-PSMA-I&T in soft tissue (31.00Gy [CI,
15.09–46.91Gy] vs. 19.98Gy [CI, 9.58–30.38Gy]; P 5 0.26).
[177Lu]Lu-PSMA-617 and [177Lu]Lu-PSMA-I&T achieved com-
parable bone lesion doses (26.43Gy [CI, 15.44–37.41Gy] vs.
27.78Gy [CI, 7.17–48.57Gy]; P 5 0.90).

Impact of Image Acquisition Protocol on Reported Doses
Supplemental Table 4 denotes the imaging protocol, scanner,

and activity-to-dose conversion method used in the study. We
completed a simple comparison of the published absorbed doses
between SPECT/CT, hybrid, and planar acquisition methods (Sup-
plemental Figs. 6 and 7). Briefly, the difference between the aver-
age dose reported based on the imaging acquisition protocols was
influenced primarily by the size of the organ (Supplemental Fig. 6).
As the organ volume decreased, the reported absorbed dose
decreased when serial SPECT imaging was used as opposed to the
other methods. This trend continued when the tumor lesions were
evaluated (Supplemental Fig. 7).
Although differences between scanners do not play a large role

in the absorbed dose calculation, the reconstruction parameters
have been shown to affect measurements (5). Although seldom
reported, in Supplemental Table 5 we show the reconstruction
parameters used. It is unknown to what extent these influenced the
absorbed dose calculation.

DISCUSSION

In this systematic review and metaanalysis, we compared the
organ and tumor dose estimates of 3 [177Lu]Lu-PSMA–targeted
radiopharmaceuticals provided by 29 studies that included 535
patients. All 3 [177Lu]Lu-PSMA compounds had absorbed doses
to organs at risk well below the regulatory threshold. Historically,
the kidney is the dose-limiting organ for regulatory purposes,
restricting the therapeutic injection of higher injected activities.
For [177Lu]Lu-PSMA-617 and [177Lu]Lu-PSMA-I&T, however,
the dose-limiting organs by regulatory threshold are the salivary
and lacrimal glands (22,23). For [177Lu]Lu-J591, in contrast, the
liver and bone marrow are dose-limiting and the dosimetry of
other organs has not been reported (24,25).

[177Lu]Lu-PSMA-I&T and [177Lu]Lu-PSMA-617 differed only
in absorbed dose to the parotid glands (P , 0.01). There was no
significant difference in absorbed dose between [177Lu]Lu-PSMA-
I&T and [177Lu]Lu-PSMA-617 in the other organs or tumor
lesions even if there was a possible trend toward a higher kidney
dose with [177Lu]Lu-PSMA-I&T (weighted average, 4.04 vs.
4.70Gy; P 5 0.10). The trend toward lower kidney doses from
[177Lu]Lu-PSMA-617 than from [177Lu]Lu-PSMA-I&T may be
explained by the neutrally charged chelator DOTA of [177Lu]Lu-
PSMA-617 compared with the negatively charged chelator DOTAGA
of [177Lu]Lu-PSMA-I&T (21). This negatively charged chelator can
increase reabsorption of the ligand by the proximal tubule of the kid-
ney and thus may result in a higher absorbed kidney dose (26).
[177Lu]Lu-PSMA-617 and [177Lu]Lu-PSMA-I&T showed similar
binding characteristics in tumors.
Clinical studies investigating [177Lu]Lu-J591 tumor doses have

not been published. However, tumor uptake may be higher because
of longer radiopharmaceutical retention as shown in preclinical mod-
els (27).
Dosimetry protocols and technical parameters varied substan-

tially among studies (image acquisition parameters, image recon-
struction parameters, quantification methods, dose calculation
methodologies, bone marrow dosimetry, first cycle vs. multiple
cycles, etc.). Three-dimensional SPECT/CT, planar imaging, or a
combination of the two (hybrid) can be performed on patients
injected with [177Lu]Lu-PSMA compounds. Multiple-time-point
3-dimensional SPECT/CT is viewed as the most accurate imaging
technique to perform these calculations. We performed a simple
comparison of the imaging techniques from the various published
articles to the effect on the dosimetry and support the findings of
Rosar et al. (9). Using planar-only imaging in dosimetry calcula-
tions results in higher uncertainty than using hybrid or SPECT/CT
protocols (5,11). A detailed analysis of the impact of acquisition
and reconstruction parameters on the derived doses was not feasi-
ble because of the limited information in the respective publica-
tions (Supplemental Tables 4 and 5). Most of the authors used the
OLINDA/EXM software (based on MIRDDOSE 3.0/3.1 (28)) in
their calculations of absorbed dose (https://www.doseinfo-radar.
com/RADAROver.html). The difference between OLINDA/EXM
and voxel-based techniques is the use of dose point kernels with
patient-specific geometries of both organs and tumors in the latter,
whereas OLINDA/EXM relies on phantom data.
Organ dosimetry of all 3 compounds was well within regulatory

limits. It is worth mentioning that dose thresholds applied by regula-
tory agencies are likely inappropriate for RPT as there has been no
formal dose–toxicity analysis. The current thresholds are derived
from one work done in 1991 using conventional fractionated
external-beam radiation therapy (29). Some authors correct the data
presented from external-beam radiation therapy for RPT, suggesting
that the absorbed kidney dose limit is closer to 39Gy (expanded fur-
ther in the supplemental materials) (30–32). Only a few studies have
reported whether the number of RPT cycles (14–16,33–35) has an
impact on kidney doses (36,37) or whether the injected activity has
an impact on outcomes (38). There is a need to provide new thresh-
olds specific to RPT along with developing proven radioprotection
methods (prior methods are given in the supplemental materials).
Monitoring of the short-term and long-term toxicity of RPT, and the
correlation of observed clinical toxicity with dosimetry, is further
warranted. Efforts to obtain a new expert consensus on these topics,
such as the RPT-TEC group, should be encouraged and promoted.
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This study had some limitations. The included studies were het-
erogeneous in terms of patient population and treatment protocols.
Although seldom noted, the reconstruction parameters used were
vastly different, which has been shown to have a profound effect
on absorbed dose calculations. Partial-volume effect corrections
were not mentioned in any of the published articles. The lack of
standardization in imaging and dosimetry is the major obstacle in
comparing results from many studies and pooling data.

CONCLUSION

In this metaanalysis, we provided doses estimates of [177Lu]Lu-
PSMA radiopharmaceuticals from 29 studies and 535 patients.
There was no significant difference in absorbed dose between
[177Lu]Lu-PSMA-I&T and [177Lu]Lu-PSMA-617 even if there
was a possible trend toward a higher kidney dose with [177Lu]Lu-
PSMA-I&T and toward a higher tumor lesion dose with [177Lu]Lu-
PSMA-617. It remains unknown whether the higher tumor-to-kidney
dose for PSMA-617 has any relevant impact on clinical outcomes
such as progression-free or overall survival. The dosimetry methodol-
ogies were strikingly heterogeneous among studies, emphasizing the
need for standardization.
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KEY POINTS

QUESTION: Are there any differences among the dosimetry
of [177Lu]Lu-PSMA-617, [177Lu]Lu-PSMA-I&T, and [177Lu]Lu-J591?

PERTINENT FINDINGS: In this metaanalysis, we provided doses
estimates of [177Lu]Lu-PSMA radiopharmaceuticals from 29 studies
and 535 patients. There was no significant difference in absorbed
dose between [177Lu]Lu-PSMA-I&T and [177Lu]Lu-PSMA-617,
although there was a possible trend toward a higher kidney dose
with [177Lu]Lu-PSMA-I&T and toward a higher tumor lesion dose
with [177Lu]Lu-PSMA-617. The lack of standardization in imaging
and dosimetry is a major obstacle in comparing results from many
studies and pooling data.

IMPLICATIONS FOR PATIENT CARE: [177Lu]Lu-PSMA-617,
[177Lu]Lu-PSMA-I&T, and [177Lu]Lu-J591 absorbed doses were all
below regulatory thresholds for all organs. Although [177Lu]Lu-
PSMA-I&T seems to have a lower tumor dose and higher kidney
dose than those of [177Lu]Lu-PSMA-617, the clinical relevance of
this finding remains unknown. Standardized dosimetry practices
are warranted for further clinical implementation.
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for [177Lu]Lu-PSMA-I&T Therapy
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Internal dosimetry supports safe and effective patient management dur-
ing radionuclide therapy. Yet, it is associated with high clinical workload,
costs, and patient burden, as patient scans at multiple time points
(MTPs) must be acquired. Dosimetry based on imaging at a single time
point (STP) has continuously gained popularity. However, MTP proto-
cols, used as a reference to judge the validity of STP dosimetry, differ
depending on local requirements and deviate from the unknown
patient-specific ground truth pharmacokinetics. The aim of this study
was to compare the error and optimum time point for different STP
approaches using different reference MTP protocols.Methods: Whole-
body SPECT/CT scans of 7 patients (7.4–8.9 GBq of [177Lu]Lu-PSMA-
I&T) were scheduled at 24, 48, 72, and 168h after injection. Sixty lesions,
14 kidneys, and 10 submandibular glands were delineated in the
SPECT/CT data. Two curve models, that is, a mono- and a biexponen-
tial model, were fitted to the MTP data, in accordance with goodness-
of-fit analysis (coefficients of variation, sum of squared errors). Three
population-based STP approaches were compared: one method pub-
lished by H€anscheid et al., one by Jackson et al., and one using
population-based effective half-lives in the mono- or biexponential
curve models. Percentage differences between STP and MTP dosime-
try were evaluated. Results: Goodness-of-fit parameters show that a
monoexponential function and a biexponential function with shared
population-based parameters and physical tail are reasonable refer-
ence models. When comparing both reference models, we observed
maximum differences of 244%, 219%, and 228% in the estimated
absorbed doses for lesions, kidneys, and salivary glands, respectively.
STP dosimetry with an average deviation of less than 10% from MTP
dosimetry may be feasible; however, this deviation and the optimum
imaging time point showed a dependence on the chosen reference
protocol. Conclusion: STP dosimetry for [177Lu]Lu-PSMA therapy is
promising to boost the integration of dosimetry into clinical routine.
According to our patient cohort, 48h after injection may be regarded as
a compromise for STP dosimetry for lesions and at-risk organs. The
results from this analysis show that a common gold standard for dosim-
etry is desirable to allow for reliable and comparable STP dosimetry.

KeyWords: PSMA; 177Lu; dosimetry; single time point
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Targeting of the prostate-specific membrane antigen (PSMA)
with [177Lu]Lu-PSMA therapy evolved as a promising strategy for
the treatment of metastasized castration-resistant prostate cancer,
which is one of the main worldwide causes of death in men (1).
The VISION trial led to the approval of [177Lu]Lu-vipivotide tet-
raxetan (Pluvicto; Novartis) by the U.S. Food and Drug Adminis-
tration in March 2022 and by the European Medicines Agency in
December 2022 (2). Patient-specific internal dosimetry supports
safe and efficient patient management during radionuclide therapy
by monitoring the absorbed radiation dose to both healthy and
malignant tissues (3,4). However, internal dosimetry requires quan-
titative images, preferably SPECT or PET, at multiple time points
(MTPs) at least over the initial days after injection (5–7). The asso-
ciated high number of examinations poses a high workload and
additional costs to the clinics in cases of unclear reimbursement.
These factors have so far limited the routine implementation of
clinical dosimetry, although it is more and more legally requested
(8,9). The rising number of therapies as expected after the U.S.
Food and Drug Administration and European Medicines Agency
approval of [177Lu]Lu-vipivotide tetraxetan will probably further
complicate the integration of routine dosimetry into the clinical
workflow. On the other hand, only routine dosimetry with reason-
able accuracy can provide the empiric knowledge that is necessary
to tailor PSMA therapy more to the individual patient characteris-
tics, as for example, with respect to treatment activity per cycle or
number of cycles.
To handle the workload associated with increasing routine use

of dosimetry, dosimetry based on fewer image acquisitions and
even single-time-point (STP) dosimetry methods are being inten-
sively investigated for 177Lu-based treatments (10–25). Depending
on the selected imaging time point, these protocols lay within an
acceptable agreement of around 10% compared with a selected
ground truth protocol that is based on serial quantitative imaging.
To derive the time-integrated activity (TIA) for each tissue of
interest, most of the proposed STP methods measure the uptake
per tissue based on a single quantitative image and combine this
single uptake measurement with some prior knowledge about the
tissue-specific effective half-life. The latter could be a population-
based effective half-life or the patient-specific effective half-life of
a former therapy cycle. Besides the exact STP method used for the
calculation of the TIA itself, so far published methods differ
regarding the considered reference model (Table 1). The reference
model for MTP dosimetry is defined by the number and timing of
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the image acquisition itself and the mathematic fit model that is
applied to the data points. These reference protocols are highly var-
iable between institutions, as internal dosimetry still lacks standard-
ization, and as site-specific protocols must be tailored to the local
situation. Because the reference model is usually already limited by
clinical feasibility, it cannot be considered a real ground truth but
already represents an approximation with some protocol-dependent
error. Thus, findings on STP dosimetry such as optimum time point
and percentage deviation compared with MTP dosimetry cannot
necessarily be transferred from one considered MTP reference pro-
tocol to another. The aim of this study was to investigate how the
choice of reference model affects selection of the optimum method
for STP dosimetry in the scope of [177Lu]Lu-PSMA-I&T therapy.

MATERIALS AND METHODS

Patients
This study included 7 patients diagnosed with metastasized castration-

resistant prostate cancer in their first cycle of [177Lu]Lu-PSMA-I&T
therapy (Table 2). All patients gave written consent to undergo radio-
pharmaceutical therapy. The institutional review board approved this ret-
rospective study, and the requirement to obtain informed consent was
waived (reference 22-0552).

Imaging
SPECT/CT measurements were scheduled 24, 48, 72, and 168 h after

injection on a dual-head Symbia Intevo T16 SPECT/CT (Siemens
Healthineers) using a standard 177Lu protocol (26) (Supplemental Fig. 1;
supplemental materials are available at http://jnm.snmjournals.org).

Dosimetry
Sixty lesions, 14 kidneys, and 10 submandibular glands were

delineated daywise in the SPECT/CT data. Kidney volumes of inter-
est (VOIs) were drawn manually on the CT data. Lesions and sub-
mandibular glands were delineated using a 30% isocontour of the
average within a spheric VOI of 12-mm diameter centered at the tis-
sue maximum (26,27). To allow for a more robust quantification,
only lesions with volumes larger than 5 cm3 were included. Only 10
submandibular glands could be investigated since segmentation was
not possible for 2 patients because the field of view was too small. The
parotid glands could not be evaluated, as they were not completely cov-
ered in the SPECT acquisitions. Mean activity concentrations and
volumes were extracted. Absorbed doses were estimated using an
in-house routine and mass-scaled organ and tumor S values as extracted
from OLINDA/EXM version 2.0 (lesions: 2.33e205 Gy/[MBq 3 s], 1
g; kidneys: 7.74e208 Gy/[MBq 3 s], 310 g; salivary glands: 2.76e207
Gy/[MBq3 s], 85 g) (28).

TABLE 1
Overview of STP Dosimetry for [177Lu]Lu-PSMA Therapy

Study Compound
Reference
time points Reference fit

Optimum STP (h)

Criterion for optimal
STPKidneys Lesions

Salivary
glands

Brosch-Lenz
et al. (10)

[177Lu]Lu-PSMA-617 24, 48, 72 h Monoexponential 48 72 NA Percentage difference

Jackson et al.
(11)

[177Lu]Lu-PSMA-617 4, 24, 96 h Triexponential ,48 $72 ,48 Mean absolute
deviation

Rinscheid
et al. (18)

[177Lu]Lu-PSMA-I&T 30–120min,
24 h, 168 h

PBPK/monoexponential 52 72 h NA Root-mean-squared
error

Peters et al.
(17)

[177Lu]Lu-PSMA-617 1, 24, 48, 72,
168 h

Compartment-specific
combination of linear
interpolation and
monoexponential

24/48 168 24/48 Various (e.g., Lin
concordance
correlation coefficient)

Kurth et al.
(13)

[177Lu]Lu-PSMA-617 2, 24, 48,
72 h

Rapid uptake 1
biexponential

48 — 48 Bland–Altman analysis,
rmANOVA

NA 5 not applicable; PBPK 5 physiologically based pharmacokinetics; rmANOVA 5 repeated-measures ANOVA.

TABLE 2
Patient Information

Patient no. Age (y) Weight (kg) Height (cm) PSA (ng/mL) Activity (GBq)

Number of
lesions in field

of view

Location of
segmented
lesions

1 68 83 173 84 7.40 7 Bone

2 83 58 166 197 7.45 8 Bone

3 68 95 180 286 7.39 4 Lymph node

4 83 84 187 551 7.43 9 Bone

5 76 75 170 1,500 8.93 15 Bone

6 55 68 170 4.6 7.94 4 Bone

7 68 85 183 52 7.84 13 Bone
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Reference MTP Dosimetry
The TIA was first estimated for each compartment by fitting and

integrating all available imaging time points using a monoexponential
model and a biexponential model. For the latter, all possible realiza-
tions with up to 3 free parameters as proposed by Hardiansyah et al.
were considered (29). All fit functions were evaluated by common
goodness-of-fit criteria, that is, the coefficients of variation (CV) and
the sum of squared errors (30,31). Finally, the following 2 functions
were used to fit the reference MTP model:

fmonoðtÞ5A0e
2ðlbio1lphysÞt,

fbi1, sgðtÞ5A0ge
2ðlbio1lphysÞt1A0ð12gÞe2ðlphysÞt with shared g:

A0 refers to A(t 5 0), and lbio and lphys are the biologic and physi-
cal clearance rates, respectively. The population-based g-parameter
modulates the transition from the phase with biologic clearance to the
phase without biologic clearance and was determined by the jackknife
method. For the latter, the respective function is fitted to the data of all
patients except the one currently being investigated. The CV refer to
the 2 free parameters A0 (CVA) and lbio (CVl).

STP Dosimetry
Three different STP approaches were evaluated with a single

SPECT/CT acquisition at 24, 48, 72, or 168 h after injection: a monoex-
ponential (STPmono) or a biexponential (STPbi) function with population-
based biologic clearance rates; the method by H€anscheid et al., originally
established for 177Lu-DOTATE/DOTATOC therapy (STPH) (12); and
the method proposed by Jackson et al. (STPJ) (11).

The TIA for STPmono is given by

TIAmono5
1

ðlbio1lphysÞ
AðtSPECTÞ

expð2ðlbio1lphysÞ $ tSPECTÞ :

tSPECT and AðtSPECTÞ refer to imaging time point and the VOI activity
measured for that time point, respectively. Two population-based para-
meters, lbio and g, were used for STPbi, with the TIA being given by

TIAbi5
AðtSPECTÞ

g expð2ðlbio1lphysÞ $ tSPECTÞ1ð12gÞ $ expð2lphys tSPECTÞ
$ g

lbio1lphys
1
12g

lphys

# "
:

For STPH, the TIA is estimated by

TIAH5AðtSPECTÞ $ 2
lnð2Þ $ tSPECT :

H€anscheid et al. stated that if imaging is performed between
0:75 t1=2,eff and 2:5 t1=2,eff (t1=2,eff is effective half-life), the error in
the TIA is less than 10% (12). In this study, we investigated all avail-
able time points, assuming that time points that do not fulfil this crite-
rion will automatically show a larger deviation from the reference.
More information about the VOIs and time points tSPECT for which the
criterion 0:75 t1=2,eff , tSPECT , 2:5 t1=2,eff was applied is given in
Supplemental Table 2.

For STPJ, it is assumed that

TIAJ5AðtSPECTÞ $ ftissueðtSPECTÞ,
with ftissue being a scaling factor depending on time point and compart-
ment. The factors were recalculated for our patient cohort according to the
method described by Jackson et al. because of the different PSMA com-
pound used in this study (Supplemental Table 2) (11).

Data Evaluation
The Wilcoxon signed-rank test was used to compare the dosimetry

estimates and the goodness-of-fit parameters for the reference models
monoexponential MTP (MTPmono) and biexponential MTP (MTPbi).

Mean absolute deviations of STP methods from MTPmono and MTPbi
were determined per compartment, whereupon STPmono was compared
only with MTPmono and STPbi only with MTPbi. The best imaging
time point or STP method was defined as the one with the lowest
mean absolute deviation. The percentage of VOIs with a deviation of
less than |10|% was used as a secondary criterion.

RESULTS

Table 3 shows the goodness-of-fit parameters for both the mono-
and biexponential reference model, as well as the statistical evalua-
tion. For the salivary glands, MTPbi seemed to be superior to
MTPmono, as both the CV and the sum of squared errors were signif-
icantly lower (P , 0.05). Such was not the case for the kidneys. The
average goodness-of-fit parameters would favor MTPbi but without
statistical significance (P . 0.05). For the lesions, CV lbio signifi-
cantly favored MTPmono (P , 0.05), whereas the sum of squared
errors significantly favored MTPbi (P , 0.05). However, the mono-
exponential reference model yielded significantly lower absorbed
doses than did the biexponential fit (Table 3). Although for both the
kidneys and the lesions, no reference model was deemed to be supe-
rior, maximum absorbed dose deviations of 219% and 244% were
found for kidneys and lesions, respectively (Table 3). As expected,
CV lbio was found to be larger for lesions than for kidneys and sali-
vary glands, indicating a larger pharmacokinetic variability for
lesions. Average (6SD) effective half-lives were found to be
56.56 18.8, 32.96 5.9, and 22.56 2.8 h for lesions, kidneys, and
salivary glands, respectively. More information on the distribution of
effective half-lives and some exemplary time–activity curves are
shown in Supplemental Figures 3–5.
The deviations of all STP methods and imaging time points

from the reference models are listed in Supplemental Tables 3
and 4.

Kidneys
For both reference models, 48 h after injection was found to be

the optimum imaging time point (Figs. 1A and 1B). STPmono and
STPH showed the smallest mean absolute deviations from the mono-
exponential reference model MTPmono, at 3% 6 4% and 4% 6 4%,
respectively. Compared with the biexponential reference model
MTPbi, STPbi and STPJ indicated the smallest mean absolute devia-
tions of 4% 6 4% and 4% 6 5%, respectively, with a slight prefer-
ence for STPbi since for 86% (vs. 71%) of VOIs the renal absorbed
doses deviated less than 10% from the reference (Fig. 1D).

Salivary Glands
SPECT/CT imaging at 24 h after injection in combination with

STPbi resulted in the lowest mean absolute dose deviation of
4% 6 4% (all VOIs within |10|%), when compared with the best-
suited reference model, that is, MTPbi (Figs. 2B and 2D). At 48 h
after injection, STPbi showed the best performance as well (mean
absolute deviation of 10% 6 14%, with 70% of all VOIs within
|10|%) (Figs. 2B and 2D).

Lesions
Larger deviations from the reference models were observed for

lesions than for at-risk organs, with 48–72 h being the best-suited
time point (Figs. 3A and 3B). Compared with MTPmono, STPmono

and STPH—both with imaging at 72 h after injection—showed a
similar performance (average deviation, 8% 6 9% and 7% 6 9%,
respectively, with 73% and 70% of lesions deviating less than
10% from MTPmono) (Figs. 3A and 3C). Compared with MTPbi,
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similar average deviations for all 3 STP methods could be obtained
(STPbi, 10% 6 13%; STPH, 16% 6 10%; and STPJ, 10% 6 10%)
but with use of different optimum imaging time points (72 h for
STPH and STPJ, 48 h for STPbi) (Figs. 3B and 3D).

DISCUSSION

The aim of this study was to compare different STP approaches
for 2 reference models and—apart from the bone marrow—the
main compartments of interest during [177Lu]Lu-PSMA treatment,
that is, lesions, kidneys, and salivary glands. Although MTPbi
could be identified as the best-suited reference model for the sali-
vary glands, no superiority of MTPbi or MTPmono could be estab-
lished for kidney and lesion dosimetry using SPECT acquisitions
at 24, 48, 72, and 168 h after injection. However, absorbed dose
estimates were found to be significantly different for both refer-
ence models. A higher number of image acquisitions may help to
reduce the ambiguity of the optimum reference model for lesion
and kidney dosimetry. Yet, the number of image acquisitions
available in a clinical setting is inherently limited. For example,
although the late pharmacokinetics has a significant impact on
dosimetry estimates (32), image acquisitions are usually termi-
nated, at the latest, at around 7–9 d after injection for logistic rea-
sons and because SPECT imaging at late time points is limited by
a decreasing activity concentration. Although STP dosimetry is
feasible, Figures 1, 2, 3A, and 3B highlight that the error of each
STP method depends on the reference MTP protocol. Thus, an

uncertainty in the reference MTP protocol automatically translates
into the selection of the optimum STP method. Comparability of
STP dosimetry from different studies requires careful consider-
ation of the reference protocols that were used to define the STP
methodology. In this sense, the popularity of STP dosimetry also
strengthens the request for standardization of clinically feasible
but reliable MTP protocols.
The optimum imaging time point for renal STP dosimetry is

clearly 48 h for all STP methods and both reference models. As no
superiority for MTPbi or MTPmono could be proven and, thus, the
underlying pharmacokinetics is not well known, STPmono and
STPbi should be avoided. Thus for kidney STP dosimetry, STPH is
recommended over STPJ because the number of VOIs with a devi-
ation of less than 10% is high for both MTPmono and MTPbi. Simi-
larly, STPJ with imaging at 72 h can be recommended for lesion
STP dosimetry. For the salivary glands, MTBbi could be identified
as the optimum reference model, with imaging at 24 h after injec-
tion and STPbi being the best choice for STP dosimetry.
The definition of a specific STP methodology is further compli-

cated by the fact that the optimal STP dosimetry for different com-
partments is usually associated with different optimum imaging
time points. From a clinical perspective, STP approaches should
be available with similar performance for lesions and organs at
risk. However, considering the results in both Figure 1 and Figure
2, compared with Figure 3, a trade-off between the accuracy of
dosimetry for lesions and at-risk organs is necessary. The optimum
time point is also likely to depend on the question of whether the

TABLE 3
Fit and Dosimetry Results for Reference Models

Parameter Kidneys (n 5 14) Salivary glands (n 5 10) Lesions (n 5 60)

Volume 6 SD (cm3) 216658 1062 256 25

MTPmono goodness of fit

CVA/CVl (%) 3.362.3/6.36 5.3 11.16 7.6/14.969.1 8.36 4.5/25.8618.6

SSE 6.265.6 0.0560.02 8.3617.0

Dose 6 SD* (Gy/GBq) 0.3260.07 0.2160.08 0.956 0.50

Half-life 6 SD (h) (CV) 32.965.9 (17.8%) 22.56 2.8 (12.3%) 56.56 18.8 (33.2%)

MTPbi goodness of fit

CVA/CVl (%) 3.162.2/6.06 5.1 8.26 8.1/9.967.0 8.96 6.0/28.3622.2

SSE 3.863.2 0.0160.01 6.4612.0

Dose 6 SD† (Gy/GBq) 0.3660.09 0.2860.1 1.106 0.70

Comparison of calculated absorbed dose:
MTPmono vs. MTPbi

AD 6 SD† (%) 210.66 3.8 224.26 3.1 213.969.7

Maximum deviation† (%) 219 228 244

P value‡ ,0.001 0.002 ,0.001

Comparison of goodness-of-fit parameters:
MTPmono vs. MTPbi

P values‡ CVA/CVl 0.583/0.761 0.027/0.020 0.233/0.026

P values‡ SSE 0.135 0.002 ,0.001

*Values without recovery correction.
†Calculated via ðMTPmono2MTPbiÞ

MTPbi
$ 100%.

‡Wilcoxon signed-rank test.
CVA/CVl 5 CV A0/CV lbio; AD 6 SD 5 average deviation 6 SD of absorbed dose; SSE 5 sum of squared errors.
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primary objective of dosimetry is safety or efficacy. It may be pos-
sible to merge STP dosimetry for lesions, kidneys, and salivary
glands based on imaging at 48 h after therapy, although this will
result in a lower level of accuracy for lesions (optimum, 72 h after
injection) and salivary glands (optimum, 24 h after injection). For
the salivary glands with MTPbi as the optimum reference protocol,
STPbi is suggested for imaging at 48 h after injection. For lesion
dosimetry, STPJ is recommended for imaging at 48 h after injec-
tion, as it shows a more balanced performance for MTPbi and
MTPmono than does STPH.
The overall number of patients in this study was low. Especially,

the used biexponential reference model applies a population-based
shared parameter g that should be reevaluated for a larger patient
cohort. Further, this population-based parameter may vary over
the course of subsequent therapy cycles, whereas only the first
therapy cycle was investigated in this study. However, Hardian-
syah et al. found a value of 0.9636 0.004 for the renal biokinetics
of 13 [177Lu]Lu-PSMA-I&T patients (29), compared with a very
similar value of 0.9566 0.007 (CV, 0.7%) for 14 kidneys and
7 patients in this study (0.8% deviation). In addition, the method
proposed by H€anscheid et al. (12) was originally developed for
monoexponential pharmacokinetics but was compared with a
biexponential reference model in this study as well. However, the
intention was to show the effect of an unknown ground truth
model on STP methodology. For example, for the salivary glands,
with clearly biexponential pharmacokinetics, STPH showed poor
performance. Despite the smaller patient cohort, the optimum
time points proposed in this study agreed well with previously
published data (10,11,13,17,18). As data with a late SPECT scan

at around 7 d after injection were avail-
able for only a selected number of patients
undergoing their first treatment cycle in
this study, no prior information on the
compartment-specific effective half-life
was available, limiting this study to
population-based approaches only.
Brosch-Lenz et al. investigated a prior-
information approach based on the
patient-specific effective half-life of the
previous treatment cycle in comparison to
the method proposed by H€anscheid et al.
for kidney and lesion STP dosimetry and
for [177Lu]Lu-PSMA-I&T therapy
(10,12). The reference model was a mono-
exponential fit with SPECT/CT imaging
at 24, 48, and 72 h after treatment. The
method by H€anscheid et al. was slightly
superior for the kidneys, whereas for
lesion STP dosimetry the prior-
information approach showed better per-
formance, possibly because the lesion
pharmacokinetics usually shows a larger
interpatient and intrapatient variability.
Population-based approaches assume an

average patient with average pharmacoki-
netics. It should be further investigated
whether patient-specific factors, such as
changes in tumor volume, kidney func-
tion, or any other patient-specific factors

that deviate from the average patient, may guide the decision
between MTP and STP dosimetry. Scheduling MTP dosimetry
intermittently (e.g., alternating between MTP and STP dosimetry)
may be a trade-off between clinical efficiency and accuracy. Fur-
ther, in view of the observed outliers for different STP
approaches, quality control is an important aspect of STP dosime-
try. The use of mixed-linear-effects models, which consider each
parameter as a combination of a mixed population-based effect
and a random patient-specific effect, has already been shown to
be promising for reducing outliers within STP dosimetry (19,24).
Current research also focuses on speeding the SPECT acquisi-

tion, a development that is lately being driven by the integration of
artificial intelligence into molecular imaging (33–35). This should
be considered as an opportunity to maintain MTP-based protocols,
at least in centers that hospitalize patients or where multiple exam-
inations are feasible on an outpatient basis.

CONCLUSION

STP dosimetry is becoming more popular because it allows for
efficient integration of internal dosimetry into clinical routine.
Usually, however, the considered reference MTP protocol already
approximates the real but unknown clinical ground truth, and its
error is in addition to the error of STP dosimetry itself. The inter-
comparison of different STP methods shows a different optimum
time point and error depending on the compartment and the refer-
ence MTP protocol. According to our patient cohort, 48 h after
injection may be regarded as a compromise for STP dosimetry for
lesions and at-risk organs.

FIGURE 1. (A and B) Deviation of kidney STP dosimetry from MTP dosimetry using monoexponen-
tial (A) or biexponential (B) MTP reference models and for different imaging time points. (C and D)
Percentage of VOIs with deviation less than |10|% using monoexponential (C) or biexponential (D)
MTP reference models and for different imaging time points. Numbers above each bar indicate exact
percentages. For better visualization, data for 168h after injection are shown in Supplemental Figure
6 and Supplemental Tables 5 and 6. p.i.5 after injection.
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KEY POINTS

QUESTION: Does the reference model
impact findings on STP dosimetry for
[177Lu]Lu-PSMA-I&T therapy?

PERTINENT FINDINGS: The error of
each STP dosimetry method depends
on compartment, time point, and refer-
ence MTP protocol. In our patient
cohort, 48 h may be regarded
as a compromise for dosimetry for
lesions and healthy
tissues.

IMPLICATIONS FOR PATIENT CARE:
STP dosimetry for [177Lu]Lu-PSMA-I&T
can be performed, but at the cost of
some level of accuracy. Further efforts
to standardize internal dosimetry are
important to harmonize MTP and STP
dosimetry among centers.
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Myocardial somatostatin PET uptake is observed not only in most
patients with acute myocarditis (AM) but also in some oncology
patients referred for routine somatostatin PET. This raises concerns
about the specificity of somatostatin PET for detecting myocarditis.
The current study aims to identify factors associated with the detec-
tion of myocardial uptake on somatostatin PET scans recorded for
oncology indications and differential PET criteria that characterize
myocardial uptake in AM patients. Methods: We analyzed factors
associated with the detection of myocardial [68Ga]Ga-DOTATOC
uptake in 508 [68Ga]Ga-DOTATOC PET scans from 178 patients, per-
formed for confirmed or suspected oncologic disease (Onc-PET) and
PET criteria that could differentiate myocardial [68Ga]Ga-DOTATOC
uptake in 31 patients with MRI-ascertained AM (AM-PET) from that in
the Onc-PET group. Results: Significant myocardial uptake was
detected in 137 (26.9%) Onc-PET scans and was independently asso-
ciated with somatostatin analog treatment (exp(b), 0.805; 95% CI,
0.728–0.890; P, 0.001) and age (exp(b), 1.005; 95% CI, 1.001–1.009;
P 5 0.012). A comparable model was selected for predicting the
myocardial-to-blood SUVmax ratio using somatostatin analog treatment
(P, 0.001) and history of coronary artery disease (P5 0.022). Myocar-
dial uptake was detected in 12.9% (25/193) of Onc-PET scans from
patients treated with somatostatin analogs but in 43.4% (59/136) of
untreated patients over the median age of 64y. Myocardial uptake was
apparent in all 31 AM-PET scans, with volume and intensity of uptake
dramatically higher than in the 137 Onc-PET scans showing myocardial
uptake. A myocardial-to-blood SUVmax ratio threshold of 2.20 provided
a sensitivity of 87% (27/31) and a specificity of 88% (44/50) for differen-
tiating myocardial uptake between the AM-PET group and an Onc-PET
group restricted to patients with clinical characteristics comparable to
those of patients in the AM-PET group (#64y of age, no coronary
artery disease history, and no somatostatin agonists). A myocardial
uptake volume threshold of 18 cm3 provided comparable diagnostic
accuracy (sensitivity, 84% [26/31]; specificity, 94% [47/50]). Conclu-
sion:Myocardial uptake was detected in 26.9% of somatostatin PET
scans recorded for oncology indications. This rate was decreased by
somatostatin analog treatments and increased in older individuals.
However, somatostatin PET scans, analyzed with the quantitative

criterion of uptake intensity or volume, are able to identify AM and to
differentiate it frommyocardial uptake of other origins.

Key Words: [68Ga]Ga-DOTATOC; PET; myocardial inflammation;
somatostatin receptor; acutemyocarditis

J Nucl Med 2024; 65:1279–1285
DOI: 10.2967/jnumed.123.267219

Myocarditis is far from being infrequent. It sometimes mimics an
acute coronary syndrome, with some cases presenting or evolving toward
left ventricular (LV) dysfunction, heart failure, and arrhythmia (1).
An endomyocardial biopsy, analyzed using the Dallas criteria,

remains the gold standard for myocarditis diagnosis, even though
it has low sensitivity for detecting focal forms (2). MRI is an effi-
cient noninvasive diagnostic tool when analyzed using the 2018
revised Lake Louise criteria (3). However, MRI suffers from low
sensitivity for detecting subacute or chronic myocarditis, charac-
terized by cardiomyopathylike or arrhythmia presentations (4).
[68Ga]DOTA peptides were developed for PET imaging of somato-

statin receptor (SSTR) subtypes to diagnose or monitor neuroendo-
crine tumors. However, SSTRs are overexpressed in lymphocytes
and activated macrophages, the primary cell subsets involved in
myocarditis (1,2).
Previous pilot somatostatin PET studies have reported myocar-

dial radiopeptide uptake in most patients with acute myocarditis
(AM) (5–10). For reasons that are still poorly understood, myocar-
dial uptake is also observed in numerous patients undergoing
somatostatin PET for routine oncology indications (11–13), raising
concerns about the specificity of somatostatin PET to identify AM.
This study aims to identify the factors associated with myocar-

dial uptake observed on somatostatin PET scans recorded for rou-
tine oncology indications and define differential PET criteria that
characterize myocardial uptake in AM patients.

MATERIALS AND METHODS

Study Populations
This study analyzed a retrospectively constituted group of patients

with consecutive [68Ga]Ga-DOTATOC PET/CT scans recorded in our
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nuclear medicine department between January 2019 and December 2023
(Onc-PET group). Patients were referred from the Regional University
Hospital Center of Nancy or the neighboring Regional Oncology Center
(Institut de Cancerologie de Lorraine) to investigate conventional oncol-
ogy indications. PET/CT scans from patients with carcinoid syndrome or
a cardiac tumor location were excluded. We extracted the variables listed
in Table 1 from electronic medical databases, including sex, age, tumor
data, history of oncologic and cardiac interventions, ongoing oncologic
treatments, and cardiovascular risk factors.

We analyzed a second group of [68Ga]Ga-DOTATOC PET/CT
patients recorded between July 2020 and April 2023 as part of a prospec-
tive study of AM ascertained by MRI according to the 2018 Lake Louise
criteria (AM-PET group), with our CMR methodology being described
in the supplemental materials (supplemental materials are available at

http://jnm.snmjournals.org) (3,14). Both the AM-PET and the Onc-PET
study protocols were approved by dedicated ethics committees (Comit$e
de Protection des Personnes–Ouest IV and Comit$e d’$Ethique du Centre
Hospitalier R$egional Universitaire de Nancy, respectively) and released
on the ClinicalTrials.gov website under the identifiers NCT03347760 and
NCT05478733, respectively. All participants from the AM prospective
study signed an informed-consent form to participate. The requirement to
obtain informed consent was waived for the Onc-PET patients, but they
had been informed that their medical data could be used retrospectively
for research purposes.

PET/CT Recording and Analysis
All PET scans were recorded 60 min after the intravenous injection

of 2 MBq/kg of [68Ga]Ga-DOTATOC on a digital PET/CT system

TABLE 1
Main Data Recorded at Time of PET/CT in Overall Onc-PET Group, Onc-PET Subgroup with Myocardial Uptake,

and AM-PET Group

Characteristic Overall Onc-PET
Onc-PET with

myocardial uptake AM-PET P

All patients (n) 508 137 31

Female patients (n) 246 (48.3) 64 (46.7) 1 (3.2) ,0.0001

Age (y) 64.0 (54.8–72.0) 65.7 (55.0–73.4) 26.5 (21.9–33.8) ,0.0001

Body mass index (kg/m2) 25.5 (22.5–29.1) 26.1 (23.1–29.5) 24.9 (23.2–27.7) 0.27

CV history and risk factors (n)

CAD history 40 (7.9) 14 (10.2) 0 (0) 0.075

Myocardial infarction history 24 (4.7) 9 (6.6) 0 (0) 0.21

No. CV risk factors 1 (0–2) 1 (0–2) 0 (0–1) 0.005

Active smoking 7 (1.4) 2 (1.5) 7 (22.6) 0.0001

Obesity 102 (20.1) 29 (21.3) 5 (16.7) 0.80

Treated hypertension 207 (40.7) 58 (42.3) 1 (3.2) ,0.0001

Treated dyslipidemia 78 (15.3) 20 (14.6) 1 (3.2) 0.13

Treated diabetes 102 (20.0) 26 (19.0) 0 (0) 0.005

Oncologic data (n)

Diagnosed cancer 466 (91.5) 124 (90.5)

Diagnosed NET 423 (83.1) 111 (81.0)

$2 tumor grade 275 (54.3) 68 (49.6)

External radiotherapy history 100 (19.6) 28 (20.4)

Internal radiotherapy history 87 (17.1) 17 (12.4)

Oncologic surgery history 266 (52.3) 62 (45.3)

Current chemotherapy 61 (12.0) 26 (19.0)

Current immunotherapy 67 (13.2) 14 (10.2)

Somatostatin analog treatment* 193 (37.9) 25 (18.2)

CV PET/CT data

Presence of myocardial uptake (n) 137 (26.9) 137 (100) 31 (100) 1

Segments with myocardial uptake (n) 0.0 (0.0–3.0) 6.0 (3.0–9.0) 15.0 (10.0–17.0) ,0.0001

Myocardial uptake volume (cm3) 0.0 (0.0–0.09) 2.2 (0.6–9.5) 47.3 (24.0–135.0) ,0.0001

Myocardial-to-blood SUVmax ratio 1.44 (1.25–1.79) 2.00 (1.76–2.18) 2.80 (2.29–3.00) ,0.0001

*Somatostatin analogs were not administered in 4 wk preceding PET.
CV 5 cardiovascular; NET 5 neuroendocrine tumor.
P values relate to comparison between AM-PET group and Onc-PET group with myocardial uptake. Qualitative data are number and

percentage; continuous data are median and range.
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(Vereos; Philips). In patients treated with somatostatin analogs, the
PET/CT procedures were scheduled before the monthly treatment
dose (15).

Both Onc-PET and AM-PET scans were reconstructed with 2-mm3

voxels, a similar iterative algorithm, and additional corrections
detailed elsewhere (5). A 3-min PET recording was scheduled per bed
position for Onc-PET scans, and a single 15-min cardiac-centered bed
position was scheduled for AM-PET scans.

Areas of LV myocardial uptake of [68Ga]Ga-DOTATOC were
detected visually with an SUV scaling range of 0–3 (5) and localized
according to 17-segment LV division (Supplemental Fig. 1) (16).
These uptake areas were considered significant only when they
involved at least 2 contiguous LV segments; were associated with
both a myocardial-to-blood SUVmax ratio of more than 1.5, with this
ratio determined using 2-cm-diameter spheric volumes of interest, and
a right atrium center location for blood activity; and were located
more than 1 cm from liver activity (5).

In addition, a myocardial PET uptake volume was quantified using
isocontours and the same criteria as used for the visual analysis (i.e.,
myocardial-to-blood SUVmax ratio . 1.5 and .1-cm distance from
liver activity). This volume was considered zero when no myocardial
uptake was detected visually.

Statistical Analysis
Continuous variables are represented as medians, with interquartile

ranges, and categoric variables are represented as frequencies and per-
centages. Two-group comparisons were performed with x2 tests (or
Fisher exact tests when more appropriate) for categoric variables and
with Mann–Whitney tests. Receiver operating characteristic curves
were additionally performed for continuous variables, and associations
between continuous variables were tested with the nonparametric
Spearman rank correlation method. The significance threshold was set
at a P value of less than 0.05, and the closest-to-(0,1) corner approach
was used to define the optimal threshold value from receiver operating
characteristic curves.

In the Onc-PET group, generalized linear mixed-effects models
using SAS software (SAS Institute) for repeat measurements were used
to identify factors associated with significant myocardial [68Ga]Ga-
DOTATOC uptake (dichotomous variable), among those listed in
Table 1, and linear mixed-effects models for repeat measurements
(mixed SAS procedure) were used to determine factors associated with
the log-transformed myocardial-to-blood SUVmax ratio. This log trans-
formation was required to meet the normality assumptions of the linear
models. Odds ratios (generalized linear mixed-effects models) and
exp(b) (mixed models) with 95% CIs were reported, and P values of
0.15 and 0.05 were used as thresholds for, respectively, entering and
removing variables from the models. Log linearity and linearity
assumptions for continuous variables in generalized linear mixed-
effects and mixed models were checked using the restricted cubic
splines method, with knot locations based on Harrell’s recommended
percentiles (17).

All analyses were conducted using SAS version 9.4.

RESULTS

Analysis of the Onc-PET Group
In total, 511 consecutive [68Ga]Ga-DOTATOC PET/CT scans

were considered. Three were excluded because of confirmed or
suspected cardiac metastasis or a technical PET problem, leaving
508 [68Ga]Ga-DOTATOC PET recordings from 178 patients in
the current analysis. Seventy-six patients had a single PET scan,
56 patients had 2–3 PET scans, and 46 patients had more than 3
PET scans.

As detailed in Table 1, 423 (83.1%) of the Onc-PET scans were
recorded from patients with a confirmed neuroendocrine tumor, but
only 40 (7.9%) scans were recorded from patients with a history of
coronary artery disease (CAD; myocardial infarction or coronary
revascularization). Oncology surgery was documented in 266 (52.3%)
cases, and the Onc-PET scans were recorded during periods of ana-
log somatostatin treatment in 193 (37.9%) cases.
Significant myocardial uptake was detected in 137 (26.9%)

Onc-PET scans and, as detailed in Table 2, the multivariate predic-
tors of this uptake were somatostatin analog treatment (exp(b),
0.805; 95% CI, 0.728–0.890; P , 0.001) and age (exp(b), 1.005;
95% CI, 1.001–1.009; P 5 0.012). A comparable model was
selected for predicting the logarithm of the myocardial-to-blood
SUVmax ratio—that is, somatostatin analog treatment (P , 0.001)
and CAD history (P 5 0.022).
The detection rate of myocardial uptake was only 12.9% (25/193)

in somatostatin analog–treated patients. This rate was higher, 29.4%
(53/180), when the absence of somatostatin analog treatment was
associated with an age of no more than 64 y, which was the median
of the Onc-PET population, and was even higher, 43.4% (59/136),
when associated with the older age group. These data are illustrated
in the graphical abstract.

Analysis of the AM-PET Group
Thirty-one patients were recruited at the time of AM diagnosis,

with elevated plasma troponin I levels (median peak, 12.0 ng/mL;
interquartile range, 6.9–17.4 ng/mL) and chest pain in 27 cases.
Symptoms evocative of a gastrointestinal or respiratory tract infec-
tion were documented for 15 of these patients, and a recent (#3 d)
history of messenger RNA–based coronavirus disease 2019 vacci-
nation was documented for 3 other patients. Ten AM patients had
an abnormal LV ejection fraction (,50%) on MRI. The PET scan
was performed a median of 4 d (range, 3–5 d) after peak troponin.
As detailed in Figure 1, the PET parameters considered (myo-

cardial-to-blood SUVmax ratio and myocardial uptake volume)
were unrelated to the MRI parameters used for tissue characteriza-
tion (T1, T2, and the number of segments with late gadolinium
enhancement). However, the LV ejection fraction, determined by
MRI, was inversely correlated to the myocardial-to-blood SUVmax

ratio (P 5 0.008) and myocardial PET uptake volume (P5 0.013).

Comparison Between the Onc-PET and the AM-PET Groups
As shown in Table 1, men were overrepresented in the

AM-PET group compared with the Onc-PET group with myocar-
dial uptake. Patients in the AM-PET group were also younger and
had lower rates of most cardiovascular risk factors. None of the
AM-PET group patients had a history of cancer or cardiac disease.
Significant myocardial uptake was detected in all 31 AM-PET

scans, with the volume and intensity of uptake dramatically higher
than in the 137 Onc-PET scans with myocardial uptake. The respec-
tive medians in these 2 groups were 2.80 (range, 2.29–3.00) and 2.00
(range, 1.76–2.18; P , 0.001) for the myocardial-to-blood SUVmax

ratio and 47.3 cm3 (range, 24.0–135.0 cm3) and 2.2 cm3 (range,
0.6–9.5 cm3; P , 0.001) for the myocardial uptake volume (Fig. 2).
Higher rates of myocardial uptake were also observed in the
AM-PET group than in the Onc-PET group in a per-segment analy-
sis, with the difference particularly marked for inferior and inferior-
lateral segments (Fig. 2).
On the receiver operating characteristic curve analysis shown in

Figure 3, both the myocardial uptake volume and the myocardial-
to-blood SUVmax ratio were able to differentiate myocardial
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uptake in the AM-PET group from that in the Onc-PET group,
with areas under the curve of 0.888 (95% CI, 0.817–0.960) and 0.879
(95% CI, 0.814–944), respectively. The criteria of a myocardial-to-
blood SUVmax of more than 2.2 allowed differentiation of myocar-
dial uptake between the AM-PET and the Onc-PET groups with a
sensitivity of 87% (27/31) and a specificity of 77.4% (106/137).
The criteria of a myocardial uptake volume of more than 18 cm3

provided comparable results (sensitivity, 84% [26/31]; specificity,
83% [114/137]).
Specificities of 88% (44/50) for the criteria of a myocardial-to-

blood SUVmax ratio of more than 2.2 and of 94% (47/50) for that of a
myocardial uptake volume of more than 18 cm3 were obtained when
the Onc-PET group with myocardial uptake was restricted to a sub-
group with characteristics more comparable to those of the AM group
(i.e., age# 64y, no CAD history, and no somatostatin agonists).
Representative AM-PET and Onc-PET group scans are shown

in Figure 4.

DISCUSSION

Our study found that up to 26.9% somatostatin PET scans
recorded for routine oncology indications show significant myo-
cardial uptake. This is consistent with the prevalence reported in
the literature (11–13). The uptake detection rate was decreased by
somatostatin analogs and increased with patient age. Moreover,
uptake in oncology cases was generally less intense and less exten-
sive than uptake measured in AM cases, which supports the notion
that somatostatin PET may be able to specifically detect AM.
Results obtained in our AM-PET group, where [68Ga]Ga-DOTA-

TOC PET scans were recorded in MRI-ascertained AM cases, con-
firm our previously published preliminary results (5)—that is,
consistently observed increased myocardial uptake relative to the
blood activity on at least 2 contiguous LV segments, associated
with a marked decrease in blood activity, and with myocardial
uptake predominantly localizing to inferior and inferior-lateral
LV segments (Fig. 2). The main technical limitations remain the

relatively low activity of the myocardial
uptake areas (mean SUVmax, 1.8 in the pre-
sent AM-PET group) and the inability to
analyze certain inferior LV segments proxi-
mal to liver activity.
In [68Ga]Ga-DOTATOC PET scans

recorded for oncology indications, differ-
ences in SUVmax between organs from the
same patient were previously shown to
correlate with differences in SSTR expres-
sion (18). However, tissue-to-blood SUV
ratios of [68Ga]Ga-DOTATOC are known
to be a more accurate measure of SSTR
density than SUV (19), and in the present
study, the myocardial-to-blood SUVmax

ratio was a better predictor of AM than
was SUVmax. The lower blood SUVmax

observed in the AM-PET group than in the
Onc-PET group is also likely to enhance
the difference in the myocardial-to-blood
SUVmax ratio between the 2 groups.
The specificity of detecting AM could

be undermined by the frequent observation
of myocardial uptake in somatostatin PET
recordings of common oncology indica-

tions. Such incidental observations were previously found to corre-
late with older patient age, a CAD history, and cardiovascular risk
factors (11). In our large sample of [68Ga]Ga-DOTATOC PET
scans recorded for an oncology indication, we also found a signifi-
cant correlation between age and detection of myocardial uptake,
as well as between a CAD history and the myocardial-to-blood
SUVmax ratio. However, these 2 cardiac PET parameters were pri-
marily associated with ongoing somatostatin antagonist treatment.
Somatostatin analogs were prescribed in up to 37.9% of Onc-PET
group cases, which is in line with their antiproliferative and antise-
cretory action in neuroendocrine tumors.
The myocardial uptake rate was only 12.9% in Onc-PET scans

recorded in patients treated with somatostatin analogs. According
to current recommendations (15), an Onc-PET scan was scheduled
a few days before the monthly administration of somatostatin ago-
nists and thus as long as 4 wk after the last administration. Never-
theless, such long-acting treatments are known to decrease tracer
uptake in somatostatin PET for up to 25 d after their administration
(20), and a primary consequence of this reduced uptake is an appar-
ent increase in blood activity (as shown in the graphical abstract).
The detection rate of significant myocardial uptake was thus

even higher when considering only the population not treated with
somatostatin analogs and specifically the older subgroup of this
cohort (43.4% uptake in the .64-y-old subgroup). This observa-
tion is not fully understood, although it is supported by the general
concept that cardiovascular aging involves an overall increased
level of heart inflammation (21).
Consistent with previous reports (6,22), we also observed myo-

cardial uptake in patients with a history of myocardial infarction
(Fig. 3). The previous observations of SSTR expression in fibro-
blasts could explain the detection of somatostatin PET uptake
within myocardial scars (23,24). However, of the 24 Onc-PET scans
from patients that presented a history of myocardial infarction,
myocardial uptake was documented only in 10 cases. Certain areas
of somatostatin PET uptake could also occur within the atheroscle-
rotic plaques of coronary arteries, as previously reported (25).

FIGURE 1. (A) Spearman correlation coefficients for associations between tissue characterization
parameters provided by PET (myocardial-to-blood SUVmax ratio and myocardial uptake volume) or
MRI (T1, T2, and number of late gadolinium enhancement [LGE] LV segments) and all considered
PET and MRI variables. (B) Relationship between LV ejection fraction and myocardial-to-blood
SUVmax ratio. (C) Relationship between LV ejection fraction and myocardial uptake volume.
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The anterior and anterior-septal segments, located in the basal and
median parts of the LV, exhibited the slightest difference in uptake
rate between the AM-PET and the Onc-PET groups (Fig. 2). How-
ever, this uptake location was previously considered to correspond
to the atheromatous left anterior descending arteries (the PTCA his-
tory patient in Fig. 4). (26).
The main finding of the present study is that AM-PET is best

differentiated from Onc-PET on the basis of the objective quantitative
criteria of uptake intensity and volume—that is, myocardial-to-blood
SUVmax ratio and myocardial uptake volume. These parameters were
strongly interrelated in the present study population (Fig. 1), and
using optimized thresholds, respective sensitivities of 87% and 84%
were achieved. The respective specificities were 88% and 94%
when the Onc-PET group with myocardial uptake was restricted to a
subgroup with clinical characteristics more comparable to those of
the AM group. Patients from this subgroup did not exhibit factors
previously shown to affect myocardial uptake in our Onc-PET popu-
lation, factors that are unlikely to be present in AM patients (.64y
old, somatostatin analog treatment, and history of CAD).

FIGURE 2. (A–C) Comparison of myocardial uptake in AM-PET and Onc-
PET groups in terms of myocardial uptake volume (A), myocardial-to-blood
SUVmax ratio (B), and myocardial uptake detection rate on each of 17 LV
segments (C). Difference in uptake detection rates between AM-PET and
Onc-PET groups is particularly marked (P , 0.001) in inferior and inferior-
lateral segments (columns delimited with dashed red lines) and weaker
(P 5 #0.05) in anterior and anterior-septal segments located in basal and
median parts of LV (columns delimited with dashed blue lines).

FIGURE 3. Receiver operating characteristic curves optimized to differen-
tiate AM-PET group from Onc-PET group on basis of myocardial-to-blood
SUVmax ratio and myocardial uptake volume. According to closest-to-(0,1)
corner approach, we selected thresholds of 2.2 for myocardial-to-blood
SUVmax ratio and 18 cm3 for myocardial uptake volume (arrows).

FIGURE 4. Representative fused PET/CT slices, on 0-to-2.5 SUV scale,
of 41-y-old man in AM-PET group (diffuse and intense LV uptake) and of 3
Onc-PET patients with myocardial uptake: 71-y-old man with history of
inferior myocardial infarction (MI; arrows mark uptake on inferior and infer-
oseptal segments),76-y-old woman with history of percutaneous trans-
luminal angioplasty (PTCA; arrows mark uptake on proximal parts of
anterior and septal walls), and 81-y-old man with no cardiovascular (CV)
history (diffuse LV uptake). Myocardial-to-blood SUVmax ratio was 4.0 in
AM-PET patient and ranged from 2.13 to 2.18 in Onc-PET patients.
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Our results appear to be more satisfactory than those previously
published with [18F]FDG PET for detecting myocarditis (27). This
most likely results from the difficulties of suppressing physiologic
myocardial [18F]FDG uptake, despite diet or fasting. No prepara-
tion is recommended before a cardiac somatostatin PET scan
except the withdrawal of corticosteroid or somatostatin analog
treatment. Finally, the pathologic significance of the myocardial-
to-blood SUVmax ratio and the myocardial uptake volume are
strengthened by our additional observations of inverse associations
with the LV ejection fraction in myocarditis patients (Fig. 1).
Our results need to be confirmed in other populations and require

a dedicated cardiac somatostatin PET recording protocol for control
groups. It would be interesting to determine whether this PET meth-
odology could also detect cardiac sarcoidosis or chronic forms of
myocarditis and to what extent our findings may be extrapolated to
other somatostatin PET tracers, such as [68Ga]Ga-DOTANOC (28).

CONCLUSION

Significant myocardial uptake is observed in up to 26.9% of
somatostatin PET scans recorded for routine oncology indications.
This rate is even higher in the absence of somatostatin agonist
treatments, particularly in older individuals. However, somato-
statin PET scans, analyzed with the objective quantitative criterion
of uptake intensity or volume, are able to identify AM and differ-
entiate it from myocardial uptake of other origins.
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KEY POINTS

QUESTION: What are the parameters associated with the
detection of myocardial uptake on somatostatin PET scans
recorded for routine oncology indications, and what are the PET
criteria for differentiating from AM?

PERTINENT FINDINGS: Myocardial uptake is frequently detected
on oncologic somatostatin PET scans, especially in older patients
not treated with somatostatin analogs, but this uptake is mostly
less extensive and less intense than that observed in AM.

IMPLICATIONS FOR PATIENT CARE: Somatostatin PET
scans, analyzed with the objective quantitative criterion of
uptake intensity or volume, have the potential to diagnose AM
and differentiate it from myocardial uptake of other origins.
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Performing [18F]MFBG Long–Axial-Field-of-View PET/CT
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Meta-[123I]iodobenzylguanidine ([123I]MIBG) scintigraphy with SPECT/
CT is the standard of care for diagnosing and monitoring neuroblas-
toma. Replacing [123I]MIBG with the new PET tracer meta-[18F]fluoro-
benzylguanidine ([18F]MFBG) and further improving sensitivity and
reducing noise in a new long-axial-field-of-view (LAFOV) PET/CT
scanner enable increased image quality and a faster acquisition time,
allowing examinations to be performed without sedation or general
anesthesia (GA). Focusing on feasibility, we present our first experi-
ence with [18F]MFBG LAFOV PET/CT and compare it with [123I]MIBG
scintigraphy plus SPECT/CT for imaging in neuroblastoma in children.
Methods: A pilot of our prospective, single-center study recruited
children with neuroblastoma who were referred for [123I]MIBG scintig-
raphy with SPECT/CT. Within 1 wk of [123I]MIBG scintigraphy and
SPECT/low-dose CT, [18F]MFBG LAFOV PET/ultra–low-dose CT was
performed 1h after injection (1.5–3 MBq/kg) without sedation or GA,
in contrast to the 24-h postinjection interval needed for scanning with
[123I]MIBG, the 2- to 2.5-h acquisition time, and the GA often needed
in children less than 6y old. Based on the spirocyclic iodonium-ylide
precursor, [18F]MFBG was produced in a fully automated good
manufacturing practice–compliant procedure. We present the feasibil-
ity of the study.Results: In the first paired scans of the first 10 children
included (5 at diagnosis, 2 during treatment, 2 during surveillance,
and 1 at relapse), [18F]MFBG PET/CT scan showed a higher number
of radiotracer-avid lesions in 80% of the cases and an equal number of
lesions in 20% of the cases. The SIOPEN score was higher in 50% of
the cases, and the Curie score was higher in 70% of the cases. In par-
ticular, intraspinal, retroperitoneal lymph node, and bone marrow
involvement was diagnosed with much higher precision. None of the
children (median age, 1.6y; range, 0.1–7.9y) had sedation or GA during
the PET procedure, whereas 80% had GA during [123I]MIBG scintigra-
phy with SPECT/CT. A PET acquisition time of only 2min without
motion artifacts was the data requirement of the 10-min acquisition
time for reconstruction to provide a clinically useful image.Conclusion:
This pilot study demonstrates the feasibility of performing [18F]MFBG
LAFOV PET/CT for imaging of neuroblastoma. Further, an
increased number of radiotracer-avid lesions, an increased SIOPEN

score, and an increased Curie score were seen on [18F]MFBG LAFOV
PET/CT compared with [123I]MIBG scintigraphy with SPECT/CT, and
GA and sedation was avoided in all patients. Thus, with a 1-d protocol,
a significantly shorter scan time, a higher sensitivity, and the avoidance
of GA and sedation, [18F]MFBG LAFOV PET/CT shows promise for
future staging and response assessment and may also have a clinical
impact on therapeutic decision-making for children with neuroblastoma.

Key Words: pediatrics; [18F]MFBG; [18F]MFBG LAFOV PET/CT; total-
body PET/CT; neuroblastoma

J Nucl Med 2024; 65:1286–1292
DOI: 10.2967/jnumed.123.267256

Neuroblastoma is the most common extracranial solid tumor
in children, with an overall survival of 70% (1,2). More than 50%
of patients present with distant skeletal or bone marrow involve-
ment or soft-tissue metastases at diagnosis, with an overall survival
of about 50% (1,2). For decades, scanning with the norepinephrine
analog meta-[123I]iodobenzylguanidine ([123I]MIBG) has been part
of the initial staging, response assessment, and follow-up of neuro-
blastoma. The scanning procedure is a 2-d protocol due to a 24-h
tracer uptake period. Sedation or general anesthesia (GA) is often
used because of the lengthy scan time (often .2 h), and thyroid-
protecting medication is necessary (3). PET is a more sensitive
technique than scintigraphy with SPECT/CT; therefore, a shorter
scan time and a higher resolution are possible. Some PET radiotracers
with different molecular targets have been introduced for neuroblas-
toma imaging in the past few years, such as [124I]MIBG, [18F]FDG,
[18F]F-DOPA, and [68Ga]Ga-DOTA peptides, generally identifying a
higher number of lesions on PET scans than on [123I]MIBG scans
(3,4). Meta-[18F]fluorobenzylguanidine ([18F]MFBG) has a molecular
target similar to that of [123I]MIBG but is radiolabeled with 18F
instead of 123I and is therefore different from most of the other PET
tracers. It is furthermore a 1-d protocol without the need for thyroid-
protecting medication (5). Few reports have described the use of
[18F]MFBG PET/CT in neuroblastomas (5–8). Three clinical studies
have yet been published. In the first study of 5 patients with metasta-
sized neuroblastoma, [18F]MFBG showed overall physiologic and
pathologic distributions similar to those of [123I]MIBG, but with
detection of additional lesions on [18F]MFBG PET/CT (5). The
results were confirmed in 20 patients in the second study (6) and in
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40 patients in the third study (7), with paired scans in patients with
neuroblastoma. In these studies, [18F]MFBG PET/CT was performed
with an older-generation Discovery 710 PET/CT scanner (GE Health-
care) (5) and on a digital Vision 600 (Siemens Healthineers) (6) and
Polestar m660 (Medical Supply Professionals) (7) PET/CT scanner.
In our study, we performed [18F]MFBG PET/CT on the new long-
axial-field-of-view (LAFOV) PET/CT scanner without sedation or
GA. The sensitivity of the LAFOV PET/CT scanner is about 10
times higher than that of a digital PET/CT scanner.
We initiated a prospective study to evaluate the diagnostic value

and feasibility of neuroblastoma imaging using [18F]MFBG LAFOV
PET/CT in children compared with [123I]MIBG scintigraphy with
SPECT/CT. This paper presents the preliminary data and feasibility
of the proposed imaging protocol.

MATERIALS AND METHODS

Study Design and Participants
This pilot of our prospective, single-center study was performed at

Rigshospitalet, Copenhagen University Hospital, and was approved by
the local ethics committee (H-21009982; registered at ClinicalTrials.
gov, identifier NCT05826158). We recruited the first 10 pediatric
patients with suggested or confirmed neuroblastoma who were referred
for [123I]MIBG scintigraphy with SPECT/CT as part of their regular
clinical care (suspicion of disease, staging at diagnosis, or any
treatment-response assessment) and their first paired scans. If parents
or caretakers gave written informed consent, [18F]MFBG LAFOV
PET/CT was performed within 1 wk of [123I]MIBG scintigraphy with
SPECT/CT. Exclusion criteria included being age 18y or older and preg-
nancy. The differences in acquisition protocols for [123I]MIBG scintigra-
phy with SPECT/CT in clinical routines compared with [18F]MFBG
LAFOV PET/CT are listed in Table 1.

[18F]MFBG Preparation
[18F]MFBG was synthesized in our department. The radiosynthesis of

[18F]MFBG was fully automated using a Synthera1 high-performance
liquid chromatography synthesis module (IBA Radio Pharma Solutions)
by 18F-fluorination and deprotection of the spirocyclic ylide precursor
(SPIAd-MBG), in compliance with good manufacturing practices (sup-
plemental materials; available at http://jnm.snmjournals.org).

[18F]MFBG LAFOV PET/Ultra–Low-Dose (ULD) CT
Patients received an intravenous injection of [18F]MFBG (1.5–

3 MBq/kg) depending on age, with no minimum activity, and without
any restrictions in food or medication intake before administration of
the radiotracer. Whole-body LAFOV PET/CT was performed on a Bio-
graph Vision Quadra PET/CT scanner (Siemens Healthineers) 1 h after
injection (5). To limit radiation use, an ULD CT image was acquired

with a fixed tube voltage of 100 kVp and a current modulation of
7 mAs using Siemens CareDose. ULD CT was used for attenuation
correction of PET data and large-scale localization. Anatomic localiza-
tion and correlation with CT were performed with low-dose (LD) CT
from the SPECT/CT scan. Whole-body PET was then performed in list
mode in 1–2 fields of view (at 106 cm) for 5–10min per field of view.
From previous experience (8), we estimated that a minimum 2-min
acquisition time without a motion artifact is required to provide images
of clinically acceptable quality with an activity of 3 MBq/kg. The PET
procedure was performed without GA or sedation (Table 2). PET
images were reconstructed using point-spread-function modeling and
time of flight with 4 iterations and 5 subsets, a maximum ring differ-
ence of 85, and a gaussian postprocessing filter of 2mm. The image
matrix was 4403 440, resulting in a 1.65-mm in-plane voxel size. The
PET slice thickness was 2mm, which matched the CT spacing.

Dosimetry estimation was not performed because it is well described
by Pandit-Taskar et al. (5) and Samin et al. (6).

[123I]MIBG Scintigraphy with SPECT/LD CT
Patients were prescribed oral thyroid-protecting medication (potas-

sium iodide for 2 d, starting 1 d before [123I]MIBG injection). Scintig-
raphy images with SPECT/LD CT scans were obtained 24 h after
injection of [123I]MIBG (European Association of Nuclear Medicine
dose calculator: maximum, 200; minimum, 80 MBq) (9) on a Symbia
Intevo 16 Bold SPECT/LD CT scanner (Siemens Healthineers). Planar
(anterior and posterior) whole-body scintigraphy images were acquired
with a 5123 1,024 matrix size, low- and medium-energy collimators,
and a 5 cm/min scan speed. SPECT of the thorax and abdomen and
other areas of interest was acquired with a 1283 128 matrix size, low-
and medium-energy collimators, a 15% wide photopeak window cen-
tered at 159 keV and similarly sized upper and lower scatter windows,
a 20-s acquisition time per view, 64 views per head (90-s views in
2-bed-position tomography), 180 projections in total with step-and-
shoot technique for a single bed position and continuous acquisition
for 2 bed positions, and a noncircular orbit. An LD CT scan was acquired
using 110kV and 25 mAs, depending on the height and weight of the
patient, and 5.0-mm slices. Images were reconstructed using attenuation
correction, triple-energy-window scatter correction, and a 4.0-mm gauss-
ian filter, with Flash 3D (Siemens Healthineers), 8 iterations, 4 subsets,
and S31 median filter smoothing.

Image Analysis
Any [123I]MIBG or [18F]MFBG uptake in bone marrow was regarded

as radiotracer-avid lesions of neuroblastoma, and uptake in the soft tis-
sue, not representing physiological uptake, was regarded as radiotracer-
avid lesions of neuroblastoma. Planar whole-body scintigraphy, SPECT/LD
CT, PET/ULD CT, and maximum-intensity projection images were
assessed visually, while taking morphologic data from both LD CT and

TABLE 1
Acquisition Protocols for [123I]MIBG Scintigraphy with SPECT/CT in Clinical Routine and [18F]MFBG LAFOV PET/CT

Parameter [123I]MIBG scintigraphy with SPECT/CT [18F]MFBG LAFOV PET/CT

Acquisition time #150min* 5–10min

Effective dose of tracer 3.7 mSv 1.7–3.4 mSv

Time from injection to scan 24 h after injection 60min after injection

Protocol length 2 d 1 d

GA or sedation Yes† No

*Dependent on length of child (planar 1 2 SPECT/CT scans).
†GA or sedation needed for children , 6 y old.
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ULD CT scans into account. Two masked readers independently scored
the [18F]MFBG scans, and 2 other masked readers scored the [123I]MIBG
scans for the presence of any pathologic lesions, as the number of
lesions in total were counted and the SIOPEN score and the Curie
score were calculated. Discrepancies between the pairs of readers were
resolved by consensus. All readers were nuclear medicine physicians
with more than 10y of experience in pediatric oncology. The lesions
on the paired [123I]MIBG and [18F]MFBG scans were compared.

Anti-GD2 Staining
Anti-GD2 staining is not the gold standard, but it is a new and more

sensitive method than bone marrow staining, and of all the neuroectoder-
mally derived tumor cell lines and tissues studied by researchers, neuro-
blastoma is the one known to have the highest expression of GD2 (#98%
expression in all neuroblastoma cell lines, so not just a certain biologic
subtype of neuroblastoma cells), estimated at 5–10 million molecules per
cell, making it an obvious biomarker for neuroblastoma (10). In our
study, GD2 staining was used to confirm bone marrow involvement
when the bone marrow staining and [123I]MIBG results were negative
but the [18F]MFBG results were positive.

Statistical Analysis
Continuous data are presented as median with ranges, whereas cate-

goric data are presented as a percentage. A paired-samples t test was
applied to assess the differences between the 2 scan methods. Statisti-
cal analyses were performed using SPSS, version 24.0 (IBM), with
P values of less than 0.05 indicating a significant difference.

RESULTS

[18F]MFBG was synthesized (1,600–3,800 MBq) in an overall
time of 120min, with radiochemical yields of 22% 6 8% (n 5 8).
The radiochemical purity was greater than 98%. The product
remained stable for at least 6 h at activities of up to 9,500 MBq of
[18F]MFBG.
Ten children with a median age of 1.6 y (range, 0.1–7.9 y) under-

went paired [123I]MIBG scintigraphy with SPECT/LD CT and
[18F]MFBG LAFOV PET/ULD CT. Five children were scanned at

the time of diagnosis, 2 during treatment, 2 during off-therapy sur-
veillance, and 1 at verified relapse. The neuroblastoma staging of
the children was at diagnosis: n5 4 stage L2 (low risk), n 5 1 stage
L2 (intermediate risk), n 5 1 stage L2 (high risk/relapse), n 5 2
stage M (high risk), n 5 1 stage M (high risk/relapse), n 5 1 stage
MS, according to the International Neuroblastoma Risk Group Stag-
ing System (Table 3).
None of the children underwent sedation or GA during the

[18F]MFBG LAFOV PET/ULD CT scan, whereas GA was per-
formed in 80% of patients during [123I]MIBG scintigraphy with
SPECT/LD CT. Only 1 of the 10 children did not fall asleep
before or during the [18F]MFBG PET/ULD CT scan and was
talked to through the procedure by the parents. Two of the 10 chil-
dren moved during sleep. All PET acquisitions were performed in
list mode for 5–10min. Depending on the age and the expected
cooperability of the child, 2-min periods with no movements were
identified in these 3 cases and subsequently reconstructed into
images of clinically acceptable quality, as illustrated in Figure 1.
To be able to identify a 2-min period without motion artifacts, we
performed the scans for a longer period than required, as described
previously (8), and the utility of this method was confirmed when
the lesion counts were compared and found to be equal in all

TABLE 2
Procedures for Avoiding GA and Sedation with [18F]MFBG LAFOV PET/CT

Age range Procedure

0–9mo PET/CT planned during nap time

Parents contacted and procedure and preparation explained at least 1–2 d before scheduled scan

Sleep and food deprivation, advised starting 1–2 h before scan

Wrapped, fed, and rested in scanner room

Scanned without GA or sedation with activity of 1.5 MBq/kg

9mo to 3 y PET/CT planned during nap time

Parents contacted and procedure and preparation explained at least 1–2 d before scheduled scan

Sleep and food deprivation, advised starting 1–2 h before scan

Wrapped if possible, light dimmed, fed and rested in scanner room

Scanned without GA or sedation at activity of 3 MBq/kg*

$4 y Parents contacted and preparation explained at least 1–2 d before scan

Food and drink with lower glycemic index to keep child calm offered in tracer uptake period

In scanner room, light is dimmed and story is read by parents or caretakers

Scan performed without GA or sedation at activity of 1.5 MBq/kg

*To be able to reconstruct in only 2min.

TABLE 3
International Neuroblastoma Risk Group Staging System

Stage Definition

L1 Localized tumor without image-defined risk factors
for surgery

L2 Locoregional tumor with image-defined risk factors

M Metastatic

MS Metastatic in infant , 18mo old with metastases
limited to liver, skin, and bone marrow
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10 scans with simulated acquisition times of 2, 5, and 10min. The
mean scan time for [18F]MFBG LAFOV PET/ULD CT (7.7 6
2.6min) was significantly shorter than that for [123I]MIBG scintigra-
phy with SPECT/LD CT (76.36 17.8min) (P, 0.01). The effective
dose from CT was, on average, 0.39 mSv (range, 0.36–0.43 mSv) for
ULD CT (whole body including the legs) as part of the [18F]MFBG
PET/CT scan and 1.27 mSv (range, 1.16–2.08 mSv) for LD CT
(whole body including the mid thigh) as part of the [123I]MIBG
SPECT/CT scan. Individual data are available in Supplemental
Table 1.

The physiologic uptake observed for
[18F]MFBG LAFOV PET/ULD CT was
similar to the well-known uptake pattern
for [123I]MIBG scintigraphy (3), such as in
the urinary tract, salivary glands, liver,
heart wall, adrenal glands, intestines, pan-
creas, and brown fat; however, uptake in
the brown fat, the lacrimal glands, and
the pancreas can be more prominent in
[18F]MFBG LAFOV PET/ULD CT than in
[123I]MIBG scintigraphy. We also observed
physiologic uptake, also seen on follow-up,
in the pineal gland (Fig. 2A) in 2 of 10
children when the images were coregis-
tered with MR images (MRI performed
for other clinical purposes), as well as dis-
crete physiologic uptake in the pituitary
gland (Fig. 2B) in all children. The SUV
in structures (SUVstructure) with physiologic
uptake and the SUV ratio (SUVstructure/

SUVliver) as the average for [
18F]MFBG in all 10 patients are shown

in Table 4.
Compared with [123I]MIBG scintigraphy with SPECT/LD CT,

[18F]MFBG LAFOV PET/ULD CT showed a higher number of
radiotracer-avid lesions in 80% of the cases and an equal number
in 20% when lesions were counted in the scans. In particular,
intraspinal, retroperitoneal lymph node, and bone marrow involve-
ment was diagnosed with much higher precision in [18F]MFBG
LAFOV PET/ULD CT than in [123I]MIBG scintigraphy with
SPECT/LD CT (Figs. 3A and 3B). Further, in cases of equivocal
[123I]MIBG findings, for example, if [123I]MIBG scintigraphy with
SPECT/LD CT showed suspicion of involvement at these sites, it
was diagnosed on [18F]MFBG LAFOV PET/ULD CT with a
greater diagnostic confidence because of the increased spatial reso-
lution and improved target-to-nontarget contrast of LAFOV
PET/CT. When SIOPEN and Curie scores were analyzed and com-
pared, the SIOPEN score was higher in 50% of the cases and the
Curie score was higher in 70% of the cases (Table 5).

FIGURE 1. PET images obtained in list mode in 30-s increments, excluding periods of motion arti-
facts in reconstruction of images.

Sagittal Axial
[18F]mFBG PET/MRI-scanning of cerebrum showing uptake in the pineal gland
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Sagittal Axial
[18F]mFBG PET/MRI-scanning of cerebrum showing uptake in the pituitary gland

P

B

FIGURE 2. Sagittal and axial view of tracer uptake in pineal gland
(arrows, A) and pituitary gland (arrows, B) seen on [18F]MFBG LAFOV
PET/MRI. A5 anterior; P5 posterior.

TABLE 4
SUV of Structures with Physiologic Uptake in [18F]MFBG

PET Scanning

Structure SUV Ratio with liver SUV

Pituitary gland 1.1 (0.4–2.6) 0.3 (0.2–0.9)

Pineal gland 0.7 (0.2–2.1) 0.2 (0.0–0.4)

Lacrimal glands 3.3 (0.8–6.5) 0.9 (0.6–1.3)

Parotid glands 6.4 (3.0–10.6) 2.6 (1.0–4.4)

Submandibular glands 8.4 (4.1–13.1) 2.8 (1.3–5.6)

Thyroid gland 5.0 (1.3–9.9) 1.4 (0.9–2.0)

Heart 6.4 (3.2–9.0) 1.8 (1.1–2.0)

Intestines 2.1 (1.0–2.5) 0.6 (0.5–0.7)

Brown fat 1.6 (1.5–1.7) 0.4 (0.4–0.5)

Pancreas 4.2 (1.0–6.6) 1.2 (0.7–1.8)

Liver 4.0 (3.7–4.9)

Data are average and range.
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DISCUSSION

To the best of our knowledge, this is the first demonstration
of the feasibility of using [18F]MFBG LAFOV PET/ULD CT for
imaging of neuroblastoma in children. We have presented the
results of paired [123I]MIBG and [18F]MFBG scans of the first 10
children who were included in our prospective study. [18F]MFBG
PET/ULD CT scans can be performed without sedation or GA in
the most critical age group of 0–4 y because of the possibility of
obtaining high-quality PET images, despite short acquisition time,
because of the high sensitivity of the LAFOV PET/CT scanner.
We also showed the feasibility of producing tracers in our

chemistry laboratory (11–16). These details are provided in the
supplemental materials.
None of the children had GA or sedation during the PET/ULD CT

scanning procedure. This study demonstrates that close collaboration

with the parents before arrival at the clinic
and during the procedure, along with priori-
tizing space with extended time slots on the
scanner, can create a calm atmosphere so that
GA and sedation can be avoided. Samim et al.
(6) reduced use of GA and sedation to 10%
(n 5 20; median age, 4.9 y) because of the
shorter scan time, but they were not able to
avoid the use of GA or sedation in all
patients (the median age in our study was
1.6 y). It might be more difficult to perform
PET with diagnostic CT with intravenous
contrast, because injection of the intravenous
contrast could potentially wake up the sleep-
ing child.
Regarding physiologic uptake, we expe-

rienced the same pitfalls for [18F]MFBG as
for [123I]MIBG. This is in accordance with
the 3 studies on [18F]MFBG PET/CT per-
formed on the older-generation PET/CT (5)
and digital PET/CT scanners (6,7). In addi-
tion, we found discrete uptake in the pituitary
gland and, in some children, also in the
pineal gland on [18F]MFBG PET/CT, which
was not reported earlier. This is most likely
due to the increased sensitivity and resolution
of LAFOV PET/CT. As both the posterior
pituitary gland and the pineal gland are
outside the blood–brain barrier (17), this
suggests that, as with [123I]MIBG (17),
[18F]MFBG does not seem to cross the
blood–brain barrier; however, this needs
to be further explored in future studies.
We also found that the radiotracer uptake in
the pancreas, lacrimal glands, and brown fat
may be markedly increased on [18F]MFBG
PET/CT compared with [123I]MIBG scintig-
raphy with SPECT/CT.
Compared with [123I]MIBG scintigraphy

with SPECT/LD CT, [18F]MFBG LAFOV
PET/ULD CT detected more lesions in
80% of the cases and detected an equal
number of lesions in the remaining 20%
of the patients. This finding suggests that
replacing [123I]MIBG SPECT/LD CT with
[18F]MFBG PET/ULD CT will result in

higher scores in a significant number of neuroblastoma patients
if using either the North American Curie score or the European
SIOPEN score (3). In our study, the SIOPEN score was higher
in 50% of patients and the Curie score was higher in 70%
of patients. Thus, it is important to explore this observation
further, as well as to explore the clinical impact in larger studies
and consider the potential impact on initial diagnosis, treatment
decision-making, treatment-response assessment, and off-therapy
surveillance.
It is difficult to define a gold standard, but since [123I]MIBG

and [18F]MFBG are the same molecule, differing only in radiola-
bel (123I and 18F, respectively), it is assumed that the increased
number of lesions detected when applying the latter radiotracer are
true positives found as a result of the increased sensitivity and res-
olution on PET imaging. We performed the more sensitive GD2

[123I]mIBG scintigraphy (planar) [123I]mIBG SPECT/CT

[18F]mFBG PET/CT[18F]mFBG PET (MIP)

Sagittal Fused transaxialFused sagittal

A
5

0
SUV

27,949

0
kCnts

A

A

R

R

A

A

R

R

MIP

MIP* [123I]mIBG-scintigraphy with SPECT/CT performed at referring department

[123I]mIBG SPECT/LDCT

[18F]mFBG LAFOV PET/ULDCT

Fused transaxialFused transaxial [123I]mIBG SPECT/LDCT

[18F]mFBG LAFOV PET/ULDCT

B
5

0
SUV

D
at

a
no

ta
va

ila
bl

e*

FIGURE 3. (A) [18F]MFBG LAFOV PET/ULD CT (top) and [123I]MIBG scintigraphy with SPECT/LD
CT images (bottom) of 7-wk-old girl with neuroblastoma. [18F]MFBG image shows intraspinal and
bone marrow involvement not seen on [123I]MIBG image. [18F]MFBG PET/ULD CT image shows
uptake in tumor in right hemithorax with intraspinal involvement with direct extension into neural
foramina and spinal canal between thoracic vertebrae 4/5 and 5/6 (top red arrow), several liver
lesions (middle red arrow), and in bone marrow of right tibia (bottom red arrow). [123I]MIBG scintigra-
phy with SPECT/LD CT image shows only large thoracic tumor (top purple arrow) and liver metasta-
ses (bottom purple arrow). Spinal involvement and bone marrow involvement could not be identified
on [123I]MIBG scintigraphy with SPECT/LD CT. (B) [18F]MFBG LAFOV PET/ULD CT and [123I]MIBG
scintigraphy with SPECT/LD CT images of 6-y-old girl with paravertebral relapse of neuroblastoma
stage IV in left adrenal gland without N-Myc gene amplification. [18F]MFBG image shows lymph
node involvement not seen on [123I]MIBG image. [18F]MFBG PET/ULD CT postoperative image, after
resection of paravertebral relapse, shows uptake in left-side cervical lymph node (top left red
arrows) and 2 retroperitoneal lymph nodes (top right red arrows), not identified on [123I]MIBG scintig-
raphy with SPECT/LD CT. A5 anterior; MIP5 maximum-intensity projection.
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antigen tests in some of the patients with bone marrow lesions
seen only on [18F]MFBG PET/ULD CT and with negative
results on bone marrow aspiration. In all cases, GD2 antigen testing
confirmed the uptake in the bone marrow seen on the [18F]MFBG
scan.

CONCLUSION

The clinical benefit of [18F]MFBG LAFOV PET/ULD CT com-
pared with [123I]MIBG scintigraphy with SPECT/LD CT is that it
is a 1-d protocol, has a much shorter scan time, and avoids the
need for GA and sedation in most patients with neuroblastoma.
Preliminary results demonstrate that in most patients, more neu-
roblastoma lesions were detected on [18F]MFBG LAFOV PET/
ULD CT than on [123I]MIBG scintigraphy with SPECT/LD CT,
with increased SIOPEN and Curie scores in 50% and 70% of cases,
respectively. [18F]MFBG LAFOV PET/ULD CT shows promise
for future staging and response assessment in children with neu-
roblastoma. The impact on staging, treatment decision-making,
treatment-response assessment, and off-therapy surveillance remains
to be explored.
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KEY POINTS

QUESTION: Is [18F]MFBG LAFOV PET/CT feasible in a clinical
setting, and do we see more lesions on [18F]MFBG LAFOV
PET/CT than on [123I]MIBG scintigraphy with SPECT/LD CT?

PERTINENT FINDINGS: This study included 10 patients in our
prospective study to compare [18F]MFBG LAFOV PET/CT with
[123I]MIBG scintigraphy with SPECT/LD CT in children with
neuroblastoma. In total, 80% of [18F]MFBG LAFOV PET/CT
studies showed more lesions than did studies acquired using
[123I]MIBG scintigraphy with SPECT/LD CT, and 20% showed the
same number of lesions and with increased SIOPEN and Curie
scores in 50% and 70%, respectively. [18F]MFBG LAFOV PET/CT
could be performed without sedation or GA in all patients.

IMPLICATIONS FOR PATIENT CARE: The clinical benefit of
[18F]MFBG LAFOV PET/ULD CT compared with [123I]MIBG
scintigraphy with SPECT/LD CT is that it is a 1-d protocol, has a
much shorter scan time, and avoids the need for GA and sedation
in most patients with neuroblastoma. The influence of this result
for clinical decision-making seems promising.
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Despite the recent advances in understanding the mechanisms of
olfaction, no tools are currently available to noninvasively identify loss
of smell. Because of the substantial increase in patients presenting
with coronavirus disease 2019–related loss of smell, the pandemic
has highlighted the urgent need to develop quantitative methods.
Methods:Our group investigated the use of a novel fluorescent probe
named Tsp1a-IR800P as a tool to diagnose loss of smell. Tsp1a-
IR800P targets sodium channel 1.7, which plays a critical role in olfac-
tion by aiding the signal propagation to the olfactory bulb. Results:
Intuitively, we have identified that conditions leading to loss of smell,
including chronic inflammation and coronavirus disease 2019, corre-
late with the downregulation of sodium channel 1.7 expression in the
olfactory epithelium, both at the transcript and at the protein levels.
We demonstrated that lower Tsp1a-IR800P fluorescence emissions
significantly correlate with loss of smell in live animals—thus repre-
senting a potential tool for its semiquantitative assessment. Currently
available methods rely on delayed subjective behavioral studies.
Conclusion: This method could aid in significantly improving preclini-
cal and clinical studies by providing a way to objectively diagnose loss
of smell and therefore aid the development of therapeutic interventions.

Key Words: optical; anosmia; COVID-19; fluorescence imaging;
olfaction; smell
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Olfaction (sense of smell) is crucial for the survival of most
animals, including humans, attributed to its vital transfer of infor-
mation about the food and environment, which instinctively serves
as a tool for inter- and intraspecies communication (1). Over
the past 3 y, mostly as a result of the coronavirus disease 2019
(COVID-19) pandemic, loss of smell (anosmia) has captured the
attention not only of the scientific community but also of the gen-
eral public and has highlighted the need for a deeper mechanistic
understanding of this sense. Most importantly, the lack of rapid
assessments has exposed the need for objective tools to assess
anosmia (2,3). It is estimated that about 13.3 million adults in the
United States have a vast range of smell disorders and that 3.4 mil-
lion endure severe hyposmia or complete anosmia (4). These stud-
ies were performed before the COVID-19 virus pandemic and
therefore severely underestimate people currently with smell disor-
ders (5–7).
Despite the fundamental importance of the sense of smell in the

quality of life and the high prevalence of anosmia, no quantitative
method to assess the perception of smell is currently available
either clinically or for use in human or research animal settings. In
humans, the perception of smell is subjectively reported and regis-
tered as a nonindependent measure. In animals, we rely on behav-
ioral studies, such as the buried-food test, which measures time to
find food as negatively correlated with the sense of smell (8).
These tests not only are challenging to perform but also are indi-
rect and highly subjective. Developing new diagnostic methods is,
therefore, a clinical and scientific need.
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Voltage-gated sodium channels (ranging from NaV1.1 to NaV1.9)
are crucial in neurotransmission and aid in the propagation of an
action potential, and therefore neurologic impulses, along the nerve
bundles. NaV1.7 is encoded by the SCN9A gene and is expressed
predominantly in the peripheral sensory neurons. Its dysfunction has
been correlated with impaired olfaction (9,10). It is highly expressed
in the axons of human olfactory sensory neurons (OSNs), where it
plays a critical role in transmitting olfactory cues provided by olfac-
tory receptor activation to higher-order neurons in the brain (10).
Dysfunction of NaV1.7, originating from mutations in the SCN9A
gene or loss of NaV1.7 channels at the level of the olfactory bulb
and olfactory epithelium, results in smell disorders (10). The pres-
ence of NaV1.7 in the superficial layer of the olfactory epithelium
presents an unprecedented opportunity to develop optic probes that
can noninvasively image the expression of NaV1.7. By objectively
measuring changes in NaV1.7 expression in the olfactory epithelium,
we can potentially identify smell disorders immediately.
Taking advantage of a potent and exquisite Hsp1a peptide (Sup-

plemental Fig. 1; supplemental materials are available at http://
jnm.snmjournals.org), which was isolated from a Peruvian taran-
tula and targets solely NaV1.7 (11–13), our group has previously
developed fluorescent and PET imaging agents that can aid visual-
ization of peripheral nerves in vivo without any side effects (12–15).
For this work, amenable Tsp1a-Pra0 was derived from Hsp1a and
was the starting compound for Tsp1a-IR800P (Supplemental Fig. 1).
A fluorescent peptide is used to demarcate olfactory epithelium and
NaV1.7 changes triggered by inflammation. As a model for smell
disorders (allergy, viral infection, etc.), we have used methimazole
injections to induce inflammation in the nasal cavity (16). After intra-
peritoneal methimazole administration, various cell types in the olfac-
tory epithelium, including OSNs and sustentacular cells, exhibit
swollen organelles within 4h, which is subsequently followed by
detachment of cells from the basal lamina. In the current article, we
establish a robust correlation between anosmia resulting from methi-
mazole treatment or COVID-19 and a decrease in NaV1.7 expression
in the superficial layer of the olfactory epithelium of mice, hamsters,
primates, and humans, and we demonstrate the utility of NaV1.7-
targeted fluorescent Tsp1a peptides in detecting the changes in
NaV1.7 expression in OSNs. Our findings suggest that our fluorescent
Tsp1a peptide has the potential to serve as a noninvasive imaging
tool for detecting loss of smell.

MATERIALS AND METHODS

General
Acetonitrile of high-performance liquid chromatography (HPLC)

grade and liquid chromatography–mass spectrometry grade was pur-
chased from Fisher Scientific. Water (.18.2 MVcm21) was obtained
from an AlphaQ Ultrapure water system. Reverse-phase HPLC purifi-
cations were performed on a Shimadzu HPLC system equipped with a
DGU-20A degasser, an SPD-M20A ultraviolet detector, an LC-20AB
pump system, and a CBM-20A communication bus module using a
reverse-phase HPLC column (Atlantis T3 C18, 5 mm, 4.6 3 250 mm,
Waters product number 186003748). Regarding the HPLC solvents,
buffer A was H2O plus 0.1% trifluoroacetic acid, and buffer B was
acetonitrile plus 0.1% trifluoroacetic acid. HPLC purification and anal-
ysis were performed at a flow rate of 1 mL/min with a gradient of
5%–95% B for 60 min. Electrospray ionization mass spectroscopy
spectra were recorded on a Waters Aquity ultra-performance liquid
chromatograph with an electrospray ionization single-quadrupole
detector. Compounds were lyophilized on a Labconco FreeZone 2.5
plus. The concentration of Tsp1a-IR800P was determined by measuring

the absorbance. Details are provided in Supplemental Figure 1. Regard-
ing the solvents for the mobile phase for the liquid chromatography–
mass spectrometry, buffer A was H2O plus 0.05% formic acid, and
buffer B was acetonitrile plus 0.05% formic acid. The liquid chroma-
tography–mass spectrometry analysis was performed at a flow rate of 1
mL/min with a gradient of 5%–95% B for 15 min.

Synthesis of Tsp1a-Pra0 and Fluorescent Tsp1a-IR800P
On the basis of our previous success with the Hsp1a peptide, we

prepared a synthetic version named Tsp1a that incorporates a propar-
gylglycine at the N terminus (Tsp1a-Pra0) to facilitate the click chem-
istry, following protocols similar to what has been reported before
(12–14). Our Tsp1a—which features a propargylglycine—was used to
conjugate the peptide to IR800 azide via copper-catalyzed click chem-
istry to afford Tsp1a-IR800P. IR800cw azide dye (50 mg, 44 nmol,
LI-COR BioSciences product number 929-60000, in 50 mL of acetoni-
trile) was conjugated to Tsp1a-Pra0 (propargylglycine modified at the
N terminus) peptide (0.72 mM, 250 mg in 100 mL of H2O) in a buffer.
The Tsp1a-Pra0 peptide was diluted with an aqueous Tris-buffered
solution (25 mM, pH 7.4); further, L-ascorbic acid in H2O (50 mM),
CuSO4 solution in H2O (50 mM), and IR800cw azide (50 mg, 44
nmol) were added to the reaction mixture. The reaction mixture was
stirred at room temperature in the dark for 4 h. The crude mixture was
purified via reverse-phase HPLC, fractions containing the product were
pooled and lyophilized, and pure Tsp1a-IR800P was obtained as a blue
solid (44 mg, 10 nmol; 26% yield). The final HPLC analysis for the
Tsp1a-IR800P showed 96% purity after the isolation. On liquid
chromatography–mass spectrometry (electrospray ionization–positive),
the mass-to-charge ratio for Tsp1a-IR800P was successful and showed
ions corresponding to the calculated mass of Tsp1a-IR800P. The calcu-
lated mass of Tsp1a-IR800P was 4,682.87 for (3H)C207H293N48O57S10
and 1,563.03 for (3H)C207H293N48O57S10 [M13H]31, the found mass
was 1,564.11 for C207H293N48O57S10 [M13H]31, the calculated mass
was 1,172.20 for (3H)C207H293N48O57S10 [M14H]41, and the found
mass was 1,173.02 for C207H293N48O57S10 [M14H]41. The HPLC
retention time for the Tsp1a-IR800P was 21.7 min (Rt 5 21.7 min).

Animal Work
All animal care and procedures were approved by the Animal Care

and Use Committees of Memorial Sloan Kettering Cancer Center.

Mouse Experiments
Hsd:athymic female mice (Nude-Foxn1nu, 6–8 wk old) were acquired

from Jackson Laboratory. We first assessed the possibility of visualizing
the olfactory nerve in normosmic mice using Tsp1a-IR800P. Nine mice
were divided into 3 groups: experimental, control, and blocking. The
experimental group was intravenously injected with Tsp1a-IR800P
(1 nmol in 100 mL of phosphate-buffered saline [PBS]), the control
group was injected with 100 mL of PBS, and the blocking group was
injected with a combination of Tsp1a-IR800P and unmodified Tsp1a-
Pra0 (1 nmol of Tsp1a-IR800P plus 5 nmol of Tsp1a-Pra0 to form the
blocking agent in 100 mL of PBS). Epifluorescence images were
acquired 3 min after injection.

Fluorescence Imaging of Mice
Fluorescence imaging was performed to identify fluorescence emit-

ted by olfactory epithelium after injection of the compound. All mice
were anesthetized using an intraperitoneal injection of a cocktail of
90 mg of ketamine and 10 mg of xylazine per kilogram, and in vivo
epifluorescence images were obtained using an IVIS Spectrum imag-
ing system (PerkinElmer) with filters set for 745-nm excitation and
800-, 820-, 840-nm emission. The animals were euthanized using CO2

asphyxiation, and olfactory nerve/bulb, muscle, heart, spleen, kidney,
and liver were removed and imaged ex vivo using the IVIS Spectrum
system. Autofluorescence was removed through spectral unmixing.
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Semiquantitative analysis of the Tsp1a-IR800P signal was conducted
by measuring the average radiant efficiency (in units of [p/s/cm2/sr]/
[mW/cm2]) in regions of interest that were placed on the region of the
olfactory bulb and nerve. Radiant efficiency was calculated using the
following formula: radiant efficiency (p/s/cm2/sr)/(mW/cm2) 5 flux
(photons/s)/excitation power (mW). Flux is the total photon flux emit-
ted by the sample, which can be determined from the emission images.
Excitation power is the power of the excitation light used for imaging.

Regarding mice infected with severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), the protocol has been described by
Ordonez et al. (17). The supplemental materials provide details.

Olfactory Ablation (Animal Model for Smell Disorders)
Methimazole treatment was performed to ablate the olfactory nerve

as described by Bergman et al. (18). Mice were injected with methi-
mazole dissolved in 0.9% saline (50 mg/kg of body weight) via intra-
peritoneal administration on days 0 and 3 from the start of treatment.
In vivo, fluorescence imaging was performed on day 8. For this part of
the experiment, we used 3 groups of mice, a group treated with methi-
mazole (n 5 3, 1 nmol in 100 mL of PBS), a normosmic group (n 5 3,
1 nmol in 100 mL of PBS), and a blocking group (n 5 3, normosmic
mice injected with blocking agent in 100 mL of PBS). After imaging, all
mice were euthanized, and organs of interest were dissected. Epifluores-
cence images were acquired 3 min after injection.

Behavioral Experiment
The buried-food test was performed to prove the sense of smell

impairment in olfactory-ablated mice. The buried-food test was per-
formed as previously described (8). The supplemental materials provide
more details.

Dissection of Olfactory Bulb and Epithelium in Mice
Mouse olfactory bulb and epithelium were dissected to confirm our

findings of the in vivo fluorescent experiments. Mice were anesthe-
tized with ketamine and xylazine (100 and 20 mg/g of body weight,
respectively) and perfused transcardially with 0.1 M phosphate buffer
followed by a phosphate buffer fixative containing 4% paraformalde-
hyde as described by Lin et al. (19). The dissection was divided into 2
components: removal of the brain from the body and removal of the
skin and lower jaw. Under 32 loupe magnification, we removed the
hard palate and the bones covering the brain, keeping nasal bones in
place. The head was fixed in 4% paraformaldehyde overnight. Tissues
were further processed, decalcified, and paraffin-embedded using a
standard protocol (20).

Nonmouse Animal Experiments
Hamsters. The protocol for hamsters has been described by Zaz-

hytska et al. (3). The supplemental materials provide details.
Nonhuman Primates (NHPs). Three NHPs (Chlorocebus aethiops

[2 male and 1 female]) aged 5–8 y old were acquired from Worldwide
Primates Inc. and allowed to acclimate in the vivarium for 3 mo. The
animals were intravenously injected (brachial vein) with Tsp1a-
IR800P (200 mg/kg in 5 mL of 0.9% saline) and euthanized after 120
min using an intravenous barbiturate overdose (pentobarbital $ 150
mg/kg). Tissues of the olfactory epithelium, olfactory bulb, muscle,
and frontal lobes of the brain were isolated and resected during nec-
ropsy. The tissues were further fixed in 4% paraformaldehyde for 12 h
and imaged using the Quest imaging system.

Fluorescence Imaging of NHP Tissues Using Clinically
Available Fluorescent Camera

After intravenous injection of Tsp1a-IR800P, the animals were
euthanized (using an intravenous barbiturate overdose) and tissues
including olfactory epithelium, olfactory bulb, muscles, and brain
were harvested. To image those tissues, we used a fluorescent camera

that is clinically available (Quest Medical Imaging). The tissues were
placed on top of nonreflective black paper to minimize reflection. The
camera of the Quest near-infrared (NIR) imaging system was fixated
15 cm above the tissues. We used the same settings that are normally
used for a typical imaging procedure (30-ms exposure time, 100%
excitation power, and 25.5-dB gain, at 24 frames per second). Analy-
sis and quantifications were performed on the QIFS research tool
(Quest Medical Imaging). Regions of interest were drawn on the dis-
sected tissues to determine differences.

Methods Used to Work on Dissected Tissues
Immunohistochemistry and Quantification of NaV1.7 Expres-

sion. NaV1.7 staining was performed by the Molecular Cytology
Core Facility of the Memorial Sloan Kettering Cancer Center using a
Discovery XT processor (Ventana Medical Systems), according to our
previously described protocol using anti-NaV1.7 antibody (N68/6;
NeuroMab) that binds to both human and mouse NaV1.7 (0.5 mg/mL)
(12). NaV1.7 quantification was performed on digitalized slides. The
supplemental materials provide details.
Hematoxylin and Eosin Staining. We used a standard staining pro-

cedure. In short, tissue sections were deparaffinized in xylene and
rehydrated through ethanol solutions. Hematoxylin was applied to
stain nuclei, and after differentiation, eosin was used to stain cyto-
plasm. The slides were dehydrated with ascending ethanol concentra-
tions, cleared with xylene, and mounted with a medium. After drying,
the slides were examined under a microscope to visualize tissue struc-
ture and morphology.

Obtaining Human Cadaveric Specimens
This study, conducted at Columbia University Irving Medical Cen-

ter, involved 25 patients who had been previously diagnosed with
COVID-19 by SARS-CoV-2 reverse transcription polymerase chain
reaction analysis and underwent full-body autopsy. The study was
approved by the Ethics and Institutional Review Board of Columbia
University Medical Center (approvals AAAT0689 and AAAS7370).
The supplemental materials provide details.

Statistical Analysis
Statistical analysis of NaV1.7 expression was performed using R

version 3.6.3 (R Core Team) and Prism 9 (GraphPad Software). The
Student t test was used to compare NaV1.7 expression (ratio of Nav1.7
expression to total tissue area) and the fluorescent intensity difference
between different groups of mice. A normal distribution of the vari-
ables was confirmed using the Shapiro–Wilk test. The Pearson correla-
tion coefficient was used to examine the correlation between the time
on the buried-food test and radiant efficiency. Results with a P value
equal to or lower than 0.05 were considered statistically significant.
Data points represent mean values, and error bars represent SD.

RESULTS

NaV1.7 Is Abundantly Expressed in Region of Olfactory
Epithelium and Bulb (ROEB) of Normosmic Mice
We isolated and dissected olfactory bulb and epithelium regions

from normosmic nude mice and used immunohistochemistry
(hematoxylin and eosin and anti-NaV1.7 antibody staining) to
identify areas of high NaV1.7 expression. Consistent with previous
reports (9,10), we found that NaV1.7 is moderately expressed in
layers of primary OSNs and highly expressed in olfactory nerve
bundles located in the lamina propria, including all the paths
toward the olfactory bulb (Figs. 1A and 1B). The olfactory bulbs
abundantly express NaV1.7 in peripheral areas, which correspond
to the olfactory nerve layer. The glomerular layer, a layer deeper
to the olfactory nerve layer, corresponds to terminal synapses of
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OSN axons, with the dendrites of mitral and tufted cells lightly
stained for NaV1.7 (Fig. 1B).

NaV1.7 Expression Is Downregulated in Chemically Induced
Anosmia and COVID-19–Infected Mice
Our immunohistochemistry data suggest that the expression of

NaV1.7 was significantly diminished after olfactory ablation using
methimazole and in SARS-CoV-2–infected mice (Figs. 2A–2E). Of
the total tissue area in the olfactory epithelium of normosmic mice,
15.7% (60.83%) was positive for NaV1.7 expression, compared

with 8.5% (60.94%) in mice that had their olfactory sense ablated
by methimazole and 9.7% (61.2%) in mice infected with SARS-
CoV-2 (Fig. 2D, P # 0.01). The olfactory nerve layer of the olfac-
tory bulb also showed a decrease in NaV1.7 expression in both
olfactory-ablated and SARS-CoV-2 infected mice (Fig. 2E). Nor-
mosmic mice have a 25.4% (62.4%) positive NaV1.7 area com-
pared with 11.8% (61.7%) in ablated and 15.4% (60.9%) in
SARS-CoV-2–infected mice (Fig. 2E).

RNA Sequencing Reveals Temporal Downregulation of SCN9A
Gene Expression in OSN Cells from Hamsters Infected with
SARS-CoV-2 and Correlates with Loss and Gain of Olfactory
Function
We performed bulk and single-cell RNA sequencing of SARS-

CoV-2–infected and mock hamsters’ olfactory epithelium tissues
at 1, 3, and 10 d after infection. For single-cell RNA sequencing,
we analyzed 68,951 cells and identified 13 cell subtypes using previ-
ously described markers (21). SCN9A was expressed predominantly
in OSNs and olfactory glia, with minimal to zero expression in other
cell subtypes in the olfactory epithelium. In SARS-CoV-2–infected
hamsters, we observed a 3-fold drop in expression of the SCN9A
gene transcripts in OSNs at 3 d after infection and full recovery of
expression at 10 d after infection with bulk RNA sequencing analysis
(P , 0.001). These changes in SCN9A transcripts can be followed
on Uniform Manifold Approximation and Projection for Dimension
Reduction clustering maps that show temporal downregulation of
SCN9A. At 3 d after infection, the transcript levels were significantly
diminished compared with the control and first day after infection,
and at 10 d after infection, they were restored to preinfection levels,
as is clearly visible in the figures (Figs. 3A and 3B; Supplemental
Fig. 2A).

SARS-CoV-2 Infection Induces Downregulation of SCN9A
Gene in Human OSN
To verify whether changes in SCN9A expression in ROEB

observed in COVID-19–infected mice and hamsters were also
observed in humans, we tested the NaV1.7 expression in the OSNs
of cadavers. The region of the cribriform plate, located at the roof
of the nasal cavity, in 23 human cadavers—18 COVID-19–
infected and 5 controls—was dissected. This region has a high
density of mature OSNs and therefore is suitable for the experi-
mental plan. We then performed bulk RNA sequencing of olfac-
tory epithelium tissues from the resected specimens. Cadavers
were donated from patients of different sexes (9 male and 14
female), with the median age of patients being 73 y (interquartile
range, 65–78 y), representing a variety of infection durations, hos-
pital stays, treatments, and postmortem intervals. We have previ-
ously demonstrated that despite different postmortem times for
collecting the samples, only a minimal influence on the cellular
constitution of tissues and immune cells in the olfactory epithe-
lium of humans could be observed (3). Therefore, we extrapolated
this for the NaV1.7 expression. SARS-CoV-2 was detected in all
positive olfactory epithelium tissues with variations in the viral
load (3). SCN9A gene expression is 4-fold lower in SARS-CoV-
2–infected olfactory epithelium tissue samples than in healthy con-
trols (P , 0.001) (Fig. 3C; Supplemental Fig. 2B).

NaV1.7 Expression in ROEB of Healthy Mice Can Be Imaged
Using Tsp1a-IR800P
Using a widely available IVIS Spectrum imaging system, we

could clearly visualize NaV1.7 expression in mouse ROEB using
fluorescence imaging without the need for any surgical intervention.

FIGURE 1. Histologic slides of olfactory bulb and olfactory epithelium of
normosmic mice. (A) Hematoxylin and eosin staining. (B) NaV1.7 immuno-
histochemistry. H&E 5 hematoxylin and eosin; IHC5 immunohistochemis-
try; ON5 olfactory nerve bundles; ONL5 olfactory nerve layer.

FIGURE 2. Histologic slides of olfactory bulb and olfactory epithelium of
mice with olfactory ablation using methimazole and mouse infected with
COVID-19. (A) Immunohistochemistry slide of mouse after olfactory abla-
tion. (B) Immunohistochemistry slide of olfactory tissue with IgG isotype
primary antibody, as control for possible unspecific binding. (C) Immuno-
histochemistry slides of mouse with SARS-CoV-2 infection. (D) Quantifica-
tion of NaV1.7 expression in olfactory epithelium of 3 mouse groups. (E)
Quantification of NaV1.7 expression in olfactory bulb of 3 mouse groups.
** P # 0.01. *** P # 0.001. IHC 5 immunohistochemistry; ON 5 olfactory
nerve bundles; ONL5 olfactory nerve layer.
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Excitation was set to 745 nm, and emission was set to 800, 820, and
840 nm. We designed our probe to have these features because there
is minimal background at these wavelengths, thus providing a
highly specific signal. Because of the superficial expression of
NaV1.7 in the mouse ROEB, we were able to obtain images of the
mice without the need to expose the olfactory epithelium. Epifluor-
escence in vivo images in mice receiving intravenous injection with
the imaging agent Tsp1a-IR800P generated high contrast between
the ROEB and its surrounding regions. The radiant efficiency was
significantly less in both mice injected with PBS and mice injected
with the unmodified peptide (blocking agent) in combination with
the imaging agent (Figs. 4A and 4B). We observed a 150-fold
([5.96 3.4] 3 108 vs. [3.96 1.9] 3 106 [p/s/cm2/sr]/[mW/cm2],
P , 0.0001) increase in radiant efficiency compared with mice
injected with PBS. To demonstrate specificity, we coadministered
our imaging probe with a non–fluorophore-labeled Tsp1a and
observed a 61-fold decrease in signal emanating from the mouse
olfactory epithelium.

Tsp1a-IR800P Can Differentiate Healthy from Anosmic Mice
Through Its Fluorescence Emission
The group of mice that were treated with methimazole, widely

known to cause damage to the olfactory nerves of those animals,
had an 8-fold decrease in radiant efficiency signal compared
with normosmic control mice when imaged with Tsp1a-IR800P
(Figs. 4C and 4D). The average radiant efficiency of the olfactory
region of normosmic mice imaged from both sides was (4.086
2.11) 3 109, compared with (5.336 2.08) 3 108 for mice with an
olfactory ablation (unpaired t test, P 5 0.045). Ex vivo images
showed a similar statistically significant difference between mouse

groups in the ROEB. The heart and kid-
neys were the only internal organs with
higher fluorescence signals than in nor-
mosmic mice and mice treated with a
blocking agent.

Tsp1a-IR800P Shows Fluorescence
Signals in OSN
For further confirmation, we resected the

olfactory epithelium region of these mice
and obtained regular tabletop fluorescent
microscopy images of sectioned tissue
(Fig. 5). The fluorescent microscopy images
confirmed the results of in vivo epifluores-
cence imaging and immunohistochemistry.
OSN and olfactory nerve bundles located in
the lamina propria showed the most intense
fluorescence. Normosmic mice and mice
treated with a blocking agent were negative
for any signal (red staining), whereas only
nucleus-associated blue staining was visi-
ble corresponding to nuclear staining by
Hoechst dye.

Time to Completion of Buried-Food Test
Correlates with ROEB Fluorescence
Emissions
Normosmic mice were able to find buried

food in less than 30 s (mean, 176 5.2 s),
compared with a mean time of 117 s
(644 s) for olfactory-ablated mice, showing
that mice with olfactory ablation needed a

significantly longer time (P , 0.001) than normosmic mice to find
the buried food (Figs. 6A and 6B). Furthermore, there was an inverse
correlation between the Tsp1a-IR800P radiant efficiency and the
time required to find buried food (r 5 –0.79, n 5 10, P 5 0.006;
Fig. 6C).

NaV1.7 Expression in Olfactory Epithelium of NHPs Can Be
Detected Using Tsp1a-IR800P and Clinically Approved
NIR Camera
To validate the clinical potential of our approach of using

NaV1.7 expression as a surrogate marker for the sense of smell,
we imaged NHP specimens using a clinically applied Food and
Drug Administration–approved commercial Quest NIR system.
The bright fluorescence was clearly visible over the olfactory epi-
thelium, and weak or no fluorescence was detected over the muscle,
olfactory bulb, and brain. The fluorescence intensity of olfactory epi-
thelium was significantly higher (P , 0.001) than that of any other
measured tissue (Figs. 7A and 7B).

Confocal Microscopy of NHP Tissues Corroborates Results
from Clinically Approved NIR Device
To confirm our macroscopic results, we also performed fluores-

cence microscopy on the dissected NHP tissues (Fig. 7C). The
fluorescence signal from the NHP olfactory epithelium was clearly
brighter than that from other tissues. It is important to stress that
the olfactory bulb expresses NaV1.7 but that the blood–brain
barrier prevents entry of our imaging agent in the current setting.
For the current application, this significant advantage reduces the
potential background signal from the olfactory bulb, which could
be immediately applicable to the clinical setting (Fig. 7D).

FIGURE 3. SCN9A gene expression in olfactory epithelium of hamsters and humans infected with
SARS-CoV-2. (A) Uniform manifold approximation and projection for dimension reduction plots of
SCN9A gene expression in different cell types of olfactory epithelium in mock and SARS-CoV-2–
infected hamsters at 1, 3, and 10 d after infection. (B) Violin plots of SCN9A gene expression in olfac-
tory epithelium bulk tissues in mock and SARS-CoV-2–infected hamsters at 1, 3, 10 d after infection.
(C) SCN9A gene expression in human olfactory epithelium tissues in control and SARS-CoV-2–
infected cadavers. DPI 5 days after infection; GBC 5 glucose basal cells; HBC 5 horizontal basal
cells; INP 5 immediate neuronal precursors; MV2 5 microvillus cells 2; OSN 5 olfactory sensory
neurons; SUS5 sustentacular cells.
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DISCUSSION

We describe the development of a novel semiquantitative diag-
nostic method based on selective targeting of NaV1.7 expression

in olfactory epithelium for the detection of smell disorders induced
by different insults and inflammatory conditions such as COVID-19.
The fluorescence signal emanating from mouse olfactory epithe-
lium shows decreased intensity when mice have anosmia. We
observed an inverse linear relationship between signal intensity and
the degree of damage. Therefore, we believe that the described
method has the potential to serve as an objective guide for asses-
sing disease progression and treatment response both in animal and
in human subjects and to aid drug development. We hypothesize
that the absence of fluorescence may indicate a low probability of
recovery of the smell and that fluorescence intensity restoration
may be an early indicator of treatment response, preceding percep-
tible or clinical smell restoration. This is a significant development
because the current tests are subjective by design and methods are
culturally specific and individually subjective (22). In addition,
current methods rely on invasive biopsy, which may deter
patients and limit the number of times testing can be performed.
Our method is noninvasive, can be performed repeatedly on ani-
mal subjects, and therefore has the potential to detect the post-
treatment restoration process before improvement in the sense of
smell can be noticed (23).

FIGURE 4. Tsp1a-IR800P accumulation in ROEB in normosmic mice
and mice with olfactory ablation. (A and B) Fluorescence quantification
and epifluorescence images of animals injected with PBS, Tsp1a-IR800P,
and Tsp1a-IR800P/Tsp1a blocking formulation. (C and D) Epifluorescence
images and fluorescence intensity quantification of normosmic animals
injected with Tsp1a-IR800P (control) and Tsp1a-IR800P/Tsp1a (blocking)
and mice with prior olfactory ablation using methimazole injected with
Tsp1a-IR800P. All images were taken 30min after tail vein injection.
*P # 0.05. ***P# 0.001. Olf. abl.5 olfactory ablation.

FIGURE 5. Fluorescent confocal microscopy images of olfactory epithe-
lium of animals injected with PBS, Tsp1a-IR800P, and Tsp1a-IR800P/
Tsp1a-Pra0 blocking formulation. Blue fluorescence indicates nucleus of
cells, and red fluorescence indicates infrared fluorescence coming from
NaV1.7 of olfactory nerve bundles. ON5 olfactory nerve (bundles).

FIGURE 6. Buried-food test. (A) Schematic of experimental design illus-
trating mouse cage with cookie buried in upper right corner. (B) Average
time (seconds) spent per mouse treated with PBS (n 5 5) or methimazole
(n5 5) to find buried food. Graph indicates that healthy mice found buried
food much more quickly than ones treated with methimazole (P , 0.001),
suggesting presence of olfactory dysfunction in the latter. (C) Correlation
of Tsp1a-IR800P radiant efficiency at ROEB and time on buried-food test
demonstrating that the more quickly mice find buried food, the brighter is
fluorescence detected from olfactory nerve region.
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We have found that smell loss due to chronic inflammation in
the nasal cavity or viral infection is accompanied by diminished
expression of NaV1.7 in OSNs. We observed loss of NaV1.7
expression after olfactory ablation using methimazole (Fig. 2).
Expression of NaV1.7 was substantially reduced in OSNs and in
nerve bundles located in the lamina propria, whereas expression
was less affected at the level of the olfactory bulbs. This probably
happens because of the location of the olfactory bulbs—much dee-
per in the tissues and protected by the blood–brain barrier and
cribriform plate.
Further, we assessed whether COVID-19–related olfaction loss

is also accompanied by loss of NaV1.7. COVID-19–related smell
disorders are possibly caused by multiple mechanisms. There is a
direct tropism of the virus to sustentacular and microvillar cells
covering OSNs; inflammatory damage to OSNs, as they are
exposed to environmental factors; and inflammation involving focal
mucosal swelling and obstruction to airways (24). Recently, our
collaborators (Lomvardas Lab at Columbia University) reported that
the downregulation in odor detection pathways could be a potential
cause of COVID-19–induced anosmia (3). We found that these
mechanisms cause diminished NaV1.7 expression in OSNs and
olfactory nerve bundles located in the nasal cavity as shown by
immunohistochemistry and RNA sequencing on tissues from mice,
hamsters, and humans.
Our compound Tsp1a-IR800P selectively binds to NaV1.7, making

it an ideal candidate for measuring smell perception using fluores-
cent measurement techniques. We tested our imaging agent using a
mouse model in which olfactory ablation via methimazole injections
(25) led to reduced fluorescence in mouse nasal epithelium. This
damage follows a sensorineural smell loss pattern similar to that
seen in upper-respiratory viral infection or chronic inflammation due
to seasonal allergies (16,26). Furthermore, we demonstrated that the

radiant efficiency of the NaV1.7 imaging agent correlated inversely
with the time that mice spent finding food in a buried-food test.
These studies indicate that Tsp1a-IR800P uptake inversely correlates
with loss of NaV1.7 expression and therefore with loss of the sense
of smell.
The difference between rodents and humans can be substantial,

and to validate the possibility that olfaction can be imaged in
humans, we tested our compound on healthy NHPs and measured
fluorescence using a clinically approved NIR imaging system. We
observed bright fluorescence from the olfactory epithelium, and
the fluorescence measurements were significantly higher than in
surrounding tissues.
It is crucial to develop a noninvasive, fast, and objective method

to diagnose smell disorders. Intravenously injected Tsp1a-IR800P
selectively accumulates in OSNs and olfactory nerve bundles
located in the nasal cavity. For the experiment, we used a clini-
cally applied camera that can detect infrared wavelength fluores-
cence using a rigid endoscope. Existing flexible endoscopes from
several medical technology companies (Quest, Stryker, Olympus,
etc.) can detect the infrared wavelength emitted by Tsp1a-IR800P
(Fig. 7D). Because of the minimally invasive nature of the nasal
cavity endoscope, and the correlation of fluorescence with the
magnitude of smell loss, the method can be used as a treatment-
monitoring tool and in drug development. In addition, the method
can be widely used in an experimental setting to objectively mea-
sure smell in animals, replacing the need to perform behavioral
experiments and streamlining the development of new therapeu-
tics. An obvious limitation of the technique is that if loss of olfac-
tion is a result of olfactory receptor or olfactory bulb dysfunction,
the applicability of our imaging technique might be limited,
though further studies are needed on the influence of such dys-
function on NaV1.7 expression in OSNs.

CONCLUSION

The described method of applying the novel fluorescent probe
Tsp1a-IR800P could help significantly improve preclinical and clini-
cal studies by providing an objective way to diagnose smell disor-
ders and aid in the development of therapeutic interventions.
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KEY POINTS

QUESTION: Is it possible to image the olfactory nerve and
diagnose smell disorders by a molecularly targeted (NaV1.7)
fluorescent agent?

PERTINENT FINDINGS: In this animal study, we have shown
that several causal factors of smell disorders, such as chronic
inflammation, allergy, and viral infection including COVID-19, result
in substantially diminished expression of NaV1.7 at the transcript
and protein levels. We have shown that a new fluorescently
labeled agent, Tsp1a-IR800P, molecularly targets NaV1.7 and can
be used to semiquantitatively measure olfaction and diagnose
smell disorders in animals and humans.

IMPLICATIONS FOR PATIENT CARE: To study smell and smell
disorders, there will be no need for behavioral experiments on
animals. Furthermore, smell disorders such as anosmia in humans
potentially can be diagnosed in a physician’s office setting using
our agent and endoscope.
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Liver cancer is a leading cause of cancer deaths worldwide. Surgical
resection of superficial hepatic lesions is increasingly guided by the
disrupted bile excretion of the fluorescent dye indocyanine green
(ICG). To extend this approach to deeper lesions, a dedicated bimodal
tracer that facilitates both fluorescence guidance and radioguidance
was developed. Methods: A tracer comprising a methylated cyanine-
5 (Cy5) fluorescent dye and a mercaptoacetyltriserine chelate (hHE-
PATO-Cy5) was synthesized and characterized. Cellular uptake and
excretion were evaluated in hepatocyte cultures (2-dimensional cul-
ture and in vitro lesion model), using a fluorescent bile salt, Mito-
Tracker dye, and methylated Cy5 as a control. After radiolabeling, the
pharmacokinetics of 99mTc-hHEPATO-Cy5 were assessed in mice
over 24h (percentage injected dose and percentage injected dose per
gram of tissue, SPECT/CT imaging and fluorescence imaging). The
ability to provide real-time fluorescence guidance during robot-
assisted hepatobiliary surgery was evaluated in a porcine model using
ICG as a reference. Results: The unique molecular signature of hHE-
PATO-Cy5 promotes hepatobiliary excretion. In vitro studies on hepa-
tocytes showed that where methylated Cy5 remained internalized,
hHEPATO-Cy5 showed fast clearance (10min) similar to that of fluo-
rescent bile salt. In vivo use of 99mTc-hHEPATO-Cy5 in mice revealed
liver accumulation and rapid biliary clearance. The effectiveness of
bile clearance was best exemplified by the 2-orders-of-magnitude
reduction in count rate for the gallbladder (P 5 0.008) over time. Dur-
ing hepatobiliary surgery in a porcine model, hHEPATO-Cy5 enabled
fluorescence-based lesion identification comparable to that of ICG.
Conclusion: The bimodal 99mTc-hHEPATO-Cy5 provides an effective
means to identify liver lesions. Uniquely, it helps overcome the short-
comings of fluorescence-only approaches by allowing for an exten-
sion to in-depth radioguidance.

Key Words: image-guided surgery; fluorescence imaging; hepatobili-
ary surgery; bimodal tracer;minimally invasive surgery
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Annually, liver cancer accounts for an estimated 748,300 new
cases and 695,900 cancer deaths worldwide. Next to primary liver
cancer (e.g., hepatocellular carcinoma), tumorous lesions in the
liver are often metastases of cancer with a different origin, such as
colorectal cancer, neuroendocrine tumors, ocular melanoma, and
breast cancer (1–5).
For both primary and metastatic liver cancer, surgical resection is

considered essential to ensure long-term survival and to achieve a
potential cure. The improvement in diagnostic imaging, the effective-
ness of neoadjuvant systemic therapies, and the development of local
treatment strategies has led to a 20%–30% increase in patients who
are considered eligible for de novo surgery or surgery after neoadju-
vant treatment (6). The success of these surgeries depends on the
ability to achieve radical resection with preservation of normal liver
tissue function (7). The high chance of hepatic recurrence (#29%
(8)) and complications (60% of cases (9)) indicates that substantial
improvements can still be made in this line of therapy.
Accurate preoperative lesion identification, procedural planning,

and intraoperative image guidance are of vital importance for preci-
sion surgery. Whereas preoperative lesion identification generally
occurs via MRI, CT, or 18F-FDG PET (8), intraoperative identifica-
tion often relies on the limited sensitivity and resolution of palpation,
optical inspection, and intraoperative ultrasound (7,9). With the shift
from open surgery to minimally invasive laparoscopic and robotic
surgery (10), the reliance on image guidance technologies has
increased. Especially, the use of fluorescence guidance is gaining
ground. In 2009, Ishizawa et al. started to exploit the pharmacologic
clearance profile of the fluorescent dye indocyanine green (ICG) to
identify hepatic lesions with a high spatial resolution (11). Since
then, this image guidance approach has been widely adopted, result-
ing in lower complications (odds ratio, 0.523) and shorter hospital
stays (weighted mean difference, 21.8 (12)). A downside of the
ICG-guided approach is that lesions located more than 5mm below
the surface cannot be reliably identified (9). Conversely, the use of
separate techniques for pre- and intraoperative imaging can cause
misalignment between the two (13). This problem not only limits
planning and logistics but may also result in excision of additional
(i.e., false-positive) tissue. Ideally, nuclear medicine diagnostics and
intraoperative fluorescence guidance are integrated. In nuclear medi-
cine, there are several radiotracers available that can be used to
assess liver function (e.g., iminodiacetic acid (14) and 99mTc-mebro-
fenin (15)). However, to support approaches that combine noninva-
sive nuclear and intraoperative fluorescence imaging, there is a need
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for new bimodal or hybrid biliary tracers that contain both a radiola-
bel and a fluorescent label. Such a combined approach has already
demonstrated clinical value in another surgical indication, that is,
sentinel node resection (13).
Although the exact mechanism of ICG accumulation in liver

lesions remains unclear, the fluorescence signal has been shown to
accumulate at the transition between healthy and diseased tissue
(9). In particular, disruptions in biliary clearance of the tracer are
thought to play an important role in the localization of fluores-
cence in diseased tissues (16). With this feature in mind, we
designed a small-molecule hybrid tracer to support bimodal imag-
ing of liver lesions. After tracer synthesis, uptake and excretion
were evaluated in vitro in hepatocytes, and in vivo tracer pharma-
cokinetics were assessed in mice. The surgical utility of the tracer
was assessed during robot-assisted fluorescence-based hepatobili-
ary surgery in a porcine model.

MATERIALS AND METHODS

Synthesis and Chemical Evaluation of Hybrid Tracer
hHEPATO-Cy5

Mercaptoacetyltriserine (mas3), N-Boc-aminophenol-Merrifield resin,
and methyl-cyanine-5 (Cy5)-NH2 (also used as a Cy5 control) were
synthesized according to previously described procedures (17,18).
Methyl-Cy5-mas3 (hHEPATO-Cy5) (Fig. 1; Supplemental Figs. 1–4;
supplemental materials are available at http://jnm.snmjournals.org) was
synthesized as follows: mas3 (27 mg, 68 mmol), hexafluorophosphate
azabenzotriazole tetramethyl uronium (26 mg, 68 mmol), and N-methyl-
morpholine (34 mg, 340 mmol) were dissolved in dimethyl sulfoxide
(2 mL). Methyl-Cy5-amineC4 (30 mg, 68 mmol) was added, and the
reaction mixture was stirred at room temperature for 25 min. A mixture
of H2O/MeCN (85%/15%, 8 mL) with 0.1% trifluoroacetic acid was
then added, and the crude product was purified through preparative high-
performance liquid chromatography. Lyophilization yielded the product
as a vibrant blue solid (30 mg, 54% yield). Compound characterization,
including nuclear magnetic resonance (Supplemental Figs. 1–2), proton
MR spectroscopy (Supplemental Fig. 3), high-performance liquid chro-
matography (Supplemental Fig. 4), absorption and emission (Supplemen-
tal Fig. 5), and brightness and serum protein binding, was performed as
previously described (17).

In Vitro Tracer Metabolism in Hepatocytes
HC04 hepatocyte (19) and GEB3 epithelial control (20) cells were

cultured in Gibco minimum essential medium enriched with 10% fetal
bovine serum and penicillin/streptomycin (all Life Technologies Inc.).
Three days before fluorescence confocal imaging, cells were seeded
onto glass-bottom culture dishes (MatTek Corp.). An in vitro model
for hepatic lesions was created by placing a heated metal rod in the
center of the culture dish for 1–2 s, 1 h before imaging.

Samples were stained with 1 mM hHEPATO-Cy5 or 100 nM Cy5
control for 10 or 30 min at 37"C (6 samples per tracer and condition).
Staining with 1 mM of the bile salt cholyl-Lys-fluorescein (21) or
MitoTracker green (2 mL/mL M7514; Thermo Fisher) was used to
confirm the staining pattern of hHEPATO-Cy5. Hoechst stain (33342,
1 mg/mL; Thermo Fisher) was added to all samples as a nuclear refer-
ence. Before imaging, samples were washed 3 times with phosphate-
buffered saline.

Fluorescence confocal microscopy was performed as previously
described using a Leica SP8 WL at sequential settings (22). Images were
analyzed using the accompanying confocal software (LAS X; Leica
Microsystems). Color selection was matched to the emission profile of
the dye (Hoechst stain, 420–270 nm in blue; cholyl-Lys-fluorescein and
MitoTracker, 500–550 nm in green; Cy5, 650–700 nm in red), using the
color options in the LAS X software. For visualization of in vitro lesions,
a tile scan consisting of a 5 3 5 grid at 320 magnification was made.
Semiquantitative image analysis and 3-dimensional surface plotting were
performed using Fiji software as previously described (23).

Frozen excised tissue samples that contained a liver lesion were cut
into 5-mm sections and imaged without further pretreatment. Addi-
tional sections were cut for standard hematoxylin and eosin staining,
which was performed as previously described (24) and served as a ref-
erence for tissue morphology.

Animal Experiments
All rodent experiments were granted a license by the competent

authority after receiving approval from the Animal Experiments Com-
mittee Leiden (AVD1160020173304). Experiments on pigs were
approved by the ethical board of the University of Ghent (EC2019/
79). Experiments were performed in an establishment licensed for the
use of experimental animals (Leiden University Medical Center or
Orsi Academy). Experiments were performed in accordance with the
Experiments on Animals Act (2014), which is the applicable legisla-
tion in The Netherlands and Belgium, in accordance with the Euro-

pean guidelines (European Union directive
2010/63/EU) regarding the protection of ani-
mals used for scientific purposes.

Pigs were housed at the animal facility at
Orsi Academy until used for imaging experi-
ments during surgical training (weight per ani-
mal, #40 kg). Pigs were reused after surgical
training and remained under anesthesia until
being euthanized when the examination was
completed.

In Vivo Tracer Biodistribution in Mice
Radiolabeling of hHEPATO-Cy5 resulted

in 99mTc-hHEPATO-Cy5 (high-performance
liquid chromatograms are shown in Supple-
mental Fig. 4), and in vivo SPECT imaging
(at 1, 2, 4, and 24 h) was performed accord-
ing to previously described procedures (17).
Reconstructions were visualized and ana-
lyzed with a custom MATLAB script (The
MathWorks Inc.) that included correction for
radioactive decay at the respective time
point. Maximum-intensity projections with

FIGURE 1. Reaction scheme for synthesis of hHEPATO-Cy5: (a) methyl iodide, K2CO3, dimethylfor-
mamide; (b) N-(4-bromobutyl)phthalimide, sulfolane; (c) first, malonaldehyde dianilide HCl, 1:1
Ac2O:AcOH, followed by indole-amineC4Phth, 3:1 pyridine:Ac2O; (d) 33 wt % MeNH2 in EtOH; (e)
L-mas3, hexafluorophosphate azabenzotriazole tetramethyl uronium, N,N-diisopropylethylamine.
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batlow color maps (25) were chosen, using identical color scaling at
all time points for ease of comparison. Using the 2-dimensional scinti-
grams, we drew regions of interest over the gallbladder and liver for
semiquantitative comparison of tracer uptake at every time point
(decay-corrected). To reference the amount of radioactivity in these
regions of interest, 1 MBq 99mTc point sources were imaged and ana-
lyzed under identical settings.

For quantitative assessment of the biodistribution of (hot) 99mTc-
hHEPATO-Cy5, 10 MBq (0.5 nmol in 0.1 mL) of the labeled tracer
were intravenously administered into female Swiss OF1 mice (6–7 wk
old; Charles River). The percentage injected dose (%ID) and %ID per
gram of tissue (%ID/g) were assessed at 2 and 24 h after intravenous
tracer administration, as previously described (n 5 9 (20,26)).

Semiquantitative assessment of fluorescence in the liver or gallblad-
der and intestines was assessed before g-counting, to exemplify the
effective hepatobiliary clearance and to complement the quantitative
biodistribution, using an IVIS Spectrum preclinical imaging system
(Perkin Elmer) and Living Image software (version 3.2 (26)). Images
were acquired after excitation at 640 nm, and light was collected at
more than 680 nm (acquisition time, 5 s). The fluorescent content was
measured in photons/s/cm2. Because of the limited choice in color
mapping in the commercial IVIS software, a hot color map was
selected.

In Vivo Pharmacokinetic Assessments in Porcine Model:
Surgical Fluorescence Imaging

Since porcine models do not naturally yield liver metastases, super-
ficial heat-induced necrotic lesions were created using bipolar robotic
instruments (da Vinci Maryland or fenestrated forceps [Intuitive Surgical]).
These lesions served as a model for lesions that disrupt the hepatic
anatomy.

A 3.75-mg quantity of hHEPATO-Cy5 was dissolved in 150 mL of
ethanol, after which 1,350 mL of polysorbate 80 and saline were added
to achieve a 2.5 mg/mL solution, which was subsequently intrave-
nously injected into individual animals (n 5 6). At 4–6 h after tracer
administration, intraoperative imaging using both white light and Cy5
filtered light was performed using a modified clinical-grade IMAGE1
S camera system including a D-Light P light source (integrated cus-
tomized Cy5 filter) and a customized 10 mm 0" laparoscope (Karl
Storz SE & Co. KG (27)). The use of radiotracers and a more
extended time window could not be pursued under the available ethi-
cal approval for the surgical training setting.

As a reference, identical experiments were
conducted after administration of a similar
dye concentration of ICG (3.75 mg, n 5 2).
In those experiments, imaging was per-
formed using the fluorescence setting of a
Firefly camera mounted on a Da Vinci surgi-
cal robot. The Da Vinci vision cart depicts
ICG fluorescence as green on a black-and-
white background without any form of scale
bar. After imaging, the animals were eutha-
nized, and lesions were excised for ex vivo
fluorescence imaging and pathologic exami-
nation. To facilitate appreciation of the tracer
uptake in these models, in-house–developed
image processing was applied, using custom
algorithms written in MATLAB. The fluores-
cence signal was segmented on the basis of
color and visualized as an overlay on a
black-and-white representation of the anat-
omy. Regions of interest were drawn on
healthy liver tissue for background fluores-
cence assessments. The median fluorescence

background signal was used to calculate the signal-to-background ratio
for each fluorescent pixel. The signal-to-background ratios were
depicted using a batlow color map with scale bar (25).

Statistical Analysis
Statistical evaluation to compare uptake values (%ID and %ID/g

for radioactive assessment and photons/s/cm2 for the fluorescence sig-
nal) at different time points in the biodistribution was performed using
an unpaired 2-sided Student t test. Values of P that were less than 0.05
were considered significant.

RESULTS

Synthesis and Characterization
hHEPATO-Cy5 was successfully synthesized (Fig. 1; Supple-

mental Figs. 1–4) and presented favorable chemical properties
(serum protein binding, 94%; logP, 0.806 0.03) and fluorescent
properties (absorption/emission, 640/665 nm [Supplemental Fig. 5];
brightness, 3,445M21). After radiolabeling,99mTc-hHEPATO-Cy5
was obtained with a radiochemical yield of 83% 6 5%.

In Vitro Excretion Hepatocytes
Using an in vitro lesion model and assessment in hepatocyte

cultures, the difference in uptake of hHEPATO-Cy5 in damaged
and healthy hepatocytes was compared (Supplemental Fig. 6;
Fig. 2). In the in vitro lesion model, a high-intensity Cy5 fluores-
cence signal was detected in a ring of damaged hepatocytes (Sup-
plemental Fig. 6). In these cells, uptake was distributed evenly
over the whole cell. A change in distribution of the fluorescence
signal was seen with increasing distance from the lesion. At an
approximately 500-mm distance, the overall uptake pattern was
like that in healthy hepatocytes. Here, no intracellular uptake
was seen, but focalized uptake of hHEPATO-Cy5 was positioned
in bile cannulas between cells (Fig. 2; Supplemental Fig. 6 (28)).
As this pattern was shown to be similar to that of fluorescent bile
salts (Fig. 2), this suggests that hHEPATO-Cy5 is functionally
excreted.
Incubation of epithelial cells with hHEPATO-Cy5 resulted in

mitochondrial uptake (Supplemental Fig. 7), which was similar
to the uptake of the fluorescent component alone (methylated

FIGURE 2. Fluorescence confocal imaging of HC04 hepatocytes after 10min of incubation with
fluorescent bile salt cholyl-Lys-fluorescein or coincubation of hHEPATO-Cy5 and cholyl-Lys-fluores-
cein), Cy5 control, or MitoTracker. Left images in each panel are 2-dimensional fluorescence confo-
cal images (LAS X software). Right images in each panel are 3-dimensional representations of tracer
distribution throughout cell (Fiji software). Nuclear staining is in blue, Cy5 is in red, and MitoTracker is
in green. Dashed circle is example of bile canula, and yellow lines are orientation 3-dimensional anal-
ysis. Color bars show pixel intensity (arbitrary units) obtained with same software. AU 5 arbitrary
units; CLF5 cholyl-Lys-fluorescein; T5 time after incubation.
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Cy5 [control]) in both hepatocytes and epithelial cells (Fig. 2;
Supplemental Fig. 7). Excretion of hHEPATO-Cy5 was under-
lined by semiquantitative assessment of the fluorescence signal
over time (Supplemental Fig. 8). In healthy hepatocytes, a
decrease in hHEPATO-Cy5–related fluorescence signal was seen
after 30min. In contrast, a substantially higher (P . 0.0001) intra-
cellular signal that did not decrease over time was seen for the
Cy5 control. Hence, the focal uptake of hHEPATO-Cy5 is exclu-
sive to hepatocytes, and the addition of the mas3 moiety in hHE-
PATO-Cy5 is crucial for the hepatobiliary excretion.

In Vivo Biodistribution in Mice
As early as 1 h after intravenous administration, hot 99mTc-

hHEPATO-Cy5 (0.5 nmol) yielded dominant hepatobiliary excretion,
exemplified by the prominent signal seen in the liver, gallbladder,
and intestines on SPECT (Fig. 3A). Biliary excretion was further
substantiated by a significant 2-orders-of-magnitude reduction in
count rate for the gallbladder (Fig. 3B; Supplemental Table 1;

P 5 0.008) over time. Instrumental for imaging of liver lesions, a
5-fold decrease in count rate was observed in the liver (Supplemental
Table 1; P 5 0.002) and was further substantiated via ex vivo tissue
examination at 2 and 24h (Fig. 3C). At 2 h after tracer injection, high
fluorescence intensities were seen in the gallbladder (2.6 3 108 6
5.93 107 photons/s/cm2), whereas intensities in the liver were signif-
icantly lower (3.3 3 107 6 7.9 3 106 photons/s/cm2; P . 0.0001).
After 24h, fluorescence signal intensities in the liver had further
reduced to 1.6 3 107 6 2.8 3 106 photons/s/cm2, which correlated
to a negligible background staining in this tissue (Fig. 3C).

In Vivo Pharmacokinetic Assessments in Porcine Models:
Surgical Fluorescence Imaging
In vivo imaging in a porcine model for robot-assisted hepato-

biliary lesion resection was performed to show the similarities
in staining pattern with the current clinical fluorescence-only
approach (using ICG) and compatibility of hHEPATO-Cy5 with
clinical-grade robotic surgery and imaging devices. Fluorescence
imaging in this model underscored the hepatobiliary clearance pro-

file for hHEPATO-Cy5. A clear fluores-
cence signal was seen in the gallbladder
and intestines. And importantly, at 4 h
after injection, the background uptake in
the nonaffected liver was already negligi-
ble (Fig. 4).
In vivo created liver lesions (Fig. 5)

demonstrated a characteristic fluorescent
rim around the border of the lesion (n .

25 lesions tested). Clear discrimination
could be made between the liver and sur-
rounding tissue of the abdominal wall, and
this discrimination was especially evident
for lesions on the outer edge of a liver seg-
ment. The rimlike staining pattern was
comparable to the accumulation seen in the
in vitro model (Supplemental Fig. 6) and
in line with that of ICG in the same model
(Supplemental Fig. 9) but also of ICG in
patients with liver cancer (16).

FIGURE 3. Biodistribution of 99mTc-hHEPATO-Cy5 in mice. (A) In vivo SPECT imaging (batlow color map) at 1, 2, 4, and 24h after tracer administration.
Shown are decay-corrected signal intensity (counts) for liver and gallbladder (in red and blue regions of interest, respectively; top images) and for 99mTc
reference source (bottom images). (B) Quantitative biodistribution presented as %ID at 2 and 24h after intravenous administration in mice. (C) IVIS fluo-
rescence imaging of liver and gallbladder and intestines using hot map (Living Image Software [Perkin Elmer]; photons/s/cm2) at 2 and 24h. *P . 0.01
for 2- vs. 24-h uptake values.

FIGURE 4. Surgical imaging setup in porcine model. Use of clinical-grade equipment allowed combina-
tion of robot-assisted surgery and laparoscopic fluorescence imaging (22) for assessment of tracer distri-
bution over hepatobiliary system and excretion toward intestines. At center top is schematic localization
of organs of interest, and at center bottom is batlow laparoscopic fluorescence image showing signal-to-
background ratios of hHEPATO-Cy5-related fluorescence. Dashed circle represents area used to define
background signal. #5 gallbladder; ##5 liver; ###5 intestines; SBR5 signal-to-background ratio.
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Microscopic pathologic examination of the excised lesions
underscored the difference in morphology between the healthy
liver tissue and the lesion (Figs. 6A and 6B). Accumulation of
hHEPATO-Cy5 occurred within a transitional rim bridging the
lesion and healthy liver tissue (Fig. 6C). This suggests that dam-
aged hepatocytes in the transitional rim are unable to facilitate bile
transport, resulting in local retention of hHEPATO-Cy5.

DISCUSSION

By directly conjugating a lipophilic Cy5 dye to a mas3 chelate,
we generated a hybrid hepatic tracer (hHEPATO-Cy5). This tracer
portrays a unique biliary excretion profile (Fig. 2; Supplemental
Figs. 7 and 9) in hepatobiliary cultures. In vivo, the tracer allowed
reliable delineation of liver lesions in real time using fluorescence-
guided robot-assisted surgery in a porcine model (Fig. 5).
The hybrid nature of 99mTc-hHEPATO-Cy5 extends fluores-

cence imaging by giving it the ability to identify preoperative
lesions (SPECT). In other oncologic surgical applications, this
combination has been shown to provide value that is greater than
the sum of the benefit of the individual techniques (29). Preopera-
tive knowledge of the exact location of the lesion before tissue
exploration, along with visual assessment and validation of the

excision of the targeted tissue, is a feature
likely to provide steps toward overcoming
existing challenges in hepatobiliary
surgery.
Although the correlation between

nuclear and fluorescence imaging based on
hHEPATO-Cy5 was shown in mice, con-
straints within the ethical license prohibited
use of radioactivity in the porcine model.
As such, in the latter model, use of only
the fluorescent readout and subsequent
assessment of superficial lesions was
allowed. Nevertheless, the literature indi-
cates that intraoperative extension of fluo-
rescence imaging with in-depth drop-in

radioguidance (30) is likely to help facilitate the resection of deeper
lesions. This assumption is supported by studies in other clinical
indications that provide clear evidence of the superior in-depth
image guidance that can be achieved when a hybrid tracer is used
rather than a fluorescence-only tracer (31).
The mechanism behind ICG uptake in hepatobiliary lesions

remains a subject of study. Our work clearly indicates that uptake of
hHEPATO-Cy5 around a lesion can be attributed to disrupted hepa-
tocytes and is related to the excretion of bile (Fig. 2; Supplemental
Fig. 6). Further mechanistic studies are needed to help understand if
this relates to specific transporter proteins (16).
Fluorescent emissions used for image-guided surgery are classified

into 3 categories according to the International Union of Pure and
Applied Chemistry regulations: near-infrared, far-red, and visible
fluorescence (31). Despite the popular demand for near-infrared ana-
logs (e.g., ICG; maximum emission wavelength, 750–1,000nm),
there are clear arguments to be made for the surgical use of far-red
dyes (e.g., Cy5; maximum emission wavelength, 650–750nm). For
example, previous investigations have shown that Cy5 has better
photophysical properties than ICG (32) and that clinical systems
have higher sensitivity to Cy5 than to ICG, both aiding deeper detec-
tion. Surprisingly, Cy5 is quite often falsely referred to as being a
near-infrared dye (24,33). Using a range of clinical-grade Cy5 cam-
era prototypes has resulted in the successful in-patient use of far-red
dyes (24,27,34). The depiction of Cy5 fluorescence in vivo (Fig. 5)
has even been shown to be compatible with imaging of near-infrared
dyes (in the same patient), allowing unique multispectral imaging
strategies (32,35).
Creation of relevant in vivo large-animal models for resection

of hepatic lesions is not trivial. To the best of our knowledge, this
is the first report of such a model that can be used to evaluate
image guidance technologies for hepatobiliary lesions. The lesions
displayed ICG uptake that is in line with literature reports (16,36).
Clinical follow-up studies will be required to confirm the transla-
tional value of hHEPATO-Cy5.

CONCLUSION

By creating a small molecule comprising a fluorescent Cy5 dye
and a mas3 chelate, we have designed a unique bile-excreted
hybrid tracer—one that is capable of providing both fluorescence
guidance and radioguidance during excision of liver lesions. The
hybrid nature of this tracer also paves the way for the future imple-
mentation of nuclear medicine road maps to plan and guide
fluorescence-based hepatobiliary surgery.

FIGURE 5. Robot-assisted in vivo imaging of liver lesions in porcine model. (A) Schematic repre-
sentation of creation of heat-induced lesions using coagulation setting of bipolar robotic forceps. (B
and C) In vivo laparoscopic imaging of liver lesions (arrows) and surrounding tissue of abdominal wall
(*) using white-light imaging (B) and custom image-processing algorithms (C) support batlow
intensity-based assessment of fluorescence uptake. Dashed circle is area used to define background
signal. SBR5 signal-to-background ratio (27).

FIGURE 6. Localization fluorescence signal in liver lesions. (A) Immuno-
histochemistry (hematoxylin and eosin staining) of excised liver sample
containing healthy liver tissue (**) and heat-induced liver lesion (encircled).
(B and C) Zoomed area showing transitional rim (between dashed lines)
between necrotic liver tissue (#) and healthy liver tissue (B) and fluores-
cence confocal imaging in sequential tissue section with fluorescence
uptake (in red [Leica LAS X software]) in transitional rim (C). Color bar
shows pixel intensity (arbitrary units) obtained with same software. AU 5

arbitrary units.
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KEY POINTS

QUESTION: Is it possible to design a hybrid radiolabeled and
fluorescently labeled tracer that allows visualization of liver lesions in
a manner similar to the clinical application of the fluorescent dye ICG?

PERTINENT FINDINGS: The unique molecular composition of the
tracer 99mTc-hHEPATO-Cy5 promotes hepatobiliary excretion via
a mechanism like that of bile salts. The hybrid nature of the tracer
means it allows both in vivo SPECT of hepatic clearance in mice
and fluorescence-guided liver lesion resection in a porcine model.

IMPLICATIONS FOR PATIENT CARE: The hybrid nature of
99mTc-hHEPATO-Cy5 helps extend the current clinically applied
fluorescence-only approach to one that supports in-depth target
identification and one that can be supported by road maps gener-
ated through preoperative tracer imaging.
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Explaining the decisions made by a radiomic model is of significant
interest, as it can provide valuable insights into the information learned
by complex models and foster trust in well-performing ones, thereby
facilitating their clinical adoption. Promising radiomic approaches that
aggregate information from multiple regions within an image currently
lack suitable explanation tools that could identify the regions that
most significantly influence their decisions. Here we present a model-
and modality-agnostic tool (RadShap, https://github.com/ncaptier/
radshap), based on Shapley values, that explains the predictions of
multiregion radiomic models by highlighting the contribution of each
individual region. Methods: The explanation tool leverages Shapley
values to distribute the aggregative radiomic model’s output among
all the regions of interest of an image, highlighting their individual con-
tribution. RadShap was validated using a retrospective cohort of 130
patients with advanced non–small cell lung cancer undergoing first-
line immunotherapy. Their baseline PET scans were used to build
1,000 synthetic tasks to evaluate the degree of alignment between the
tool’s explanations and our data generation process. RadShap’s
potential was then illustrated through 2 real case studies by aggregat-
ing information from all segmented tumors: the prediction of the
progression-free survival of the non–small cell lung cancer patients
and the classification of the histologic tumor subtype. Results: Rad-
Shap demonstrated strong alignment with the ground truth, with a
median frequency of 94% for consistently explained predictions in the
synthetic tasks. In both real-case studies, the aggregative models
yielded superior performance to the single-lesion models (average
[6SD] time-dependent area under the receiver operating characteris-
tic curve was 0.6660.02 for the aggregative survival model vs.
0.5560.04 for the primary tumor survival model). The tool’s explana-
tions provided relevant insights into the behavior of the aggregative
models, highlighting that for the classification of the histologic sub-
type, the aggregative model used information beyond the biopsy site
to correctly classify patients who were initially misclassified by a
model focusing only on the biopsied tumor. Conclusion: RadShap
aligned with ground truth explanations and provided valuable insights
into radiomic models’ behaviors. It is implemented as a user-friendly
Python package with documentation and tutorials, facilitating its
smooth integration into radiomic pipelines.

Key Words: artificial intelligence; explainability; radiomics; Shapley
values; python package
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Radiomics has gained significant popularity in precision med-
icine, using both deep features and engineered ones that character-
ize shape, intensity, or texture (1). Although radiomics initially
focused on a single region of interest (ROI), such as the primary
tumor, more and more models now aggregate information from
multiple ROIs in the same image. For instance, many radiomic
approaches extract information from multiple tumors and regions
within healthy organs to effectively predict cancer patients’ out-
comes (2–4). The motivation is to better leverage the image con-
tent and, hopefully, improve predictive performance.
These aggregative approaches raise an interesting question: can

we identify the ROIs within each image that most influence the
model’s prediction? Indeed, understanding which ROIs drive the
model’s decision may not only enhance the model explainability
but also provide valuable medical insights. However, the tools
commonly used to explain predictive models (5) may not be well
suited to address this question. They usually assign a global
importance to aggregated features used by the model, without
straightforward identification of the role of individual ROIs.
The Shapley value, a concept originally designed to fairly dis-

tribute the overall gain of a cooperative game among its players,
has recently proven successful to explain the outputs of machine
learning models (6,7). It offers a promising approach to answer
our question. Considering that the different ROIs of an image (i.e.,
the players) collaborate to obtain the model’s prediction (i.e., the
overall gain), the Shapley value assigns a score to each ROI related
to its contribution to the prediction.
Here we introduce an original explanation tool, named RadShap

(https://github.com/ncaptier/radshap), that leverages Shapley values
to highlight the influence of every ROI included into a radiomic
model. We first evaluate the tool on a synthetic task for which the
ground truth is known. We then illustrate its relevance through its
application to radiomic models trained to address histologic classifi-
cation and survival prediction tasks.

MATERIALS AND METHODS

Dataset
A retrospective cohort consisting of 130 individuals diagnosed with

advanced non–small cell lung cancer (NSCLC) was used (Supplemental
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Table 1; supplemental materials are available at http://jnm.snmjournals.
org) (8–10). Each patient received anti–programmed-death 1 and anti–
programmed-death ligand 1 immunotherapy, specifically pembrolizumab,
combined with chemotherapy, as their first-line treatment. Response to
immunotherapy was assessed through progression-free survival (PFS).
Clinical data and a baseline [18F]FDG PET scan were collected for each
patient in compliance with the General Data Protection Regulation. The
study was approved by the institutional review board of Institut Curie
(DATA200053), and written informed consent from all patients was
obtained through institutional processes.

For each PET scan, intensities were converted to SUVs and all
tumor foci were delineated by an experienced nuclear medicine physi-
cian (12 y of experience) using LIFEx software version 7.3 (www.
lifexsoft.org) (11). Subsequently, all images were resampled to a fixed
2 3 2 3 2 mm3 voxel size, and a fixed threshold of 2.5 SUV units
was applied to refine the segmented tumor regions.

For all the segmented lesions, we used Image Biomarker Standardi-
zation Initiative–compliant PyRadiomics version 3.0.1 (12,13) to com-
pute 4 shape radiomic features (sphericity, elongation, flatness, and
voxel volume) and 6 first-order radiomic features (SUVmax, SUVmean,
skewness, kurtosis, entropy, and quantile dispersion).

Computation of Shapley Values for Local Explanations
The RadShap explanation tool provides a local explanation for each

prediction made by a radiomic model. This is achieved by calculating
the Shapley values (6) of the aggregated ROIs used as input, assigning
an importance score to each ROI based on its contribution to the final
prediction. In short, the Shapley value of an ROI quantifies the impact
of including this ROI in the model on the model’s prediction. It corre-
sponds to the average change in prediction observed when the ROI is
added to any combination of other ROIs in the predictive model’s
input. The Shapley values distribute the model’s output among the var-
ious ROIs, as their sum corresponds to the model’s overall prediction.

For an input image I characterized by K ROIs (r1, r2 . . . , rKÞ, a
trained predictive model f , and an aggregation function g (Figs. 1A and
1B), the Shapley value of region ri is calculated by averaging its marginal
contribution across all possible subsets of ROIs that exclude ri. The mar-
ginal contribution of ri to the subset of ROIs S is the difference observed
in the model’s prediction when ri is included in subset S (Fig. 1C).

Df 8gðri, SÞ5f
!
gðS[frigÞ

$
2f

!
gðSÞ

$
(Eq. 1)

A detailed mathematic formulation is presented in Supplemental Section A,
along with the description of a computational approximation scheme used
to speed the estimation.

RadShap is both model- and modality-agnostic and, thus, applicable
to any trained radiomic model that uses aggregated information from
multiple ROIs as input. In the standard setting, the ROIs are assumed
to be optional, meaning that aggregating any subset of ROIs will still
produce a valid input for the predictive model. For instance, if
the predictive model takes as input the average volume computed
across all lesions of a metastatic patient, each lesion is optional.
Indeed, removing a lesion will result only in the average volume’s
being computed across the remaining lesions, still yielding a valid
input for the model. However, if the model also considers the SUVmax

in an ROI delineated in a healthy spleen region (i.e., SUVmax(spleen)),
this ROI is not optional since removing it will result in a missing value
for the SUVmax(spleen) feature and therefore an invalid input for the
predictive model. Our explanation tool includes a solution to address
the scenario in which certain ROIs are not optional. Following a
strategy used in the Shapley additive explanation (SHAP) method (7),
the missing values resulting from the removal of nonoptional ROIs
are replaced by all possible values observed in a background dataset
(i.e., set of data samples representative of the general data distribu-
tion that the model is expected to encounter, typically the training
set). The final prediction is then obtained by averaging the predic-
tions made with every possible background value (Supplemental
Sections B and C).

Building a Synthetic Task
To validate the explanation tool, we first built a synthetic radiomic

signature as a linear combination of a random subset of the 10 radio-
mic features listed above and computed the signature value for every
lesion of each NSCLC patient (Supplemental Section D). A binary
label was then assigned to each patient: 1 if the patient had at least 1
lesion with the radiomic signature value above a predetermined thresh-
old and 0 otherwise. The threshold was selected to ensure that the 2
classes were reasonably balanced, with the minority class frequency
exceeding 30%. To achieve this, the maximum signature value was
calculated for each patient, and the qth percentile (with q ranging
from 30% to 70%) was randomly selected. This ensured that over
q% of the patients had at least 1 lesion with a signature value exceed-
ing this threshold, resulting in their label being set to 1. To enhance the

robustness of our results, we repeated this
experiment 1,000 times, with a different
radiomic signature and a different threshold
for each iteration (Fig. 2).

We then addressed this binary classifica-
tion task using a logistic regression model
with ridge regularization (i.e., scikit-learn
implementation with default parameters and
balanced class weights). The model’s input
consisted of the 10 radiomic features mea-
sured for all the patient’s lesions. Specifi-
cally, these features were aggregated into a
20-feature vector using min and max func-
tions, which involved computing the mini-
mum and maximum of each of the 10
features across all lesions and concatenating
these 20 values in a single vector. Impor-
tantly, no information related to the radiomic
signature or label generation was provided to
the model. Training and test were performed
with a stratified 5-fold cross-validation scheme.
To collect the Shapley values associated with
each patient’s lesions, our tool was applied to

FIGURE 1. (A) Schematic representation of generic aggregative radiomic model. (B) Examples
of aggregation function with engineered radiomic features (top) or deep radiomic features (bottom).
(C) Schematic representation of explanation tool.
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every patient within the test set of each fold using the model trained on
the corresponding training set.

Validation of the Tool Using a Synthetic Task
When the model accurately predicted the binary labels, we assumed

that the model used information related to the presence of lesions with
a high radiomic signature to make its decision. Thus, we evaluated the
consistency of the tool’s explanations by measuring the frequency
with which the model correctly predicted a “1” label and the Shapley
values identified a lesion with a high radiomic signature as the most
influential factor affecting the model’s decision. We also calculated
the number of true-positive cases for which all lesions with a high
radiomic signature value were assigned a higher Shapley value than
any other lesion with a low signature value.

Survival Task: Explaining the Prediction of PFS Under
Immunotherapy

The first case study addressed the prediction of PFS, comparing a stan-
dard approach involving radiomic features extracted from the segmented
primary tumor (called primary model hereafter) with an approach using
all segmented lesions (called aggregative model hereafter). Specifically,
within the aggregative model, we used as input 2 multilesion features: the
total metabolic tumor volume and the standardized Dmax—defined as the
maximum distance between 2 lesions normalized by the body surface
area—a metric previously associated with outcomes in lymphoma patients
(14). In total, we identified 115 NSCLC patients for whom both the pri-
mary tumor was visible on the PET scan and PFS data were available.

In the primary model, we included the 10 radiomic features
extracted by PyRadiomics and listed in the Dataset section above. We
then applied 2 successive feature selection preprocessing steps each
time the primary model was trained. Initially, a backward elimination
process based on the variance inflation factor was used to remove col-
linear features. Subsequently, another backward elimination step based
on the Akaike information criterion was applied to discard unneces-
sary features for prediction. Both the primary and the aggregative
models were trained using a Cox proportional-hazards algorithm
(default settings of Lifelines Python package).

Classification Task: Explaining the Prediction of Lung Cancer
Histologic Subtype

The second case study addressed the prediction of the NSCLC his-
tologic subtype (adenocarcinoma vs. other subtypes). We compared a
standard approach that used features extracted only from the biopsied
lesion (called biopsy model hereafter) with an approach that aggre-
gated features extracted from all segmented lesions (called aggregative
model hereafter). We excluded patients for whom the biopsied tumor
was not present in the PET scan or the localization of the biopsy site
was not available, resulting in a final dataset of 117 patients (87 ade-
nocarcinomas and 30 other subtypes). For 88 patients, the biopsy was
performed on their primary lung tumor, whereas for the remaining 29
patients, the biopsy was performed on another lesion.

A logistic regression model with elastic
net regularization (i.e., scikit-learn implementa-
tion with balanced class weights, C 5 0.1, and
l1_ratio 5 0.5) was used for both biopsy and
aggregative models. For the aggregative model,
several combinations of simple functions were
tested to aggregate the feature values extracted
from all the lesions of a patient (min, max,
mean, and SD).

Statistical Analysis
For the 1,000 synthetic tasks, the signifi-

cance of the tool was assessed using a right-
tailed test associated with the null hypothesis:

the explanations were generated with a random ranking of lesions, and
therefore, the number of consistent explanations followed a Poisson
binomial distribution. We report the number of tasks for which this
hypothesis was rejected after controlling the false discovery rate with
the Benjamini–Yekutieli procedure.

For the PFS prediction and histologic classification studies, the
models were trained and tested using a 5-fold cross-validation scheme
repeated 100 times. The folds were stratified on the basis of censorship
rate for the survival task (i.e., PFS prediction) and class proportion for
the classification task (i.e., histologic classification). The performance
of the binary classifiers was evaluated using 4 metrics: the area under
the receiver operating characteristic curve (AUC), balanced accuracy,
sensitivity, and specificity (0.5 threshold). For Cox models, evaluation
was based on 2 metrics: Uno’s concordance index (C-index) and the
average time-dependent AUC (tAUC) over the observed time range.
These metrics were averaged over 100 repetitions, and their SD was
calculated to measure the variability resulting from the random parti-
tion of the data into 5 folds. The AUCs and C-indices were compared
with 1-sided paired permutation tests (15), adjusted for multiple test-
ing. Finally, an additional cross-validation scheme was used to collect
the Shapley values associated with the lesions of each patient for the
aggregative models.

RESULTS

Synthetic Tasks
The logistic regression model trained using aggregated radiomic

features demonstrated high classification performance: for half the
1,000 synthetic tasks, it yielded a cross-validation AUC greater
than or equal to 0.95 (Fig. 3A). Furthermore, both the cross-
validation sensitivity and specificity median values were 87%
(Supplemental Fig. 1). This demonstrates the model’s ability to
learn discriminative information for accurate patient classification
in this synthetic setting.
In half the experiments, for more than 94% of the true-positive

cases the explanation tool assigned the highest importance to a
lesion with a high radiomic signature value (Fig. 3B; Supplemen-
tal Fig. 2A). For 997 experiments of 1,000, the number of these
consistently explained cases was significant against a random
ranking of lesions (false discovery rate controlled at level 0.001;
Supplemental Fig. 3). In 50% of the experiments, for more than
73% of the true-positive cases the explanation tool ranked all the
lesions with a high signature value above any lesion with a low
signature value (Fig. 3C; Supplemental Fig. 2B).

Survival Task
The aggregative model outperformed the primary model for both

C-index and tAUC metrics (mean tAUC primary [6SD],
0.556 0.04; mean tAUC aggregative, 0.666 0.02) (Fig. 4A). The

FIGURE 2. (A) Computation of synthetic radiomic signature for every lesion of each patient. (B)
Each patient was assigned binary label based on presence of high-scored lesions, meaning lesions
with radiomic signature above specified threshold.
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difference in C-index between the primary and aggregative models
was statistically significant in 60 of 100 repetitions of the cross-
validation scheme, after correction of P values for multiple testing
using the Benjamini–Hochberg method (false discovery rate con-
trolled at level 0.05) (Supplemental Fig. 4). Additionally, Kaplan–
Meier analysis demonstrated that predictions of the aggregative
model, obtained from the test sets of a cross-validation scheme,
resulted in better risk stratification than did predictions of the pri-
mary model, obtained from the same cross-validation scheme, as
measured by the log-rank test P values (Fig. 4B).
The RadShap tool offered explanations consistent with our

understanding of the aggregative model, which combines total
metabolic tumor volume and standardized Dmax. Specifically, for
each patient in a test set of the cross-validation scheme, RadShap

ranked lesions on the basis of their influ-
ence on the aggregative model’s predic-
tion, correctly identifying large and distant
lesions as the most impactful for high-risk
predictions (Fig. 4C).

Classification Task
The maximum values of the 10 radio-

mic features across all segmented lesions
consistently yielded the highest average
classification performance for the 100
cross-validation schemes. This approach
outperformed the model trained on fea-
tures extracted from only the biopsied
tumor for all figures of merit (Fig. 5; Sup-
plemental Fig. 5). Although the increase in
AUC was not significant with paired per-

mutation tests (Supplemental Fig. 6), the observed improvements
still motivate the use of our explanation tool to gain insights into
the complementary information leveraged by the aggregative
model.
In the test sets, predictions differed between the biopsy and the

aggregative model for 28 patients of 117. Among those, the aggre-
gative model correctly classified 18 of 28 patients (64%). For
patients diagnosed with adenocarcinoma (15/18), the explanation
tool consistently highlighted that the biopsied tumor influenced the
model’s prediction toward a nonadenocarcinoma subtype (or had
no influence in 1 case), whereas at least 1 metastasis directed it
toward an adenocarcinoma. This observation confirmed that the
sensitivity of the aggregative model was increased by the integra-
tion of information beyond the biopsied tumor. Our tool unveiled
such information, prompting further exploration to determine
whether the highlighted metastatic patterns are indeed related to
adenocarcinoma (Fig. 6). Lastly, for the 3 patients for whom the
aggregative model, unlike the biopsy model, correctly identified a
nonadenocarcinoma subtype, the biopsied lesion influenced the
model’s prediction toward the correct subtype in 2 cases. This
observation suggests that the aggregative model did not retain the
same information as the primary model, leading to distinct consid-
erations for certain biopsied tumors.

FIGURE 3. (A) Box plots of performance of logistic regression model trained and tested with strati-
fied 5-fold cross-validation scheme across 1,000 synthetic tasks. (B) Distribution across 1,000 tasks
of frequency of true-positive cases for which RadShap provided explanation aligned with synthetic
data generation process, ranking lesion with high radiomic signature value as most impactful lesion.
(C) Distribution across 1,000 tasks of frequency of true-positive cases for which RadShap ranked all
lesions with high signature value above any lesion with low signature value.

FIGURE 4. (A) Comparison of performance between primary and aggrega-
tive survival models for predicting PFS. (B) Kaplan–Meier survival curves for
group of patients with high-risk predictions and group of patients with low-risk
predictions for both primary (top) and aggregative (bottom) models. Predic-
tions were collected from test sets of cross-validation scheme, and thresh-
olds to define high- and low-risk groups were selected to maximize
log-rank statistic. (C) Shapley values for explaining high-risk predic-
tions made by aggregative model for 2 patients with high predicted risk,
displayed on maximum-intensity projection of each [18F]FDG PET scan.

FIGURE 5. Comparison of classification performance between biopsy
and aggregative classification models for prediction of lung cancer sub-
type. CV 5 cross-validation; ROC AUC 5 area under receiver operating
characteristic curve.
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DISCUSSION

Many radiomic studies now use explanation tools to gain insight
into the behavior of their predictive models (16). However, new
approaches that involve combining multiple regions within an
image to comprehensively characterize patient phenotypes and
thereby build powerful predictors still lack well-suited explanation
tools. Tools capable of highlighting the most impactful regions
within an image hold great interest, as they could help in decipher-
ing the information learned by predictive models, detecting poten-
tial biases (e.g., a region with no clear medical relevance is
consistently highlighted across patients), or providing valuable
medical insights (e.g., within all the metastases of a patient, a sub-
set is identified as strongly associated with the prediction of the
patient’s outcome). Some studies proposed strategies, such as
using attention weights (17), to assess the contribution of individ-
ual regions to a prediction, but these methods were closely tied to
the developed predictive model. In this study, we introduced a
novel model- and modality-agnostic tool to explain the outputs of
multiregion radiomic models by highlighting the impact of each
individual region on the model prediction.
The RadShap explanation tool was first validated with 1,000

synthetic classification tasks. In each task, a binary label was
assigned to each patient within a cohort of 130 metastatic NSCLC
cases, based on the presence of lesions with a high value of a ran-
domly defined radiomic signature. Subsequently, a model, blinded
to the data generation process, was trained to predict the binary
label from radiomic features aggregated at the patient level. As
expected, across the 1,000 tasks, most of the models were able to
accurately classify patients and learn the underlying label genera-
tion process. RadShap successfully provided explanations well

aligned with the ground truth, highlighting the pivotal role of
lesions with a high signature value and, consequently, retrieving
the label generation process learned by the models.
We then applied RadShap to the prediction of PFS for meta-

static patients undergoing first-line immunotherapy and the classi-
fication of their histologic subtype, using their baseline [18F]FDG
PET scan. Cross-validation experiments demonstrated an increase
in performance for both survival and classification tasks when
aggregating information from all lesions of each patient, compared
with radiomic models relying solely on a single lesion—either the
primary tumor for the survival task or the biopsied lesion for the
classification task. For the survival task, a model combining total
metabolic tumor volume and standardized Dmax significantly out-
performed a model based on the primary tumor only, thus confirm-
ing the promising predictive and prognostic value of these 2
aggregated features for metastatic NSCLC (18,19). The RadShap
explanations offered valuable insights into understanding the
behavior of the aggregative models and their differences with the
single-lesion models. Specifically, for the classification task, it
highlighted that for most patients correctly classified by the aggre-
gative model and misclassified by the biopsy model, information
from the biopsied tumor influenced the aggregative model toward
an incorrect prediction, whereas information from other lesions
guided it toward the correct prediction.
We implemented RadShap in a user-friendly Python package

and made it available for the radiomic community. It is applicable
to any radiomic models that aggregate information from multiple
regions as input, with the most appropriate setting being when
all the regions are optional with the aggregation function (as
described in the Materials and Methods section). Furthermore,
RadShap is a fast-running tool, as it applies to an already trained
radiomic model and uses only its prediction function; there is no
need to retrain the model. RadShap explanations are grounded in
the robust theoretic background of the Shapley values. In contrast
to several explanation methods, such as SHAP (7), in the standard
setting (i.e., when the ROIs are optional), there is no need to
approximate the effect of removing an ROI from the predictive
model to compute its marginal contribution.
The use of RadShap requires some Python coding skills, espe-

cially for defining custom aggregation functions. However, Python
is a widely used programming language within the radiomic com-
munity for developing machine learning models. Additionally, like
other explanation tools, RadShap offers no guarantee regarding
the validity of the information that the model learned. Its applica-
tion should be coupled with rigorous validation experiments to
evaluate the robustness and generalization ability of the model.
Finally, making sense of the impactful regions highlighted by Rad-
Shap is not always straightforward. Leveraging medical expertise
and conducting additional experiments can aid in formulating rele-
vant hypotheses based on the RadShap explanations.
Our study had limitations. First, we worked with a limited num-

ber of samples in the real case applications. Therefore, the perfor-
mance scores should be interpreted cautiously, although they were
not the primary focus of this study. Additionally, the aggregative
model used for the survival task could have been explained with
human intuition alone. Nevertheless, this task demonstrated that
RadShap’s explanations aligned with human understanding in a
real-world context and highlighted the potential benefits of multi-
region radiomic models, thereby supporting the relevance of Rad-
Shap. Finally, whereas we provided supportive evidence for the

FIGURE 6. Shapley values for explaining correct prediction made by
aggregative model, displayed on maximum-intensity projection of each
[18F]FDG PET scan. (A) Shapley values for 3 patients diagnosed with ade-
nocarcinoma who were correctly classified by aggregative model and mis-
classified by biopsy model. (B) Shapley values for 3 patients diagnosed
with nonadenocarcinoma subtype who were correctly classified by aggre-
gative model and misclassified by biopsy model.
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utility of the tool in elucidating complex aggregated strategies, we
did not explore its full potential across a wide range of real-world
scenarios and models. We believe that such a comprehensive eval-
uation will naturally emerge as the community starts experiment-
ing with it. This is why we have made substantial efforts to ensure
that our tool is easily and freely accessible through a user-friendly
Python package.

CONCLUSION

We developed and validated a tool, implemented as the Python
package RadShap, to offer local explanations for decisions of
radiomic models involving several regions of interest. It comple-
ments the existing explanation strategies, focusing on multiregion
approaches, to improve the understanding of radiomic models.
These efforts toward explainable radiomics might both facilitate
the adoption of well-performing models and provide relevant med-
ical insights.
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KEY POINTS

QUESTION: Can we identify the ROIs within an image that most
influence a radiomic model’s prediction?

PERTINENT FINDINGS: Our explanation tool demonstrated a
strong alignment with the ground truth for 1,000 synthetic tasks.
It also provided relevant insights to understand multilesion
radiomic models’ behavior, highlighting the most impactful
lesions for the classification of the NSCLC subtype or the
prediction of PFS.

IMPLICATIONS FOR PATIENT CARE: RadShap may improve
the understanding of well-performing radiomic models, thus
fostering their adoption in clinical practice.
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Brain PET imaging often faces challenges from head motion (HM),
which can introduce artifacts and reduce image resolution, crucial in
clinical settings for accurate treatment planning, diagnosis, and moni-
toring. United Imaging Healthcare has developed NeuroFocus, an HM
correction (HMC) algorithm for the uMI Panorama PET/CT system,
using a data-driven, statistics-based approach. The HMC algorithm
automatically detects HM using a centroid-of-distribution technique,
requiring no parameter adjustments. This study aimed to validate
NeuroFocus and assess the prevalence of HM in clinical short-
duration 18F-FDG scans. Methods: The study involved 317 patients
undergoing brain PET scans, divided into 2 groups: 15 for HMC vali-
dation and 302 for evaluation. Validation involved patients undergoing
2 consecutive 3-min single-bed-position brain 18F-FDG scans—one
with instructions to remain still and another with instructions to
move substantially. The evaluation examined 302 clinical single-bed-
position brain scans for patients with various neurologic diagnoses.
Motion was categorized as small or large on the basis of a 5% SUV
change in the frontal lobe after HMC. Percentage differences in
SUVmean were reported across 11 brain regions. Results: The valida-
tion group displayed a large negative difference (210.1%), with
variation of 5.2% between no-HM and HM scans. After HMC, this
difference decreased dramatically (20.8%), with less variation (3.2%),
indicating effective HMC application. In the evaluation group, 38 of
302 patients experienced large HM, showing a 10.9% 6 8.9% SUV
increase after HMC, whereas most exhibited minimal uptake changes
(0.1% 6 1.3%). The HMC algorithm not only enhanced the image
resolution and contrast but also aided in disease identification and
reduced the need for repeat scans, potentially optimizing clinical
workflows. Conclusion: The study confirmed the effectiveness of
NeuroFocus in managing HM in short clinical 18F-FDG studies on the
uMI Panorama PET/CT system. It found that approximately 12% of
scans required HMC, establishing HMC as a reliable tool for clinical
brain 18F-FDG studies.

Key Words: PET; data-driven; head motion detection; head motion
correction; COD; uMI Panorama

J Nucl Med 2024; 65:1313–1319
DOI: 10.2967/jnumed.124.267446

In brain PET imaging, head motion (HM) can lead to errors in
uptake estimation and introduce artifacts, compromising diagnos-
tic accuracy. For advanced scanners such as the uMI Panorama
PET/CT (United Imaging Healthcare) (1), patient HM significantly
hinders achieving the intended spatial resolutions, such as a full
width at half maximum of under 3mm. In clinical settings in which
precise quantification is crucial for diagnosis, treatment planning,
and response evaluation (2), HM undermines diagnostic confidence.
Additionally, HM can cause misalignment between PET and CT
images, resulting in attenuation mismatch artifacts and localization
issues. In severe cases, substantial HM blurring may necessitate dis-
carding the images and rescanning the patient.
Standard practices to minimize HM during scans include proper

patient positioning, clear communication about the procedure,
instructions to remain still, sedation, and HM monitoring. How-
ever, these measures may not suffice for patients who cannot vol-
untarily control HM, such as patients with parkinsonian disorders,
cognitive impairment, dementia, brain tumors, or neuroinfectious
diseases; young pediatric patients; and patients being scanned after
trauma or neurosurgery. Therefore, a robust HM correction (HMC)
algorithm is highly demanded in clinical practice.
Previous HMC approaches, such as frame-based image registra-

tion and hardware-based HM tracking, have their limitations (3–9).
Frame-based image registration cannot correct for intraframe HM
and attenuation mismatch artifacts. Although hardware-based HM
tracking is more accurate and effective (10), its clinical application
is hampered by the need to attach a tracking device to the patient,
complicating the setup and impacting clinical workflow.
To address these issues, data-driven methods for HMC have

emerged as promising alternatives. These techniques, including
principal-component analysis (11,12) and centroid of distribution
(COD) (13,14), estimate rigid HM using PET raw data, offering
software-based solutions that integrate seamlessly into routine clini-
cal workflows. A notable advancement is the NeuroFocus algorithm
(United Imaging Healthcare), developed for the uMI Panorama
PET/CT system, which is equipped with 189-ps time-of-flight reso-
lution and a 35-cm axial field of view. This algorithm, based on a
statistics-based method by Revilla et al. (15), detects HM without
parameter tuning and differentiates HM-induced COD changes.
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This paper presents a 3-fold contribution, first validating the quan-
titative accuracy of NeuroFocus for the uMI Panorama PET/CT
system, then demonstrating the algorithm’s clinical efficacy in
diagnosing brain disorders, and finally reporting the frequency and
magnitude of HM for the clinical 18F-FDG brain studies in this
paper. The validation involved a prospective study with 15 volun-
teers performing instructed HM during PET scans, followed by the
application of NeuroFocus on a large clinical cohort of 302 retro-
spective brain 18F-FDG studies. This study is the first to apply an
HMC algorithm to a large clinical cohort with short-duration PET
acquisitions.

MATERIALS AND METHODS

Validation Study Data Acquisition
Fifteen volunteers were enlisted for the prospective validation

study, each undergoing a 3-min single-bed-position 18F-FDG brain
scan (52.2 6 9.2 min after injection) while instructed to remain still
(no HM [NoMo]), followed by another 3-min scan with instructions for
substantial translational and rotational HM (instructed HM [InstrMo]). A
CT scan for attenuation correction preceded each PET scan. Additionally,
T1-weighted, contrast-enhanced T1-weighted, and T2-weighted MR
images were acquired for each subject on the same day. The study was
approved by the Ethics Committee of the Medical University of Xijing
Hospital, Xi’an, China (approval KY-20212145-F-1), which conformed
with the revised Declaration of Helsinki (1964). Written informed con-
sent was obtained from all participants.

Evaluation Study Data Acquisition
The algorithm’s clinical efficacy was evaluated through a retrospec-

tive analysis of 302 clinical single-bed-position brain 18F-FDG studies,
each with a 3.0-min acquisition at 75.0 6 19.9 min after injection.
The studies were categorized as being acquired with no HMC (NMC)
or with HMC. Each study included a CT scan for attenuation correction,
but no MRI was performed. Detailed patient information is available in
Table 1. The institutional review board approved the retrospective study
with a waiver of informed consent.

HMC Algorithm
The HMC algorithm consists of 3 steps, that is, HM detection, estima-

tion, and correction. To detect HM, a COD algorithm (14) was used. A
COD trace was generated at 1 Hz. By estimating and separating the vari-
ation due to count statistics and HM on the COD trace, we could divide
the entire study into consecutive HM-free frames (MFFs) separated by
the detected HM time points (15). MFFs shorter than 5 s were discarded
and excluded from subsequent processing. To estimate and correct the
detected HM for MFFs, each MFF was first reconstructed using ordered-
subset expectation maximization (OSEM) without attenuation correction.
HM estimation was performed by rigidly registering other frames to the
reference frame, that is, the first MFF in time. The mutual-information
difference was used as the similarity metric. The first MFF was assumed

to be aligned with the CT image in space, thus assuming that no HM
occurred between the CT and PET acquisitions. The transformation
matrix T(i) was used to denote the estimate for the ith MFF. To generate
a matched attenuation map for the ith MFF, the CT attenuation map was
transformed using the inverse of T(i). Subsequently, OSEM (3 iterations
3 10 subsets) with attenuation correction was then performed for each
MFF using the aligned attenuation map. After reconstruction, the images
using OSEM with attenuation correction for all MFFs were transformed
back to the reference MFF space using T and were summed to generate
the final HMC image. A voxel size of 1.20 3 1.20 3 1.45 mm was
used for all reconstructions.

Evaluation
For the validation dataset, FreeSurfer (16,17) segmented paired

T1-weighted MR images into 109 brain regions of interest (ROIs),
which were then resliced to individual PET spaces and were merged
into 11 gray matter (GM) regions: amygdala, caudate, cerebellum cor-
tex, frontal lobe, hippocampus, insula, occipital lobe, parietal lobe,
putamen, temporal lobe, and thalamus. SUVmean percentage differ-
ences between InstrMo and NoMo scans, and between InstrMo with
HMC and NoMo, were reported for each GM region.

For the evaluation dataset, brain ROIs were generated via an
in-house CT-based segmentation algorithm. After rigid and nonrigid
registration with the Montreal Neurological Institute brain MRI tem-
plate, 116 automated anatomic labeling brain ROIs were warped to
individual CT spaces. Cerebellum uptake and SUVmean ratio images
were calculated, with a threshold applied to generate a binary GM
mask. The cerebellum ROI was used to calculate the cerebellum uptake
on the reference frame (first MFF in time) using OSEM with attenua-
tion correction. Additionally, the SUVmean ratio image of the reference
frame was calculated using cerebellum uptake as the reference value.

TABLE 1
Patient Information for Validation and Evaluation Datasets

Parameter
Validation
(with MRI)

Evaluation
(without MRI)

Total participants (n) 15 302

Mean age 6 SD (y) 34.16 13.1 58.2614.4

Male (n) 6 171

Female (n) 9 131

InstrMo with
HMC
3 min

InstrMo
3 min

NoMo
(Ref.)
3 min

MR

T2w

T2w

T1w CE

0

19

0

16

0

17
SUV

A

B

C

FIGURE 1. PET and MR images from 3 distinct cases in validation study,
comparing InstrMo, HMC, and NoMo. (A) Annular hypermetabolic cerebral
syphilitic gumma with surrounding edema in right parietooccipital lobe.
(B) Hypermetabolic nodules on PET aligning with nodular wall thickening
in cystic-appearing lesion observed on MRI associated with brain metas-
tases from small cell lung cancer. (C) Encephalomalacia and gliosis of right
basal ganglia and right temporal lobe and mild ex vacuo dilatation of right
lateral ventricle in geriatric patient with history of right middle cerebral
artery territory infarction. Averaged and maximal HM distance of frontal
lobe are 8.5 and 26.3mm (A), 9.5 and 17.3mm (B), and 19.0 and 54.2mm
(C), respectively. Injected dose, postinjection time, duration, and body
weight are 273.8 MBq, 56.1min, 3min, and 69kg (A); 214.6 MBq, 65.6min,
3min, and 56kg (B); and 270.1 MBq, 67.8min, 3min, and 70kg (C), respec-
tively. T1w CE5 T1-weighted contrast-enhanced; T2w5 T2-weighted.
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A threshold of 1.0 was applied to the SUVmean ratio image to generate a
binary GM mask. The intersecting areas between this mask and the 116
ROIs resulted in refined GM ROIs, which were further merged into 11
GM regions according to the automated anatomic labeling definition
(18). Supplemental Figure 1 illustrates this ROI generation process (sup-
plemental materials are available at http://jnm.snmjournals.org).

To quantify HM amplitude, the HM distance of each ROI was esti-
mated using image registration. The HM distances of all 116 ROIs for
different MFFs were computed first and then averaged per minute.
The final HM amplitude for the composite 11 GM ROIs was deter-
mined as the average HM distances of the merged sub-ROIs. The
maximal HM distance for each case study was also reported.

RESULTS

Prospective Validation Study
In Figure 1, 3 cases from the validation study are shown. Overall,

InstrMo images displayed substantial HM-introduced image blur.

However, after HMC, these images exhibited
marked improvements in both contrast and
resolution, closely resembling the NoMo
studies. Additionally, the accompanying
MR images provided a clear visualization
of anatomic structures corresponding to the
NoMo studies. Detailed clinical diagnoses
for these 3 cases are provided in the cap-
tion of Figure 1.
Figure 2 presents a patient from the

evaluation study diagnosed with angioim-
munoblastic T-cell lymphoma. This figure
includes 2 axial slices each from the CT,
NMC, and HMC images. Notably, the HMC
images revealed areas of annular hypermeta-
bolism with central hypometabolism in the
left parietal lobe. These areas were largely
obscured and indistinct in the NMC images
because of the blurring effects of HM.
In Figure 3, a case is shown in which

focal hypometabolism in the left thalamic
and basal ganglia regions was evident in the HMC image. Con-
versely, in the NMC image, extensive HM obscured these regions
of hypometabolic activity, rendering them invisible.
Numeric analysis of the 15 validation studies is provided in

Table 2, showcasing the SUVmean percentage error results for each
ROI. The InstrMo scans generally yielded substantial negative dif-
ferences (210%), with large variation across different brain
regions when compared with the NoMo scans. For instance, the
frontal region exhibited a larger discrepancy (216%) than did the
amygdala. The results after HMC showed much smaller differ-
ences (#21%), with a notably reduced variation (3%), indicating
effective compensation for HM in all validation studies.

Retrospective Evaluation Study
Figure 4 illustrates 2 clinical evaluation studies involving

patients with suspected nervous system lymphoma and thalamic
lacunar infarction. During the initial PET scans, large HM was
detected, prompting the technician to recall the patients for rescan-

ning. Both patients remained still during
these subsequent scans. Remarkably, the
HMC applied to the initial scans produced
images comparable to the rescans, effec-
tively demonstrating the clinical utility of
HMC in reducing the need for additional
scans due to HM.
Figure 5 features a non–small cell lung

cancer patient who exhibited large invol-
untary HM during both the initial scan and
the rescan. The images from these scans
without HMC were unsuitable for clinical
diagnosis. However, after the application
of HMC, both sets of scans showed sub-
stantial improvements in resolution and con-
trast. The images revealed hypometabolic
edema surrounding a potential brain metas-
tasis, visible only after HMC application.
For the evaluation studies, Table 3

presents the numeric results of SUVmean

changes across different brain regions after
HMC. Participants were divided into 2

NMC HMCCT NMC HMC

0

8
SUV

0

8
SUV

FIGURE 2. CT, PET, and PET/CT with HM before and after HMC in case of angioimmunoblastic
T-cell lymphoma with suspected cerebral infiltration due to acute onset of neurologic symptoms. HM
blur and misregistration were corrected after HMC. Areas of annular hypermetabolism with central
hypometabolism in left parietal lobe (arrowheads) were revealed after HMC. Injected dose was 251.6
MBq, postinjection time was 90min, frame duration was 3min at single bed position, and body weight
was 65kg. Averaged and maximal HM distance of frontal lobe was 10.9 and 18.8mm, respectively.

NMC HMCCT NMC HMC

0

11
SUV

0

11
SUV

FIGURE 3. CT, PET, and PET/CT with HM before and after HMC in case of focal hypometabolism
observed in left thalamic and basal ganglia region after HMC. Injected dose was 229.4 MBq, postin-
jection time was 69min, frame duration was 3min, and body weight was 48kg. Averaged and maxi-
mal HM distance of frontal lobe was 13.7 and 25.4mm, respectively.
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groups based on the extent of HM: small HM and large HM. This
categorization used a 5% threshold in SUVmean change in the fron-
tal lobe after HMC application. In the small-HM category, the
mean HM distance was relatively consistent across all brain regions
(2.4mm), with low variability (1.9mm). Conversely, in the large-
HM group, the mean HM distances increased for all ROIs, ranging
from 7.3mm in the cerebellum to 15.0mm in the frontal region,
with a notable increase in both the mean average and variation
(10.96 5.9mm).
Of the 302 participants, 38 experienced large HM, resulting in

an average SUV increase of 11% after HMC, whereas the rest
showed a minimal uptake increase (0.1%). As depicted in Figure 6,

the SUVmean change in the large-HM group was significantly
higher than in the small-HM group. The caudate region displayed
the most substantial SUV increase, whereas the cerebellum showed
the least. Consistent with expectations, Figure 7 reveals that HM

TABLE 2
Percentage Error in SUVmean in Validation Study as Compared with NoMo Study

Percentage error

ROI NoMo SUVmean InstrMo InstrMo with HMC

Amygdala 4.460.5 24.36 4.7 20.161.8

Caudate 6.661.2 214.96 8.4 22.865.4

Cerebellum 5.660.8 25.66 3.2 22.261.5

Frontal lobe 6.860.9 216.36 5.3 21.063.8

Hippocampus 4.960.7 22.46 5.3 0.764.4

Insula 5.660.7 25.06 3.6 20.262.8

Occipital lobe 7.961.1 213.96 3.7 23.164.2

Parietal lobe 6.660.9 214.16 4.7 0.563.6

Putamen 7.361.3 212.16 7.7 20.362.2

Temporal lobe 6.060.7 211.36 5.8 20.163.7

Thalamus 6.460.9 211.16 4.8 20.261.4

Mean average 6.2 210.1 20.8

SD average 0.9 5.2 3.2

A

B

HMCNMCCT
Re-scan

NMC

0

20

0

17
SUV

FIGURE 4. Comparison between PET with NMC, PET with HMC, and
PET rescan with minimal HM. (A) Bilateral hypermetabolism in thalami and
striatum in patient with suspected nervous system lymphoma. Injected
dose was 266.4 MBq, postinjection time was 71min, frame duration was
3min, and body weight was 65kg. (B) Hypometabolic foci in left thalamus
indicating lacunar infarcts. Both HMC images are comparable to rescan
images. Injected dose was 366.3 MBq, postinjection time was 66min,
frame duration was 3min, and body weight was 80kg. Averaged and
maximal HM distance of frontal lobe was 9.6 and 47.2mm (A) and 10.0
and 16.0mm (B), respectively.

NMC
(Re-scan)

HMC
(Re-scan)

NMC

HMC

0

28
SUV

FIGURE 5. Images corrupted by involuntary HM in both initial PET scan
and rescan with NMC. Spatial resolution and contrast were significantly
improved after HMC. Dotted box indicates region of hypometabolic
edema surrounding suspected metastatic lesion in occipital lobe in patient
whose non–small cell lung cancer was revealed after HMC. Injected dose
was 314.5 MBq; postinjection first scan and rescan were at 61 and
69min, respectively; frame duration was 3min; and body weight was
77kg. Averaged and maximal HM distance of frontal lobe was 5.0 and
12.6mm (first scan) and 12.1 and 27.7mm (rescan), respectively.
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amplitude escalated over the course of the scan. For instance, in
the large-HM category, the frontal lobe showed increasing HM
amplitudes of 2, 5.2, and 7.6mm at 0–1, 1–2, and 2–3min into the
scan, respectively.

DISCUSSION

In this study, we conducted both a prospective validation and a
retrospective evaluation of an HMC algorithm provided by the uMI
Panorama PET/CT scanner. The prospective validation included 15
studies in which participants were instructed to perform HM, and
for the retrospective evaluation, 302 clinical brain studies using
18F-FDG with a duration of 3min each were analyzed. Results
from the validation study indicated that the HMC algorithm was
highly effective, with an average quantitative discrepancy of less

than 1% compared with scans without HM. In the retrospective
evaluation, it was found that approximately 12% (38/302) of the
clinical brain studies exhibited large HM, necessitating the use of
HMC. The clinical utility of the HMC algorithm was demonstrated
across a variety of brain diseases and clinical scenarios, underscor-
ing its effectiveness in real-world applications. Regarding the effi-
ciency of the HMC, that is, reconstruction time, for the InstrMo
studies, it took 11.06 1.1min to perform the reconstruction using
the reconstruction console. All the reconstructions were submitted
after the acquisition was finished. For all the evaluation studies,
2.06 9.7 s of data were rejected for each case.
The European Association of Nuclear Medicine guidelines (19)

emphasize the importance of neurologic PET imaging for diagnos-
ing cognitive and movement disorders, localizing epileptic foci,
detecting neuroinfections such as encephalitis and meningitis, and
assessing brain tumors. The guidelines recommend using small-
voxel reconstructions to enhance the visualization of brain struc-
tures, a method that typically requires longer acquisition times to
maintain adequate signal-to-noise ratios. For routine 18F-FDG
brain scans using a scanner with a short axial field of view, the
guidelines suggest acquisition times of 10–15min per bed posi-
tion. Non–18F-FDG imaging may necessitate even longer times,
up to 20–30min per bed position (19). However, in our study
using the uMI Panorama scanner (1), known for its high sensitiv-
ity, we completed each clinical scan in just 3min while preserving
sufficient image quality for diagnostic purposes. Notably, within
these brief scans, 12% of patients exhibited substantial HM, indi-
cating a potential increase in the need for HMC in longer scans.
The introduction of HMC to PET imaging has significantly

improved image quality and brought practical benefits. HMC
reduces the need for rescans, decreasing patient waiting times and
enhancing comfort by minimizing additional radiation exposure
from repeated CT scans. This reduction in rescans also streamlines
patient scheduling and workflows, ensuring that appointments run

TABLE 3
SUVmean Change from NMC after HMC for Evaluation Study and Mean HM Distance for Each Brain Region

ROI Small HM (n 5 264) Large HM (n 5 38)

Mean HM distance (mm) SUVmean change (%) Mean HM distance (mm) SUVmean change (%)

Amygdala 2.56 1.9 0.462.6 11.866.3 19.9620.8

Caudate 2.66 2.0 0.662.6 12.767.0 22.9613.7

Cerebellum 2.16 1.7 20.260.7 7.363.9 2.963.7

Frontal 2.96 2.0 0.361.3 15.068.1 12.968.3

Hippocampus 2.36 1.8 20.361.4 10.165.3 10.669.0

Insula 2.66 1.9 0.161.1 13.067.0 10.066.2

Occipital lobe 2.26 1.7 20.260.7 6.764.4 2.963.9

Parietal lobe 2.46 1.8 20.060.8 9.565.2 6.866.0

Putamen 2.56 1.9 0.361.3 12.466.7 12.2610.4

Temporal lobe 2.56 1.8 0.161.0 11.866.2 10.068.1

Thalamus 2.26 1.8 20.160.8 9.965.3 8.267.8

Mean average 2.4 0.1 10.9 10.9

SD average 1.9 1.3 5.9 8.9

Data are mean 6 SD.
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FIGURE 6. In evaluation studies, SUVmean change at all regions for
large-HM group was substantially larger than for small-HM group.
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on time, reducing health care providers’ workloads, and allowing
for more efficient resource and time management. Additionally,
HMC is particularly advantageous for patients who have difficulty
remaining still during scans, reducing the need for tight head
restraints or sedation and improving patient comfort. The benefits
are not only to patients but also to the scanning process, simplify-
ing it and reducing complications from patient HM, ultimately
increasing clinical work efficiency.
This paper reviews several significant research efforts in HMC

for PET imaging, comparing them with the proposed data-driven
method. An alternative approach involves markerless HM tracking
using an optical camera, as used by Spangler-Bickell et al. (20),
who applied an optical camera attached to the head coil of a
PET/MRI system, tracking HM with a large, curved marker on
the patient’s forehead. Zeng et al. (21) evaluated a markerless,
hardware-based device using stereovision cameras with infrared
structured light to capture the patient’s facial surface and create an
HM-tracking point cloud. Similar techniques were explored by
Olesen et al. and Kyme et al. (22,23). However, these methods
may be compromised by nonrigid facial movements and lack full
validation. Another strategy used the Kinect system (24) by
Microsoft for monitoring and tracking HM. More recently, Zeng
et al. (25) investigated neural networks to predict HM between
short frames to expedite HM estimation, though this requires fur-
ther development for adequate correction accuracy. Additionally,
2 other groups (26,27) focused on deep learning methods to
enhance PET image quality by synthesizing high-count PET
images from low-count images, improving registration accuracy.
Rezaei et al. (28) proposed computing inertia tensors from time-
of-flight back projections for direct estimation of rigid HM para-
meters. Each method provides a unique perspective and potential
solution for addressing HMC challenges in PET brain imaging,
underscoring the ongoing and varied research in this critical field.
In concluding our analysis, we acknowledge certain limitations

of the current HMC algorithm: its limited applicability to dynamic
PET studies, as it is not designed for scenarios requiring tracking
of physiologic changes over time; the inability to correct for HM
between PET and CT acquisitions, which can result in attenuation
mismatch artifacts; and the inability to correct continuous HM,
such as tremors in patients with Parkinson disease, because of its
frame-based nature. These limitations underscore the need for
ongoing improvements and innovation in HMC technology to
enhance the accuracy and utility of PET imaging.

CONCLUSION

We conducted a clinical study with 15
participants using 18F-FDG to evaluate the
accuracy of the NeuroFocus HMC algo-
rithm for the uMI Panorama PET/CT sys-
tem. In our validation tests, which included
InstrMo, the SUV error after HMC was min-
imal, averaging 21% 6 3% across all brain
ROIs and participants. This was a signifi-
cant improvement from the 210% 6 5%
error observed before applying HMC. In a
broader evaluation involving 302 partici-
pants, approximately 12% of the short-
duration (3-min) clinical brain scans showed
substantial HM that required correction.
The HMC algorithm effectively corrected

HM across various brain diseases, confirming its suitability for
clinical brain 18F-FDG studies.
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KEY POINTS

QUESTION: What is the clinical efficacy of the vendor-provided
HMC algorithm NeuroFocus for the uMI Panorama PET/CT
system, and what is the prevalence of HM in clinical 18F-FDG
studies?

PERTINENT FINDINGS: In short-duration (3-min) clinical brain
18F-FDG studies, approximately 12% of patients experienced
substantial HM that necessitated the use of HMC. NeuroFocus
effectively corrected for HM, and its accuracy was deemed
adequate for clinical applications.

IMPLICATIONS FOR PATIENT CARE: NeuroFocus has the
potential to enhance the quality of brain PET images. It can reduce
the clinical necessity for rescanning patients due to HM, thereby
improving the patient experience and streamlining the diagnostic
process.
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Performance Characteristics of the NeuroEXPLORER,
a Next-Generation Human Brain PET/CT Imager
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The collaboration of Yale, the University of California, Davis, and United
Imaging Healthcare has successfully developed the NeuroEXPLORER,
a dedicated human brain PET imager with high spatial resolution, high
sensitivity, and a built-in 3-dimensional camera for markerless continu-
ous motion tracking. It has high depth-of-interaction and time-of-flight
resolutions, along with a 52.4-cm transverse field of view (FOV) and an
extended axial FOV (49.5cm) to enhance sensitivity. Here, we present
the physical characterization, performance evaluation, and first human
images of the NeuroEXPLORER. Methods: Measurements of spatial
resolution, sensitivity, count rate performance, energy and timing reso-
lution, and image quality were performed adhering to the National Elec-
trical Manufacturers Association (NEMA) NU 2-2018 standard. The
system’s performance was demonstrated through imaging studies of
the Hoffman 3-dimensional brain phantom and the mini-Derenzo phan-
tom. Initial 18F-FDG images from a healthy volunteer are presented.
Results:With filtered backprojection reconstruction, the radial and tan-
gential spatial resolutions (full width at half maximum) averaged 1.64,
2.06, and 2.51mm, with axial resolutions of 2.73, 2.89, and 2.93mm
for radial offsets of 1, 10, and 20cm, respectively. The average time-
of-flight resolution was 236 ps, and the energy resolution was 10.5%.
NEMA sensitivities were 46.0 and 47.6 kcps/MBq at the center and
10-cm offset, respectively. A sensitivity of 11.8% was achieved at the
FOV center. The peak noise-equivalent count rate was 1.31 Mcps at
58.0 kBq/mL, and the scatter fraction at 5.3 kBq/mL was 36.5%. The
maximum count rate error at the peak noise-equivalent count rate
was less than 5%. At 3 iterations, the NEMA image-quality contrast
recovery coefficients varied from 74.5% (10-mm sphere) to 92.6%
(37-mm sphere), and background variability ranged from 3.1% to
1.4% at a contrast of 4.0:1. An example human brain 18F-FDG image
exhibited very high resolution, capturing intricate details in the cortex
and subcortical structures. Conclusion: The NeuroEXPLORER offers
high sensitivity and high spatial resolution. With its long axial length, it
also enables high-quality spinal cord imaging and image-derived input
functions from the carotid arteries. These performance enhancements
will substantially broaden the range of human brain PET paradigms,
protocols, and thereby clinical research applications.

KeyWords: brain PET; NEMA; NeuroEXPLORER; DOI; high resolution
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The use of brain PET in research has spanned more than 5
decades. PET has been shown to be a valuable tool for assessing
changes in flow, metabolism, and receptor occupancy resulting from
pharmacologic or cognitive stimulation. This accomplishment is
made possible through the integration of PET imagers, quantitative
reconstruction techniques, kinetic modeling, and targeted radiotracers,
collectively enabling a broad range of quantitative approaches for
studying pharmacologic and physiologic aspects of the brain (1). This
powerful modality can also address basic neuroscience questions in
humans and assess the brain pharmacokinetics of novel drugs. Subse-
quently, the same tools are applied clinically, for example, to diag-
nose and stage neurodegenerative conditions such as Parkinson and
Alzheimer diseases (2,3) and directly monitor the effects of drugs (4).
Nonetheless, dynamic assessment of neurochemical-specific brain

function remains challenging. Accurate quantification demands high-
sensitivity imaging across the entire brain, to define and quantify
important areas such as subnuclei within the thalamus and amygdala,
hippocampal subfields, and midbrain nuclei (e.g., superior and infe-
rior colliculi). Achieving ultrahigh resolution is also crucial to enhance
the quantification of small brain structures by minimizing partial-
volume effects (5).
For kinetic modeling, having precise measurements of the arte-

rial input function is crucial for accurate quantification. High-
sensitivity and high-resolution imaging offers the potential for
obtaining image-derived input functions from the carotid arteries,
reducing or eliminating the necessity for arterial sampling (6).
Existing state-of-the-art commercial PET imaging systems,

including the 25-y-old High Resolution Research Tomograph
(Siemens) (7), do not adequately meet this challenge. For the
High Resolution Research Tomograph, the limited sensitivity
and lack of time-of-flight (TOF) capability produce insufficient sta-
tistical precision for measurements, especially in small regions. In
the last decade, there has been renewed interest in dedicated brain
PET systems (8). Systems developed in both commercial and aca-
demic settings are demonstrating substantially improved perfor-
mance compared with clinical whole-body PET systems (9–17).

Received Mar. 19, 2024; revision accepted May 13, 2024.
For correspondence or reprints, contact Richard E. Carson (richard.

carson@yale.edu).
Published online Jun. 13, 2024.
Immediate Open Access: Creative Commons Attribution 4.0 International

License (CC BY) allows users to share and adapt with attribution, excluding
materials credited to previous publications. License: https://creativecommons.
org/licenses/by/4.0/. Details: http://jnm.snmjournals.org/site/misc/permission.
xhtml.
COPYRIGHT! 2024 by the Society of Nuclear Medicine andMolecular Imaging.

1320 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 65 ! No. 8 ! August 2024



Despite this progress, these systems must demonstrate whether
they meet the goals of comprehensively capturing the wide
dynamic range of brain function with both high temporal and
high spatial precision.
In 2019, the EXPLORER consortium developed a total-body

PET scanner with a long axial field of view (AFOV) of almost 2m,
boosting sensitivity by up to 40 times (18,19). Studies on this system
clearly demonstrated that high sensitivity plays a pivotal role in
obtaining low-noise, high-resolution images at the temporal resolu-
tion desired for dynamic imaging and kinetic modeling (20,21).
Subsequently, the NeuroEXPLORER (NX) was developed collab-

oratively by Yale, the University of California, Davis, and United
Imaging. The NX incorporates a long-AFOV concept with a 49.5-cm
axial length and innovative high-resolution PET detectors featuring
TOF and depth-of-interaction (DOI) encoding technologies to yield
high sensitivity and high spatial resolution across the entire head.
Including the impact of TOF, the NX was designed to produce an
order-of-magnitude higher effective sensitivity than is possible with
the High Resolution Research Tomograph to yield significantly
improved image quality. The objective of this study was to evaluate
the NX system’s physical performance and quantitative accuracy fol-
lowing the National Electrical Manufacturers Association (NEMA)
NU 2-2018 standard and to provide an initial demonstration of the
system’s capabilities with phantom and human images.

MATERIALS AND METHODS

System Parameters
The NX combines an 80-slice CT scanner (United Imaging uCT

550) with a dedicated brain PET scanner as shown in Figure 1. The CT
scanner, capable of performing helical acquisitions with a minimum
slice thickness of 0.5 mm and a minimum rotation time of 0.5 s, can be
used in a low-dose mode for PET attenuation correction. There is an
80-cm gap between the CT and PET components, streamlining patient
preparation, tracer injection, blood sampling, and other clinical proce-
dures that require easy access to the subject.

The NX PET consists of 20 detector modules (each containing 5 or
6 blocks aligned axially) forming a cylindric detector ring with a
diameter and AFOV of 52.4 and 49.5 cm, respectively. A smaller ring
diameter was not used because of patient comfort concerns, especially
for long dynamic scans. In addition, the larger bore may facilitate
pediatric imaging. To minimize parallax errors in a compact detector
ring, a depth-encoding detector design is necessary. The NX DOI
detectors (Fig. 1) incorporate a U-shaped light-sharing detector array
design with single-ended readout by silicon photomultipliers (SiPMs).
Every U-shaped element comprises 2 lutetium-yttrium oxyorthosilicate
crystals measuring 1.56 3 3.07 3 20.0 mm, and a microblock is cre-
ated by combining 4 U-shaped elements. This microblock is then read
out by a 2 3 2 array of 3-mm SiPMs. DOI is read out in 8 bins, deter-
mined by the proportion of light detected by the 2 axial SiPMs (Fig. 1).

A DOI resolution of less than 4 mm was determined on the benchtop
from coincidence data acquired while a point source was stepped along
the depth direction of the detector (22). Overall, the detector delivers
high-spatial and -energy resolution and very good TOF capability.
Using individual-event DOI and energy information, we detect and
recover intercrystal scatter events that occur between adjacent micro-
blocks (23).

An NX detector block consists of 12 3 12 microblocks. In total, the
NX has 131,328 crystals read out by 65,664 SiPMs organized into 114
blocks. To enhance signal quality and reduce dead-time effects, we used
a custom-designed 32-channel application-specific integrated circuit
capable of precise time and amplitude measurements. The front-end elec-
tronics, consisting of 2,052 application-specific integrated circuits and
248 field-programmable gate arrays, handle real-time event localization
and intercrystal scatter correction while maintaining low dead time.

To optimize detection sensitivity, we created a partial sixth ring by
eliminating 3 blocks on both sides of the ring. This adaptation allows
for different shoulder sizes, maintaining the brain at the scanner’s cen-
tral position for optimal sensitivity in the primary region of interest.
It also improves sensitivity for imaging the carotid arteries. Further-
more, an integrated markerless 3-dimensional camera allows real-time
motion tracking during imaging (24).

The console reconstruction is a 3-dimensional ordered-subset
expectation-maximization (OSEM) algorithm including TOF, DOI,
and point spread function (PSF) modeling. Data from the full axial
acceptance angle are included. The console reconstruction incorporates
DOI rebinning, which uses the DOI data to reassign the endpoints of
the lines of response (LORs) to the front surface of appropriate nearby
detectors. This facilitates rapid reconstruction and ensures smooth com-
patibility with established commercial reconstruction software (25).

NEMA NU 2-2018 Performance Evaluation
Spatial Resolution. We measured spatial resolution at 6 different

locations using a 0.25-mm 22Na point source (370 kBq, 10 mCi)
embedded in a solid disk. The source was positioned at 2 axial posi-
tions: the axial center of the system (1=2 AFOV) and about 6 cm from
the end of the tomograph (1=8 AFOV). Within each transaxial plane,
resolution measurements were performed at 1-, 10-, and 20-cm radial
offsets. The list-mode data (energy window of 430–800 keV) containing
LORs with oblique angles less than 3.7" were adjusted by DOI rebinning
and transformed into 2-dimensional sinograms using Fourier rebinning
(26). The data were then reconstructed using a 2-dimensional filtered
backprojection algorithm without attenuation correction, scatter correc-
tion, or postsmoothing, with a voxel size of 0.5 3 0.5 3 0.5 mm; the
TOF information was not used. The axial, radial, and tangential resolu-
tions were evaluated according to the NEMA NU 2-2018 standard.
Sensitivity. The sensitivity measurement was performed using a

NEMA PET sensitivity phantom consisting of 5 concentric aluminum
sleeves, each 70 cm in length. A 70-cm-long polyethylene tube filled
with a solution of 13 MBq (0.35 mCi) of 18F was inserted into the alu-
minum sleeves and positioned at the center of the transaxial field of

view (FOV). Five 300-s acquisitions were
conducted, successively removing the outer-
most sleeve to extrapolate attenuation-free sen-
sitivity. The collected list-mode data were
binned into sinograms using single-slice rebin-
ning to estimate the total sensitivity and axial
slice sensitivity. The entire process was repli-
cated with the line source positioned 10 cm
off-center within the transaxial FOV.
Count Rate Performance. Following the

NEMA NU 2-2018 standard, count rate per-
formance was evaluated using a scatter phan-
tom consisting of a 70-cm-long polyethylene

FIGURE 1. NX system. (Left) Overview of PET/CT with CT in front. (Center) NX PET detector ring
(before removal of shoulder cutouts). (Right) U-shaped light-sharing detector array design providing
DOI information.
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cylinder with a 20-cm diameter. The line source was initially loaded
with 1.54 GBq (41.6 mCi) of 18F-FDG. In total, 34 acquisition frames
were acquired with increasing durations as the activity decayed. Ran-
dom estimation was obtained from the delayed coincidence channel.
The scatter fraction was determined in accordance with the NEMA
standard, and Monte Carlo scatter simulation was used in the image
reconstruction for evaluation of accuracy (relative count error). Dead-
time correction was based on a nonparalyzable model. System count
rates, including trues, randoms, scatters, total counts, ideal trues, and
the noise-equivalent count rate, were plotted alongside their corre-
sponding activity concentrations. Additionally, a plot illustrating the
scatter fraction in relation to activity concentration was generated. The
ideal trues count rate was estimated from a linear fit to the trues rate at
low activities when dead-time effects are negligible; count loss due to
dead time was calculated by comparing measured and ideal trues
count rates.
Energy and Timing Resolution. The data obtained during the

count rate performance measurement were used to assess the system
timing resolution and energy resolution (27). For source position
determination, the acquisition data, at an activity concentration just
below the peak noise-equivalent count rate, were reconstructed using
non-TOF OSEM with all corrections applied. Only coincidences
occurring within the 620-mm region of interest centered on the line
source were used to obtain the timing histogram. For each coincidence
dataset, the time error was computed by measuring the difference
between the actual TOF data and its expected TOF offset based on the
point closest to the line source on the corresponding LOR. Scatter and
random coincidences were subtracted using the tails of the TOF histo-
grams. For energy resolution, crystal-level energy spectra with a
1-keV energy bin width were combined into a single spectrum. The
full width at half maximum of energy resolution was determined by
the linear interpolation between the adjacent pixels at half the maxi-
mum value. This value was determined over all count rates.
Image Quality and Accuracy of Corrections. A NEMA NU 2

image-quality phantom was used to evaluate image quality. At the
start of image acquisition, the background activity concentration of
18F-FDG was 5.3 kBq/mL. Six spheres with diameters of 10, 13, 17,
22, 28, and 37 mm were filled with the 18F-FDG solution with an
activity concentration ratio of 4.0:1 relative to the background. An
adjacent scatter phantom (used for count rate performance measure-
ment) was placed axially to the NEMA image-quality phantom; the
line source activity in the scatter phantom was 116 MBq (3.14 mCi),
the duration of the scan was 15 min, and 3 sequential measurements
were acquired. Images were reconstructed using the standard TOF-
DOI-PSF OSEM algorithm with all corrections applied. Mean, mini-
mum, and maximum results are shown at multiple iterations with 10
subsets (voxel size, 1.8 3 1.8 3 1.72 mm).

Phantom Studies
A 3-dimensional Hoffman brain phantom was filled with 30 MBq

(0.81 mCi) of 18F-FDG, placed at the center of the FOV, and scanned
for 30 min. A mini-Derenzo resolution phantom was used to further
evaluate the PET resolution performance. This phantom contained
rods of various diameters (1.2, 1.6, 2.4, 3.2, 4.0, and 4.8 mm), and the
center spacing between rods was twice the rod diameter. The phantom
was filled with 18F-FDG and imaged for 10 min at the center of
the FOV (36.8 MBq, 0.99 mCi) and for 15 min at 85 mm off-center
(26.5 MBq, 0.72 mCi), with the rod axes perpendicular to the transax-
ial plane. Both phantoms underwent image reconstruction using the
console TOF-DOI-PSF OSEM algorithm with 7 iterations and 10 sub-
sets. No postreconstruction filtering was applied, and the image voxel
size was 0.4 3 0.4 3 0.6 mm. For the mini-Derenzo phantom, 2 addi-
tional reconstructions were performed with offline list-mode algo-
rithms: one using no DOI information, and the other directly using
DOI coordinates, that is, no DOI rebinning.

Human Study
A 58-y-old healthy male volunteer participated in a brain 18F-FDG

PET protocol approved by the Yale University Human Investigation
Committee and the Yale Radiation Safety Committee. Written informed
consent was obtained. The subject was administered 327 MBq (8.8 mCi)
in a bolus–plus–continuous-infusion protocol. A CT scan was acquired
for attenuation correction. Dynamic data were acquired in list mode for

TABLE 1
Spatial Resolution of 22Na Point Source Measured with Filtered Backprojection

Axial position Radial off-center position (cm)

Full width at half maximum (mm)

Radial Tangential Axial

1=2 AFOV 1 1.63 1.68 2.55

10 2.10 2.06 2.97

20 2.17 2.87 2.82
1=8 AFOV 1 1.76 1.47 2.91

10 1.99 2.08 2.80

20 2.20 2.78 3.05

FIGURE 2. Slice sensitivity profiles along 49.5-cm AFOV measured with
70-cm line source positioned at transaxial center and 10cm off-center.
Data are shown for 287 slices calculated by single-slice rebinning. Count
rates and absolute sensitivities are displayed on left and right vertical
axes, respectively. Slice sensitivity was determined by normalizing slice
count rate data from entire phantom by ratio of phantom length to slice
thickness (1.725mm).
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90 min. Reconstructed images contained 600 3 600 3 990 voxels with
a voxel size of 0.5 3 0.5 3 0.5 mm. TOF-DOI-PSF OSEM was used
with 7 iterations and 10 subsets and all corrections. A static 18F-FDG

PET image was generated by summing over
40- to 70-min data and registered to
T1-weighted MR images using FSL (28) for
anatomic localization. This choice of period
was based on the camera data, which showed
minimal subject motion during that time.

RESULTS

NEMA NU 2-2018 Perfor-
mance Evaluation
Spatial Resolution. The transverse

(averaged radial and tangential) spatial
resolution using filtered backprojection
was 1.64, 2.06, and 2.51mm, and axial
resolution was 2.73, 2.89, and 2.93mm in
full width at half maximum, with radial
offsets of 1, 10, and 20 cm from the center,
respectively (Table 1).
Sensitivity. The NEMA total-system

sensitivities were 46.0 and 47.6 kcps/MBq
at the center and at the 10-cm radial offset,
respectively (Fig. 2). An absolute sensitiv-
ity of 11.8% was achieved at the center of
the FOV.
Count Rate Performance. Figure 3

shows the count rate performance data for
the NX. The peak noise-equivalent count
rate was 1.31 Mcps at an activity concen-
tration of 58.0 kBq/mL. Above this point,

the count rate drops because of bandwidth limitations of the data
acquisition hardware; note that this activity level is well above that

FIGURE 3. Count-rate performance of NX. (A) Prompts, trues, scatter, randoms, and noise-equivalent
count rate. (B) Zoomed display of A at#0–10 kBq/mL, which corresponds to typical activity level for human
brain imaging. (C) Scatter fraction. (D) TOF resolution. (E) Energy resolution. (F) Relative count rate error as
function of activity concentration. Vertical dashed line denotes noise-equivalent count rate peak position
at 58.0 kBq/mL, corresponding to 1,275 MBq (34.5mCi). NECR5 noise-equivalent count rate.

TABLE 2
Measured Contrast Recovery Coefficient and Background Variability for 3 and 7 Iterations of OSEM Reconstruction

Sphere size

Parameter 10mm 13mm 17mm 22mm 28mm 37mm Lung residual error

Contrast recovery coefficient

3-iteration OSEM

Mean 74.5 82.1 82.6 86.1 89.4 92.6 1.7

Maximum 76.1 84.3 84.7 87.0 89.8 93.1 1.7

Minimum 72.6 80.3 81.5 85.0 88.9 91.6 1.7

7-iteration OSEM

Mean 83.3 85.4 87.2 90.2 92.3 94.8 0.9

Maximum 85.6 87.9 90.3 91.7 92.9 95.5 0.9

Minimum 80.9 82.2 84.9 88.2 91.6 93.4 0.9

Background variability

3-iteration OSEM

Mean 3.1 2.4 1.9 1.6 1.4 1.3 1.4

Maximum 3.4 2.6 2.0 1.7 1.5 1.3 1.4

Minimum 2.6 2.1 1.8 1.5 1.4 1.3 1.4

7-iteration OSEM

Mean 5.0 3.6 2.8 2.2 1.9 1.6 1.9

Maximum 5.4 3.9 3.0 2.4 2.0 1.7 1.9

Minimum 4.2 3.1 2.5 2.1 1.8 1.5 1.8

Results are reported as mean, minimum, and maximum percentages over 3 measurements.
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found in brain imaging. The average scatter fraction was 36.5% at
5.3 kBq/mL (Fig. 3). Count losses of 5.1% and 10.2% were noted
at 12.3 and 23.9 kBq/mL, respectively, because of system dead
time. The maximum count rate error was less than 5.0%.
Energy and Timing Resolution. The measured average system

TOF resolution was 236 ps, and the energy resolution was 10.5%
(full width at half maximum) at 5.3 kBq/mL. Both values were
stable with count rate, with variations of 2.1% and 0.8% for TOF
and energy resolution, respectively.
Image Quality and Accuracy of Correction. Table 2 sum-

marizes the contrast recovery coefficient, background variability,
and residual error in the cold lung region for the 4.0:1 sphere-to-
background ratio, based on 3 combined measurements of the
image-quality phantom. The average contrast recovery coefficient
varied from 74.5% (10-mm sphere) to 92.6% (37-mm sphere), and
background variability varied from 3.1% to 1.4% at 3 iterations
(10 subsets). Plotting the contrast recovery coefficient versus back-
ground variability for iterations 1–10 suggests that the contrast
recovery coefficients reach convergence in most spheres at 8 itera-
tions (Fig. 4).

Phantom Studies
Twelve transverse slices of the Hoffman phantom are shown in

Figure 5. There is clear delineation of the fine structures in the
phantom. This is most clearly portrayed when a central PET slice is
compared with the matching CT slice, which depicts the accuracy
of the border between gray and white matter structures.
Figure 6 shows the results of mini-Derenzo phantom images and

the impact of DOI. The effects of uncorrected DOI are clearly seen
by comparison of the central and offset images without DOI correc-
tion. Using the console reconstruction with DOI rebinning, PSF,
and TOF, the 1.6-mm hot rods can be resolved using 7 or more
iterations for both center and off-center cases. Comparing columns
1 and 2, the addition of DOI information produces the most notable
improvement for the off-center phantom. To further assess DOI
effects, list-mode reconstructions with 30 iterations were performed
without DOI and with full DOI information. Increasing iterations
further improved the images, and with DOI, the 1.2-mm rods
were more clearly resolved. Overall, reconstructions using DOI
information showed advantages at both a low and a high number
of iterations compared with non-DOI results.

Human Study
Reconstructed human NX images are shown in Figure 7, dem-

onstrating very high resolution in the cortex and subcortical struc-
tures. The improved visualization is clearly seen in marginal
sulcus, posterior cingulate cortex, inferior colliculus, caudate, insu-
lar cortex, putamen, and hippocampus. The figure also depicts the
full AFOV of the NX system, which provides improved capability
for imaging the carotid arteries, head and neck tumors, and cervi-
cal spinal cord.

FIGURE 4. Contrast recovery coefficient measurements derived from
image-quality phantom. OSEM results are shown for 1–10 iterations with
10 subsets; arrow denotes increasing iterations. Values are mean results
from three 15-min acquisitions.

FIGURE 5. (Top) Reconstructed PET images of Hoffman 3-dimensional
brain phantom. PET images were created with console reconstruction
algorithm using 7 iterations and 10 subsets with voxel size of 0.43
0.43 0.6mm. (Bottom) Matched slices of PET (highlighted slice from top)
compared with CT image. PET images are displayed on SUV scale.

FIGURE 6. Image slices reconstructed from mini-Derenzo phantom,
positioned at center (A) and 85mm off-center (B) of transaxial plane,
using TOF-PSF OSEM algorithm with voxel size of 0.43 0.43 0.6mm.
(Column 1) Seven iterations and 10 subsets (7i/10s) with non-DOI offline
reconstruction. (Column 2) Seven iterations and 10 subsets using DOI
rebinning in console reconstruction. (Column 3) Thirty iterations and 10
subsets (30i/10s) with non-DOI offline reconstruction. (Column 4) Thirty
iterations and 10 subsets with full DOI offline list-mode reconstruction.
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DISCUSSION

Here, we have presented the performance and first human images
of the NX, a next-generation human brain PET/CT system. The
design of this system was based on our long experience in brain
PET, which showed that high resolution is critically important to
measure activity in small brain nuclei and that high sensitivity
may play an even greater role to provide sufficient statistics to
reconstruct images that fully use the system’s resolution capabilities.
The results for spatial resolution from point sources in air were

shown with filtered backprojection. If the TOF-DOI-PSF OSEM
reconstruction was applied, the transverse and axial spatial resolutions
were substantially improved, with only minor degradation at off-center
locations. Specifically, with the addition of a 5% warm background to
the point source, the transverse and axial spatial resolutions at the cen-
ter improved to 1.43 and 1.54mm, respectively, at 20 iterations (10
subsets). However, we recognize that these OSEM values are likely
to be better than what can be achieved in human studies because of

the lack of sufficient background activity
(29); these results therefore cannot be con-
sidered reliable. Nevertheless, considering
the clear improvement in phantom image
quality provided by OSEM using TOF and
DOI (Figs. 5 and 6), it is important to rec-
ognize that filtered backprojection results do
not provide an accurate measure of real-
world system resolution. Ultimately, human
brain image quality will depend on the
choice of reconstruction parameters, to bal-
ance image resolution and voxel noise. Fur-
ther work is required to characterize the
spatial resolution of this system more
meaningfully.
For a brain PET scanner with an

extended axial length and wide acceptance
angles, depth encoding plays a crucial role
in reducing parallax errors, to provide
nearly uniform spatial resolution across
the entire FOV. In addition to precisely
defining the LORs, DOI information
enhances TOF accuracy by accounting for
the variation in the pathlengths of light
photons. Ignoring the DOI information
resulted in a degradation of TOF resolu-
tion of about 99 ps. As demonstrated here,
despite having smaller detectors and
reduced light collection efficiency, after
TOF compensation by the DOI, the NX
achieves a TOF resolution of 236 ps, com-
parable to that of state-of-the-art clinical
PET/CT systems with larger detectors.
By discretizing DOI into 8 bins per NX

detector, the total number of DOI-based
LORs increases 64-fold, which elevates
spatial sampling, enhancing axial resolu-
tion, particularly for long-AFOV PET
with large acceptance angles. This is
clearly visualized with the improved
image resolution in Figure 6.
Intercrystal scatter events result in inaccu-

rate localization of annihilation photon inter-
actions within detectors. Monte Carlo

simulation studies indicate a higher proportion of such scattered events
within each LOR within smaller detectors. Integrating DOI informa-
tion and combining it with event energy can reduce intercrystal scatter
events while restoring the original event energy and position informa-
tion, potentially improving image resolution (23). Currently, NX inter-
crystal scatter localization is based on higher energy, and optimization
using energy and DOI information is under way.
Unlike traditional PET, for which more activity leads to an

increased scatter fraction due to event pileup, the NX shows a slight
decrease in scatter fraction at high count rates, perhaps because of
slightly insufficient cooling under high-count-rate and high-power-
consumption conditions; this requires further investigation.
In high-resolution PET scanners, even minor patient movement

can negatively impact quantification and produce motion artifacts.
The NX is equipped with markerless motion-tracking hardware
featuring a real-time stereovision camera with structured light to
image the surface of the subject’s head at 10–30Hz, as well as a

FIGURE 7. 18F-FDG PET image (40–70min after injection) on NX. (Top) Top-to-bottom axial slices
showing excellent spatial resolution of NX, which provides clear delineation of cortical ribbon along
with subcortical nuclei. (Bottom, far left) Sagittal image showing long AFOV of NX (49.5cm), which
allows inclusion of neck and upper chest structures. (Bottom right) Two pairs of T1-weighted MRI (left)
and NX (right) image slices. Beneath are zoomed-in regions demonstrating NX’s high spatial resolution
for cortical ribbon structures and small brain nuclei, including marginal sulcus (a), posterior cingulate
cortex (b), inferior colliculus (c), caudate (d), insular cortex (e), putamen (f), and hippocampus (g).
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real-time data processing unit using an iterative-closest-point
3-dimensional point cloud registration algorithm (24). We are cur-
rently evaluating motion correction performance on the NX using
the event-based motion correction capabilities of the MOLAR
reconstruction platform (30,31). The vendor-provided console
reconstruction does not currently use motion vectors for event-
based image reconstruction; instead, frame-based postreconstruc-
tion methods are used. The console software also uses a DOI
rebinning strategy to efficiently reconstruct all images, albeit at the
cost of a slight reduction in image resolution. The incorporation of
full list-mode DOI reconstruction is under way.
As demonstrated by the human images, the great sensitivity and

spatial resolution of the NX provides a platform for imaging tasks
previously considered difficult or impossible, such as accurate
imaging of small subcortical regions with focal tracer uptake, low-
density binding sites (e.g., cortical dopamine receptors), cervical
spinal cord uptake, neurotransmitter dynamics, and carotid arteries
for image-derived input functions.

CONCLUSION

The NX achieves very high spatial resolution and sensitivity, as
shown by the NEMA NU-2 measurements and the images pre-
sented here. This performance is made possible by U-shaped DOI
lutetium-yttrium oxyorthosilicate detectors combined with a
single-ended SiPM-based application-specific integrated circuit
readout. The system delivers a timing resolution of 236 ps. In
view of these design and performance features, the NX intro-
duces exciting possibilities for human brain PET protocols and
clinical research applications, pushing the boundaries of what
can be achieved in neuroimaging.
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KEY POINTS

QUESTION: What is the performance of the next-generation
dedicated brain PET imager—the NX—according to the NEMA
NU 2-2018 standard?

PERTINENT FINDINGS: The NX provides a spatial resolution
below 2 mm, a sensitivity of 46 cps/kBq, and a timing resolution
of 236 ps and includes a built-in camera for real-time motion
correction.

IMPLICATIONS FOR PATIENT CARE: The NX allows for
operation at high resolutions or low doses, with the potential
to substantially improve quantification and to allow for early
detection and treatment monitoring of neurodegenerative and
neuropsychiatric disorders.
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The management of prostate cancer increasingly relies on
androgen axis–targeted therapies, such as enzalutamide, which is
now administered progressively earlier and for longer durations
(1). Enzalutamide increases the risk of fatigue, falls, dizziness,
headache, and mild cognitive impairment (2,3). These off-target
effects seem to be associated with enzalutamide’s pharmacody-
namics and ability to penetrate the blood–brain barrier. [18F]FDG
PET can capture synaptic function or dysfunction in neurocogni-
tive disorders.
We compared brain metabolism in a cohort of metastatic

castration-resistant prostate cancer patients, some treated with
enzalutamide and others not, all undergoing [18F]FDG PET. The
institutional review board approved this retrospective study (Ethics
Committee, Liguria, approval 590/2020), and the requirement to
obtain informed consent was waived. Patients had preserved daily
living activities and no history of neuropsychiatric diseases.
Whole-brain voxelwise group analysis (SPM12 software) was
used to identify relative hypometabolism compared with 48 age-
matched controls (familywise error–corrected P , 0.05; nuisance
variables: age, previous androgen deprivation therapy duration,
previous abiraterone or taxane-based chemotherapy).
Of 68 patients, 39 had previously received enzalutamide. Aside

from the duration of previous androgen deprivation therapy, the
clinical characteristics of the 2 subgroups were balanced (Supple-
mental Table 1; supplemental materials are available at http://jnm.
snmjournals.org). Enzalutamide treatment was associated with
hypometabolism in the left dorsolateral-prefrontal and front-insular
cortex (P , 0.005; Fig. 1), whereas enzalutamide-naïve patients
did not show significant regions of hypometabolism. The topogra-
phy of these findings corresponds to cortical correlates of fatigue
and memory/executive dysfunction (2,3). These findings align with
the only imaging study with arterial spin-labeling MRI showing
reduced blood flow in the prefrontal cortex in patients receiving
enzalutamide (4). Our finding linking prefrontal cortex metabolism
to enzalutamide suggests further investigation of [18F]FDG PET
for symptom objectification or biomarker validation.
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FIGURE 1. Hypometabolism in patients treated with enzalutamide com-
pared with controls. Color bar indicates z scores for significant voxels. Left
in the image is left in the patient.
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[68Ga]Ga-FAPI-46 False-Positive Uptake After Chemotherapy
in Nonseminomatous Germ Cell Tumor Metastatic Lesions
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A 38-y-old man with mixed, nonseminomatous germ cell car-
cinoma metastatic to the lung, liver, and retroperitoneal lymph
nodes was treated with left orchiectomy and 4 cycles of cisplatin,
etoposide, and ifosfamide. CT performed 3 d after the end of the
last cycle showed significant improvement but persistent liver and
retroperitoneal lesions. A liver lesion biopsy performed 1mo after
chemotherapy was negative for residual tumor (fibrosis, necrosis,
and abundant hemosiderin-laden macrophages, consistent with
treatment effect). An [18F]FDG PET/CT scan performed 80 d after
chemotherapy (Fig. 1) demonstrated uptake in some of the residual
liver lesions (SUVmax, 4.8–5.8), suggesting potential residual active
disease, and there was moderate uptake in the retroperitoneal lymph
nodes (SUVmax, 3.2). A PET/CT scan with a fibroblast activation
protein (FAP) inhibitor (FAPI), [68Ga]Ga-FAPI-46, was performed
as part of an exploratory study, NCT04459273 (Fig. 1), 97 d after
the last chemotherapy cycle. The liver lesions exhibited heterogeneous
uptake (SUVmax, 2.6–4.9), and the retroperitoneal lymph nodes had
moderate uptake (SUVmax, 3.2). Retroperitoneal lymphadenectomy,
partial left lateral liver segmentectomy, and multiple wedge biopsies
of liver lesions, performed 9 d after the [68Ga]Ga-FAPI-46 PET scan,
showed necrotic tumor nodules with variable stages of fibrosis and no
viable germ cell tumor. Eighteen months after surgery, the patient did
not show any signs of disease progression, and abdominal CT demon-
strated a decrease in the size of the liver lesions.
FAP-targeted PET imaging is promising in malignancies associ-

ated with a high content of FAP-expressing cancer-associated fibro-
blasts. Some reports in the literature describe the potential use of
[68Ga]Ga-FAPI PET for therapy response assessment for a variety of
cancers (1–5). However, FAP is also expressed by normal activated

fibroblasts present in multiple fibroinflammatory conditions, remodel-
ing processes, and wound healing. Nevertheless, posttreatment cancer
cell apoptosis may not necessarily affect cancer-associated fibroblasts
or decrease fibroblast activation. The ability of FAP tracer to assess
therapy response is yet to be determined.
This case illustrates that postchemotherapy fibronecrotic tissue in

nonseminomatous germ cell tumor can demonstrate [68Ga]Ga-FAPI
PET uptake and that caution is needed in the interpretation of post-
therapy residual lesions.
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FIGURE 1. [18F]FDG PET and [68Ga]Ga-FAPI-46 PET maximum-intensity projections showing liver lesions and retroperitoneal lymph nodes (arrows).
Hypoenhancing liver lesions in segments VII and III measuring 353 47mm and 133 19mm had increased [68Ga]Ga-FAPI-46 uptake (SUVmax, 4.9 and 4.4)
and [18F]FDG uptake (SUVmax, 4.8 and 5.8). Segment VIII lesion measuring 273 36mm had mild peripheral rim of [68Ga]Ga-FAPI-46 uptake (SUVmax, 2.6)
and no [18F]FDG uptake. Residual retroperitoneal lymph node measuring 14318mm presented moderate [68Ga]Ga-FAPI-46 uptake (SUVmax, 3.2) and
[18F]FDG uptake (SUVmax, 3.2).
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L E T T E R S T O T H E E D I T O R

Nuclear Pharmacy Training in the Era of
Theranostics: Toward Meeting the Needs of
Nuclear Medicine Patients for Comprehensive
Pharmaceutical Care

TO THE EDITOR: Novel radiopharmaceutical therapies against
cancer are revolutionizing cancer care, and many more are in the
pipeline. Although such therapies are currently approved for use
as monotherapies in later stages of the disease, clinical trials are
under way investigating radiopharmaceutical therapies earlier or in
combination with other treatments such as classic and targeted
chemotherapies, immunotherapy, and hormonotherapy, increasing
the complexity of regimens and clinical follow-up (1,2). Although
calling for an even closer collaboration between the nuclear medi-
cine and oncology teams, this also prompts the need for increased
participation by pharmacists with expertise in radiopharmaceuti-
cals in the care of theranostic patients.
Historically, because most nuclear medicine activities have

been oriented toward diagnostics, the pharmacist’s participation in
the clinical management of nuclear medicine patients has been
limited. Besides, the nuclear pharmacist (formerly known as the
radiopharmacist) has been focused primarily on activities related
to radiopharmaceutical services, such as implementing and super-
vising local radiopharmaceutical production and dispensing (3,4).
Over the last 3 decades, however, the Canadian supply of radio-
pharmaceuticals has shifted toward kit-based radiolabeling, typi-
cally performed by nuclear medicine technologists or provided by
licensed facilities. In parallel, Canadian undergraduate pharmacy
programs (PharmD) evolved toward clinical pharmacy and phar-
maceutical care-oriented training, and nuclear pharmacy subspeci-
alty programs are no longer offered. Paradoxically, as theranostics
are becoming a new pillar in the anticancer arsenal, most
Canadian-trained nuclear pharmacists are retiring without succes-
sors, creating a knowledge void at a time when their expertise
would be most valuable. Furthermore, the exponential rise of
radiopharmaceutical therapy creates a unique opportunity for the
nuclear pharmacist to get increasingly involved in clinical care (5).
Unfortunately, in the Canadian setting, this opportunity appears to
be lost. A new approach to nuclear pharmacy training was thus
needed.
In 2022, the Faculty of Pharmacy at Universit$e Laval (Quebec

City, Canada) launched a nuclear pharmacy training curriculum
leading to a professional graduate diploma in specialized pharma-
ceutical care (6), offered in partnership with the CHU de Qu$ebec–
Universit$e Laval Hospital Center—a designated SNMMI Compre-
hensive Radiopharmaceutical Therapy Center of Excellence—and
international collaborators. Universit$e Laval’s Faculty of Phar-
macy and Department of Physics, Physics Engineering, and
Optics, and CHU de Qu$ebec–Universit$e Laval’s Department of
Pharmacy, Division of Nuclear Medicine, as well as Division of
Medical Physics and Radiation Protection, teamed to develop a
training curriculum for hospital pharmacists that is aligned with
the emerging needs driven by theranostics. The completion of an

accredited Canadian pharmacy residency (recognized PGY-1 resi-
dency program by the Board of Pharmacy Specialties in the United
States), like the master’s degree in advanced pharmacotherapy in
Quebec (totaling 60 credits [2,700 h]) (7), and additional work
experience in oncology are prerequisites for this new professional
postgraduate diploma (30 credits [1,350 h]) in the specialty of
nuclear pharmacy. It includes academic courses covering basic
radiopharmacy sciences and radioprotection and an internship that
includes rotations in both nuclear medicine clinics and radiophar-
maceutical production, as well as an introduction to regulatory and
quality assurance aspects thereof. In particular, building on the
strong clinical background of the candidates, the clinical rotations
in nuclear medicine aim to enable full participation of the nuclear
pharmacy trainee in the interdisciplinary management of theranos-
tic patients by providing comprehensive pharmaceutical care that
includes radiopharmaceutical therapy. Combined with internships
in facilities producing and dispensing radiopharmaceuticals, trai-
nees will acquire the knowledge enabling them to take part in all
stages of the theranostic agent circuit and ensure safe use in health
care establishments. An oncology pharmacist (PharmD, MSc) is
already engaged in the program.
The proposed training curriculum is in line with our vision in

which the field of nuclear pharmacy represents a continuum span-
ning from the activities surrounding radiopharmaceutical services
to the pharmaceutical care and counseling of patients treated with
theranostics, that is, predominantly in oncology. The nuclear phar-
macist will remain a pillar of the management of the entire process
for the safe servicing and use of radiopharmaceuticals in health
care establishments (including preparation, dispensing, distribu-
tion, administration, disposal, product traceability and quality con-
trol, radiation safety, etc.). In addition, the training curriculum will
emphasize the clinical dimension of nuclear pharmacy, increasing
patient support and hopefully filling an emerging clinical need.
The clinical activities of the nuclear pharmacist will be structured
around the optimization and safety of radioactive and nonradioac-
tive therapies, in collaboration with the local nuclear medicine
team. To the traditional clinical activities of the pharmacist in
oncology are added those specific to treatments involving radio-
pharmaceuticals. The nuclear pharmacist providing pharmaceutical
care will ensure that patients receive the right treatment at the right
time and with the right activity, dose, and manner; identify and
solve pharmacotherapeutic problems; provide pharmaceutical
advice to patients and care teams (regarding radiopharmaceuticals,
other anticancer and supportive drugs, and other pharmacothera-
pies); and monitor and manage adverse effects. These roles will
both overlap and complement those of the nuclear medicine physi-
cian. To become this novel model of the nuclear pharmacist, the
candidate needs to have a solid knowledge foundation on pharma-
ceutical care in oncology and, moreover, to master the basic
sciences, radiation safety, and clinical aspects of radiopharmaceu-
ticals. In so doing, the candidate might become eligible for an
international nuclear pharmacy specialty certification (as no such
certification is currently available in Canada).
The rapid growth of radiopharmaceutical therapy is opening

new opportunities—requiring skills and knowledge in both nuclear
and clinical pharmacy—for nuclear pharmacists to participate in
the clinical management of nuclear medicine patients. To concret-
ize this vision in the current Canadian setting, we developed aCOPYRIGHT! 2024 by the Society of Nuclear Medicine andMolecular Imaging.
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nuclear pharmacy training program for clinical pharmacists that
we believe will ultimately lead to improved health care offered in
synergy with nuclear medicine and oncology, while broadening
the scope of nuclear pharmacy in the era of theranostics.

DISCLOSURE

Isabelle Laverdi!ere and Jean-Mathieu Beauregard are clinical
research scholars from the Fonds de recherche du Qu$ebec–Sant$e.
Jean-Mathieu Beauregard is consultant/advisor for Novartis and ITM
and an investigator for Novartis and POINT Biopharma. No other
potential conflict of interest relevant to this article was reported.

REFERENCES

1. Inderjeeth AJ, Iravani A, Subramaniam S, Conduit C, Sandhu S. Novel radionuclide
therapy combinations in prostate cancer. Ther Adv Med Oncol. 2023;15:
17588359231187202.

2. Adant S, Shah GM, Beauregard JM. Combination treatments to enhance peptide
receptor radionuclide therapy of neuroendocrine tumours. Eur J Nucl Med Mol
Imaging. 2020;47:907–921.

3. Ponto JA, Hung JC. Nuclear pharmacy, part II: nuclear pharmacy practice today.
J Nucl Med Technol. 2000;28:76–81.

4. Nuclear pharmacy specialty certification (BCNP). Board of Pharmacy Specialties
website. https://bpsweb.org/nuclear-pharmacy/. Accessed June 13, 2024.

5. Augustine SC, Norenberg JP, Colcher DM, et al. An opportunity for pharmaceutical
care in a specialty practice. J Am Pharm Assoc (Wash). 2002;42:93–100.
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Yantai Lannacheng Biotechnology Co., Ltd. was founded in 2021. As a wholly owned subsidiary of Yantai Dongcheng Pharmaceutical
Group (Dongcheng), LNC is dedicated to develop and commercialize first-in-class radioligand theranostics, and is committed to
becoming a global leader in radiopharmaceutical innovation. LNC has established its comprehensive industry chain covering early
development, radiolabeling, and clinical studies.

YANTAI LANNACHENG BIOTECHNOLOGY CO., LTD.

GLOBAL LEADER IN
RADIOTHERANOSTICS

LNC TOP PRODUCTS

177Lu-LNC1004 is a first-in-class radionuclide therapeutic drug and is being used to treat patients with advanced
FAP-positive solid tumor.

•High binding affinity and FAP targeting specificity
•Prolonged circulation half-life
•Increased tumor uptake and retention
•Favorable PK and efficacious FAP-positive tumor therapy effect

IP Advantages：

177Lu-LNC1004

IP Advantages：

177Lu-LNC1011
177Lu-LNC1011 Injection is a long-acting PSMA targeting radiopharmaceutical, used to treat patients with prostate
specific membrane antigen (PSMA)-positive metastatic castration-resistant prostate cancer (mCRPC)

•Rapid tumor uptake
•Prolonged blood half-life and tumor uptake/retention
•Visible lesion uptake with good contrast
•Good tumor to background ratio

IP Advantages：

18F/68Ga-LNC1007 Injection is being developed as a dual-targeting PET radiotracer. It is designed for FAP and
integrin αvβ3 dual-targeted imaging in adult patients with solid tumor.

•Higher tumor uptake
•Good tumor to background ratio
•Better than FAPI and RGD counterparts

18F/68Ga-LNC1007

cczhi@dcb-group.comhttps://www.dc-lnc.com
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